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ABSTRACT: Herein we report a detailed 'H and '"O ¥ e /~
relaxometric investigation of Mn(II) complexes with cyclen- -y > g N/ ; > o NSy A
based ligands such as 2-(1,4,7,10-tetraazacyclododecan-1-yl)acetic o N\ / X P s / y
acid (DO1A), 2,2'-(1,4,7,10-tetraazacyclododecane-1,4-diyl)- .-""“'/ / B 7\ —_— /
diacetic acid (1,4-DO2A), 2,2’-(1,4,7,10-tetraazacyclododecane- I\ 7/ N / \ /
1,7-diyl)diacetic acid (1,7-DO2A), and 2,2/,2"-(1,4,7,10-tetraaza- \’*\“/ Q'\ 7

cyclododecane-1,4,7-triyl)triacetic acid (DO3A). The Mn(IL)
complex with the heptadentate ligand DO3A does not have
inner sphere water molecules (g = 0), and therefore, the metal ion is most likely seven-coordinate. The hexadentate DO2A ligand
has two isomeric forms: 1,7-DO2A and 1,4-DO2A. The Mn(II) complex with 1,7-DO2A is predominantly six-coordinate (g = 0).
In aqueous solutions of [Mn(1,4-DO2A)], a species with one coordinated water molecule (q = 1) prevails largely, whereas a g =
0 form represents only about 10% of the overall population. The Mn(II) complex of the pentadentate ligand DO1A also contains
a coordinated water molecule. DFT calculations (B3LYP model) are used to obtain information about the structure of this family
of closely related complexes in solution, as well as to determine theoretically the 7O and 'H hyperfine coupling constants
responsible for the scalar contribution to 7O and 'H NMR relaxation rates and '’O NMR chemical shifts. These calculations
provide 7O A/h values of ca. 40 X 10° rad s™', in good agreement with experimental data. The [Mn(1,4-DO2A) (HZO)]
complex is endowed with a relatively fast water exchange rate (k2* = 11.3 X 10® s™") in comparison to the [Mn(EDTA)(H,0)]*
analogue (k2® = 4.7 X 10°® s7"), but about § times lower than that of the [Mn(DO1A)(H,0)]" complex (k2* = 60 x 10° s7").
The water exchange rate measured for the latter complex represents the highest water exchange rate ever measured for a Mn(1I)
complex.

Bl INTRODUCTION derivative of DTPA to patients affected by advanced renal
impairment or subjected to liver transplantation has stimulated
the search for safer alternatives to Gd(III) systems.3 In this
context Mn(II) represents an excellent choice as it is an
essential element for which living organisms have developed
efficient mechanisms for the management of possible excess in
organs and tissues. Moreover, complexes of Mn(II) with d°
high spin configuration present a high effective magnetic
moment associated with long electronic relaxation times. This
results in an efficient dipolar interaction between the unpaired
electron spin of Mn(Il) and water-proton nuclear magnetic
moment, causing the latter to relax much faster to the

The investigation of stable paramagnetic complexes holds a
high level of interest first to contribute to the continuous
improvement of fundamental coordination chemistry knowl-
edge and second to implement and develop important
applications of these compounds. A remarkable example can
be found in the field of magnetic resonance imaging (MRI)
contrast agents (CAs). Although fairly recent, the advent of
MRI has quickly revolutionized the field of diagnostic imaging
over the last four decades, as it has allowed researchers to
establish new routine protocols for noninvasive diagnosis. The
paramount importance of this application, together with its Bl - R
wide scope and its impact in healthcare, has stimulated thriving equlhb_rlu'n_l state leading to .enhancement in image contras-t.
investigation activities on inorganic paramagnetic species The' viability of Paramagnetl'c'com‘%)lexes as efficient CAs is
(mainly Gd(III)-, Mn(II)-, Fe(I)-, and Fe(IIl)-based com- subjected to. severaI. CO.ndltIOI.'l.S;. among them are t.he
pounds), which can act as CAs improving the diagnostic thermodynamic and kinetic stabilities of the complex (which

efficiency of MRL"* The large majority of the metal chelates relate to the safe in vivo use of the CA), along with the presence

entered into the clinical practice or investigated during the last of water molecules directly coordinated to the metal center

25 years are Gd-based. However, the recent discovery of a
disease (nefrogenic systemic fibrosys, NSF) associated with the Received: December 19, 2012
administration of a Gd(III) chelate based on a bisamide Published: February 25, 2013
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Chart 1. Chemical Structure of the Ligands Investigated in This Work
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with a proper exchange rate with bulk water (which relates with
the contrast enhancement efficiency of the CA).® It is
therefore crucial to thoroughly investigate the structural and
dynamic properties of paramagnetic complexes intended to be
developed into CAs.

In the search for viable applications of Mn(II) complexes in
human diagnostic MRI we have previously investigated
hexadentate macrocyclic ligands based on a 6-amino-6-
methylperhydro-1,4-diazepine scaffold.® The relaxivity values
(r1p) associated with the corresponding Mn(II) complexes
proved surprisingly different from that of the linear hexadentate
ligand EDTA. Such difference in relaxivity with the same ligand
denticity is unusual for Gd(III) complexes of comparable
molecular weights, and recalls attention to the important
variability of the critical parameters describing the solution
structure of Mn(II) complexes. Aiming at Mn(II) complexes
with a good compromise between stability and relaxivity, we
focused our attention to cyclen-based ligands and in particular
to the two hexadentate isomeric ligands 1,4- and 1,7-DO2A
(Chart 1), which have been reported to form thermodynami-
cally stable Mn(II) complexes (log Kyy(1,4p024) = 16.13 and
log Kyy(17.0024) = 14.54).°

In fact, only scarce data are available in the literature about
these species, existing reports being mainly focused on their
thermodynamic stability and solid state X-ray structures,® but
only marginally on their relaxometric properties. In particular,
conflicting data were accounted for [Mn(1,7-DO2A)] which
was reported to be six coordinate without inner sphere water
molecule (g = 0) but with a relaxivity closer to that of the aqua
ion.” Moreover, a crystallographic study of [Mn(1,4-DO2A)]
showed the formation of a heptacoordinate Mn(II) dimeric
complex with two bridging carboxylates.® Although the
structure of metal complexes in solution can sometimes differ
markedly from that observed in the solid state, the hexadentate
1,4-DO2A ligand should leave, in principle, a position open for
the coordination of a water molecule in aqueous solution (q =
1). Furthermore, hydration equilibria in the first coordination
sphere need to be investigated as they might play an important
role as shown for [Ln(1,7-DO2A)]* complexes that exhibit
average hydration numbers g changing from 3 to 2 across the
lanthanide series.®

In this Article we report a full 'H and 'O relaxometric study
of the whole series of cyclen-based complexes [Mn(DO1A)]",
[Mn(1,4-DO2A)], [Mn(1,7-DO2A)], and [Mn(DO3A)]" that
allowed us to evaluate the parameters that govern the relaxivity
associated with these complexes. Additionally, DFT calculations
performed at the B3LYP level were used to obtain information
on the structure that these complexes adopt in solution, as well
as to gain information of the 7O (Aq/%) and 'H (Ay/h)
hyperfine coupling constants (HFCCs) responsible for the
scalar contribution to 7O NMR chemical shifts and '’O and 'H
relaxation rates. For comparative purposes, we have also
performed a reassessment of the parameters governing the
relaxivity of [Mn(EDTA)]* by using new 7O NMR data
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recorded at 11.5 T, as the measurements reported in the
literature were measured on low field instruments.’

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials and Methods. EDTA and Mn(NO;), were obtained
from Si§ma-Aldrich. Ligands DOI1A,'® 1,4-DO2A," 1,7-DO2A,"* and
DO3A" were prepared following literature procedures, and were
purified prior to use by precipitation from 6 M aqueous HCl/ethanol
mixtures.

General Complexation Procedure To Obtain [Mn(1,4-
DO2A)], [Mn(1,7-DO2A)], [Mn(EDTA)1*, [Mn(DO1A)I*, and
[Mn(DO3A)]". Complexation was carried out at pH = 6.0—7.5 by
adding aliquots of a standard stock solution of Mn(NO;), (5.9 mM by
ICP-MS) to a ca. 6 mM ligand solution and following the linear
behavior of the longitudinal relaxation rate of the solution (20 MHz,
298 K) versus the concentration of Mn(II) complex. The absence of
free Mn(Il) ion was checked by measuring the relaxivity versus pH
dependence. By increasing the pH toward the basic region,
precipitation of the metal hydroxide occurs with a consequent
decrease of relaxivity. The absence of such a relaxivity drop is therefore
indicative of the lack of free Mn(II) ions. The exact concentration of
the Mn(II) complexes was measured by using the bulk magnetic
susceptibility (BMS) shift method."* The relaxivity (20 MHz, 298 K,
pH = 6.5) was accordingly calculated and resulted to be r, = 2.1
mM™" s7! for [Mn(1,4-DO2A)], ry, = 1.5 mM ™' 57" for [Mn(1,7-
DO24A)], ry, =32 mM ™' 57! for [Mn(EDTA)]*, r,, = 1.3 mM ™' 57!
for [Mn(DO3A)]7, and r, = 2.4 mM™ s7! for [Mn(DO1A)]*
measured at pH = 7.4. Complex solutions were lyophilized and
dissolved in water in order to obtain concentrated solutions as
required.

'H and 70 NMR Measurements. The water proton longitudinal
relaxation rates as a function of the magnetic field strength were
measured with a Stelar Spinmaster Spectrometer FFC-2000 (Mede,
Pv, Italy) on about 0.5—2.5 mM solutions of the Mn(II) complexes in
nondeuterated water. The exact complex concentrations were
determined by the BMS shift method and/or by ICP-OES. The
reproducibility of the T, data was =+5%. The temperature was
controlled with a Stelar VI'C-91 airflow heater equipped with a
calibrated copper—constantan thermocouple (uncertainty of +0.1 K).
The proton 1/T; NMRD profiles were measured on a fast field-cycling
Stelar SmartTracer relaxometer over a continuum of magnetic field
strengths from 0.00024 to 0.25 T (corresponding to 0.01—10 MHz
proton Larmor frequencies). The relaxometer operates under
computer control with an absolute uncertainty in 1/T, of +1%.
Additional data points in the range 15—70 MHz were obtained on a
Stelar Relaxometer equipped with a Bruker WP80 NMR electro-
magnet adapted to variable-field measurements (15—80 MHz proton
Larmor frequency). Variable-temperature 7O NMR measurements
were recorded on a Bruker Avance III spectrometer (11.7 T) equipped
with a 5 mm probe and standard temperature control unit. Aqueous
solutions of the complexes (10—20 mM) containing 2.0% of the 7O
isotope (Cambridge Isotope) were used. The observed transverse
relaxation rates were calculated from the signal width at half-height.
The 70O NMR experiments were measured on 11.2 mM, 23.9 mM and
143 mM solutions of the [Mn(EDTA)]*, [Mn(1,4-DO2A)], and
[Mn(DO1A)]* complexes at pH 6.5 for [Mn(EDTA)]*and
[Mn(1,4-DO2A)] and at pH = 7.8 for [Mn(DO1A)]*.

ESR Spectroscopy. ESR spectra were recorded using a JEOL FA-
200 ESR X-band spectrometer with JEOL ES-LC11 flat cell for
aqueous samples analysis. ESR spectroscopic analyses were carried out
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under the following conditions: temperature 298 K; magnetic field 318
+ 250 mT; field modulation width 0.3 mT; field modulation frequency
100 kHz; time constant 0.01 s; sweep time 2 min; microwave
frequency 9.226 GHz, microwave power 10 mW.

Computational Details. All calculations were performed using
hybrid DFT with the unrestricted B3LYP exchange-correlation
functional,">'® and the Gaussian 09 package (Revision A.02)."7 Full
geometry optimizations of the [Mn(1,4—DOZA)(HZO)q] (g=0,1),
[Mn(1,4-DO2A)(H,0)]-nH,0 (n = 1 or 4), [Mn(1,7-DO2A)],
[Mn(DO1A)(H,0)]*nH,0 (n = 0 or 4), and [Mn(EDTA)-
(H,0)]*nH,0 (n = 1 or 4) systems were performed in aqueous
solution by using the Ahlrich’s valence double-£ basis set with
polarization functions (SVP).'® All systems were modeled in their
high-spin configurations (S = °/,), and wave function stability
calculations were performed (using the stable keyword in Gaussian
09) to confirm that the calculated wave function corresponded to the
ground state. Because geometry optimizations were performed by
using an unrestricted model,'” spin contamination was assessed by
comparison of the expected difference between S(S + 1) for the
assigned spin state (S = 3/,) and the actual value of (S?).*° The results
indicate that spin contamination is negligible ({(S?) — S(S + 1) <
0.0031) for all complexes investigated. 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 by 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.”'

Isotropic 'O and 'H hyperfine coupling constants (HFCCs) in the
[Mn(1,4-DO2A)(H,0)]-4H,0, [Mn(DO1A)(H,0)]*-4H,0, and
[Mn(EDTA)(H,0)]*-4H,0 systems were calculated by using
Ahlrich’s valence triple-£ basis set with polarization functions
(TZVP)* for Mn, while for C, H, N, and O atoms we used the
EPR-III basis sets of Barone,”® which were optimized for the
computation of HFCCs by DFT methods. EPR-III is a triple-{ basis
set including diffuse functions, double d-polarizations, and a single set
of f-polarization functions, together with an improved s-part to better
describe the nuclear region. The hyperfine coupling tensor for the
nucleus N consists of three contributions, which are the isotropic
Fermi contact (FC) and the anisotropic spin—dipolar contributions
and the spin—orbit contribution. In the present work we focus on the
isotropic FC contribution (Aj,), which is given by**

_ 4 a—p
Aio(N) = 3SﬁeﬁNgeng (Ry) )
where f and f3, are the nuclear and Bohr magnetons, respectively, gy
and g, are nuclear and free-electron g values, S is the total spin of the
system, and p®7 represents the difference between majority spin (a)
and minority spin (f8) densities. Thus, A;, is proportional to the value
of the spin density at the position of nucleus N, which may be
transmitted directly through the bonds by spin delocalization and/or
by spin polarization. The hyperfine coupling constants obtained from
NMR measurements (A/#A) are often expressed in rad s, and
therefore equal 27A;, as defined in eq 1.

iso

B RESULTS AND DISCUSSION

Assessment of the Hydration State. The increase of the
water proton R; value, normalized to a 1 mM concentration of
the paramagnetic complex, is called relaxivity, ry, and it
represents the efficiency of the metal chelate in catalyzing the
solvent relaxation at a given frequency and temperature. The
inner-sphere contribution to relaxivity is directly proportional
to the number of inner-sphere water molecules (g), and
therefore relaxivity values provide information on the hydration
level of Mn(II) complexes providing they possess comparable
molecular weights and electronic relaxation times. Table 1
shows a comparison of ry, values (20 MHz and 298 K) of the
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Table 1. Proton Relaxivity (20 MHz and 298 K), Hydration
Number, g, and Thermodynamic Stability Constant (log K)
for Selected Mn(II) Complexes

ligand Ip (mM™

denticity s q log Ky,
[Mn(1,4-DO2A)] 6 2.1¢ 0<q<1 1613°
[Mn(1,7-DO2A)] 6 1.5° 0 14.54°
[Mn(DTPA)]*> 8 1.5%%¢ 0
[Mn(DO3A)]" 7 1.3° 0 19.40°
[Mn(DO3A(BOM),)]~ 7 1.6% 0 18.80%°

3
[Mn(AAZTA)]* 7 1.6° 0 14.19°
[Mn(AAZ3MA)]~ 6 1.9° 0<g<1 1067
[Mn(MeAAZ3A)]~ 6 2.0° O0<g<1 1143°
q

[Mn(AAZ3A)]~ 6 2.5° 0<g<1 11.00°
[Mn(EDTA)]* 6 3.3¢ 1 13.88%7
Mn(EDTA(BOM))]* 6 3.6% 1
[Mn( ( )]
Mn(EDTA(BOM),)]* 6 4.3% 1
[Mn( ( )2)]
Mn(diPhEDTA)] 6 5.82%4 1
[Mn(
Mn(TyrEDTA)] 6 3.7% 1
[Mn(Tyr
Mn(12-pyN,A)]* 5 2.4% 1 11.54%°
[Mn(12-pyN,A)]
Mn(12-pyN,C)] 5 2.8%° 1 14.06*°
[Mn(12-pyN,
Mn,(ENOTA 5 343 1 24.63F
[Mn,( )]
Mn(9-aneN,0-2P)]* 5 5.1% 2 10.61**
[Mn( ,0-2P)]
[Mn(DO1A)]* s 24° 1

“In hepes buffer, 310 K. blog Kypr- “This work.

Mn(II) complexes measured in this work with those of several
Mn(II) complexes reported in the literature (Chart 2). The
data presented in Table 1 indicate that complexes with
hexadentate macrocyclic ligands are often associated with
lower relaxivities than that of [Mn(EDTA)]?. In some cases,
such as for hexadentate AAZ3A derivatives, this has been
attributed to the presence of a hydration equilibrium in solution
involving ¢ = 1 and q = 0 complex species.5 As expected,
Mn(Il) complexes with heptadentate or octadentate ligands
lack inner-sphere water molecules, and the observed relaxivity is
the result of the outer-sphere contribution only. On the other
hand, Mn(II) complexes with pentadentate ligands may possess
one or two inner-sphere water molecules but lower stabilities.
Thus, the design of Mn(II) complexes for application as MRI
CAs is not straightforward, as the same ligand denticity may
result in complexes with different hydration numbers depend-
ing on different factors such as ligand architecture and steric
crowding.

Although relaxivity is a complex function of many
parameters, when we compare metal complexes of similar
structure and molecular weight the r;, value at high frequency
(>10 MHz) is roughly proportional to q and thus provides a
fairly accurate estimation of the first hydration sphere. The
relaxivity of [Mn(1,7-DO2A)] (1.6 mM™" s™" at 20 MHz and
298 K) is quite similar to that of [Mn(DTPA)]*, and typical of
a pure “outer-sphere” system (gq 0). Noteworthy, for
[Mn(DO3A)]™ the relaxivity is even lower (1.3 mM™' s7! at
20 MHz and 298 K); this hints at differences of the outer
sphere contribution among cyclic and acyclic ¢ = 0 Mn(II)
complexes possibly due to variation in the electronic relaxation
behavior. However, the r, value of [Mn(1,4-DO2A)] (2.1
mM™ s7' at 20 MHz and 298 K) is situated between the
limiting relaxivities for complexes with g = 0 (1.5—1.6 mM™!
s')and g =1 (24—43 mM ' s7') (Table 1 and Figure 1).

The relaxivity data is expected to follow a linear correlation
with the molecular weight of the complex at high fields, where
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Chart 2. Chemical Structure of the Ligands Reported in Table 1
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Figure 1. Plot of the relaxivity (20 MHz, 25 °C) of selected Mn(II) 12 3 4 5 6 7 8 9 10 11 12
complexes with g = 1 as a function of the molecular mass. The linear pH

correlation was calculated with the data given in blue (see text).

the rotational dynamics (7g) plays a major role in determining
the relaxivity because both the exchange lifetime (7) and the
electronic relaxation times are much longer than 7. This is
indeed the case for the series of mononuclear Mn(II)
complexes with g = 1 given in Table 1, with the two evident
exceptions of 9-aneN,0-2P and 1,4-DO2A (Figure 1). The
former contains two phosphonate groups that are known to be
able to promote the formation of a well-defined second
hydration sphere that gives an important contribution to ”1p-32
The relaxivity of the second is about 25% lower than the
expected value. This effect might be associated with the
presence of a hydration equilibrium in solution involving a
complex species with one inner-sphere water molecule and a
second species with g = 0. This would result in an averaged
hydration number of 0 < g < 1, as postulated for the Mn(II)
complexes of AAZ3A, MeAAZ3A, and AAZ3MA (Table 1)
Another possible explanation for the low relaxivity of [Mn(1,4-
DO2A)] could be an unusually long metal bound-water
distance (ry.y) associated with an important steric crowding
around the water binding site. Noteworthy, the relaxivity of
[Mn(DO1A)]* follows rather well the linear correlation with
molecular weight, which points to the presence of one inner-
sphere water molecule.
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Figure 2. Plot of the relaxivity (20 MHz, 25 °C) of the Mn(II)
complexes investigated in this work as a function of pH. The solid lines
are simply a guide for the eye.

might be accounted for by an effect of pH on the hydration
equilibrium slightly affecting the relative populations of the
species with ¢ = 0 and ¢ = 1. On the other hand, both
complexes increase strongly their relaxivities at acidic pH (<$)
as a consequence of proton assisted metal release. In the case of
[Mn(EDTA)]?*, proton relaxivity is constant on a broader pH
range (4.5—12.0). The proton relaxivity of [Mn(DO1A)]*
increases below pH ~ 7 due to metal complex dissociation,
in line with a lower stability of the complex in comparison to
the [Mn(DO2A)] analogues.

Computational Study of Molecular Geometries.
Aiming to obtain information on the structure in solution of
the Mn(II) complexes reported in this work, we characterized
the [Mn(1,4-DO2A)], [Mn(1,7-DO2A)], and [Mn(DO1A)]*
systems by means of density functional theory (DFT)
calculations with the B3LYP model. In these calculations we
have taken into account solvent effects (water) by using a
polarizable continuum model (PCM). Previous investigations
on Mn(II) complexes derived from cyclen platforms containing
coordinating pendant arms have revealed a syn conformation of
the ligand in the corresponding complexes, where the pendant
arms are oriented to the same side of the macrocyclic unit.*>**

dx.doi.org/10.1021/ic302785m | Inorg. Chem. 2013, 52, 3268—3279
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Figure 3. Optimized geometries of the [Mn(1,4-DO2A)] (a), [Mn(1,4-DO2A)(H,0)] (b), [Mn(1,7-DO2A)] (c), and [Mn(DO1A)(H,0)]* (d)
systems obtained from DFT calculations performed in aqueous solution by using the B3LYP model. Hydrogen atoms are omitted for simplicity.

Thus, it is reasonable to assume that the complexes of 1,4-
DO2A and 1,7-DO2A will adopt a similar structure. A syn
conformation of the ligand in these complexes implies the
occurrence of two helicities: one associated with the layout of
the acetate pendant arms (absolute configuration A or A), and
the other to the four five-membered chelate rings formed by
the binding of the cyclen (each of them showing absolute
configuration & or 2)3%% A careful investigation of the
conformational space for these complexes provided a number
of local energy minima with different orientations of the acetate
groups and the five-membered chelate rings formed upon
coordination of the cyclen moiety. The minimum energy
conformations obtained for the [Mn(1,4-DO2A)] and [Mn-
(1,7-DO2A)] complexes are shown in Figure 3, while bond
distances of the metal coordination environments are given in
Table 2. In the case of the [Mn(1,7-DO2A)] complex the
minimum energy conformation corresponds to the A(4144)
form [or its enantiomeric pair A(5865)], which possesses a C,
symmetry. This conformation was previously found in the solid
state for the [Mn(H,DOTA)] complex, where the two acetate
pendant arms in positions 4 and 10 are protonated and do not
coordinate to the Mn(II) ion.” In the lowest energy
conformation obtained for [Mn(1,4-DO2A)] the two acetate
pendant arms possess different orientations, and therefore the
only source of chirality arises from the conformation of the five-
membered chelate rings formed upon coordination of the
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Table 2. Bond Distances (A) of the Mn(II) Coordination
Environment Obtained from DFT Calculations (B3LYP) in
Water for [Mn(1,7-DO2A)], [Mn(1,4-DO2A)(H,0),]-nH,0
and [Mn(DO1A)(H,0)]-nH,0

1,4-DO2A DO1A
1,7- q=0, q=1, q=1,
ligand DO n=20 n=0 n=4 n=0 n=4
Mnl1-N1 2.436 2.392 2.427 2.569 2.374 2.437
Mnl1-N4 2.324 2.376 2.398 2421 2.303 2.297
Mnl-N7 2.436 2.360 2.349 2.341 2343 2.307
Mn1-N10 2.324 2.371 2.364 2.407 2.317 2.308
Mnl1-01 2.117 2.110 2.157 2.136 2125 2.197
Mn1-04 2.122 2.160 2.236
Mn1-07 2117
Mnl-Oy 2.486 2.373 2.279 2.281
cyclen unit. According to our calculations the four five-

membered chelate rings adopt identical conformations [(4144)
or (8665)]. The optimized geometry of [Mn(1,4-DO2A)]
obtained from DFT calculations is very similar to that observed
in the solid state for the doubly bridged dimetallic complex
[Mn(1,4-DO2A)],.° This gives us confidence in the predictions
of the computational procedure used for conformational
analysis. The calculated Mn—N bond distances, which range
from 2.32 to 2.44 A, and the Mn—O bond distances, which are
between 2.11 and 2.12 A, are comparable to those usually
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found in six-coordinated Mn(II) complexes with polyamino-
carboxylate ligands.>’ >

The coordination polyhedron around the metal ion in
[Mn(1,4-DO2A)] can be described as a trigonal prism
composed of two nearly parallel (5.4°) triangular faces defined
by N1, N10, and O1, and N4, N7, and O4. The mean twist
angle40 of the two triangular faces amounts to 4.9° (ideal value
0°). The metal coordination environment in [Mn(1,7-DO2A)]
can be also described as trigonal prismatic, where the two
nearly parallel triangular faces (1.1°) are defined by N1, N4,
and O1, and N7, N10, and O7. The mean twist angle between
these two planes (11.2°) shows a somewhat larger distortion of
the coordination polyhedron from a trigonal prism (ideal value
0°) to an octahedron (ideal value 60°). Previous reports
suggested that high spin Mn(II) d° complexes can accom-
modate a trigonal prismatic geometry more readily than other
electronic configurations.*'

The relaxivity of the [Mn(1,4-DO2A)] complex may suggest
the presence of a hydration equilibrium in aqueous solution
involving ¢ = 1 and q = 0 species. Thus, we performed
geometry optimizations on the [Mn(1,4-DO2A)(H,0)]
system. The lowest energy geometry obtained for this system
is very similar to that calculated for the q = 0 analogue (Figure
3). As expected due to the increasing coordination number,
most of the bond distances of the metal coordination
environment are longer in the g = 1 complex than in the g =
0 one (Table 2). The metal coordination environment can be
described as monocapped trigonal prismatic, where the inner-
sphere water molecule is capping one of the rectangular faces of
the polyhedron. The inner-sphere water molecule is bent as a
consequence of the hydrogen bonding interaction involving the
inner-sphere water molecule and the oxygen atoms of the
acetate groups O1 and O4. The distance between the Mn(II)
ion and the oxygen atom of the coordinating water molecule
(Mn—Ow: 2.486 A) is ~0.2 A longer than those observed in
the solid state for monohydrated seven-coordinated Mn(II)
complexes.*** This is probably because PCM calculations do
not account for specific solute—solvent interactions that are
important when dealing with ionic solutes that have
concentrated charge densities. To test this hypothesis, we
performed DFT calculations on the [Mn(1,4-DO2A)-
(H,0)]-nH,0 systems (n = 1 or 4), which explicitly include
second sphere water molecules. The major disadvantage of
cluster calculations is that adding extra solvent molecules to the
first solvation sphere increases the computational cost.
Moreover, the more atoms that are included in the system,
the larger the number of degrees of freedom and the higher the
number of minimum energy structures.** The inclusion of only
one second sphere water molecule provokes a dramatic
shortening of the Mn—Ow distance to 2.389 A. This distance
is very similar to that calculated for the [Mn(1,4-DO2A)-
(H,0)]-4H,0 cluster (2.373 A). These results indicate that the
explicit inclusion of a second sphere hydration shell is required
to model the Mn—water interaction in these systems. The
distances between the metal ion and the hydrogen atoms of the
inner-sphere water molecule in [Mn(1,4-DO2A)(H,0)]-4H,0
amount to 2.865 and 2.800 A. Both the Mn—Ow and the
Mn--Hw (Hw stands for hydrogen of coordinated H,O)
distances are in good agreement with those normally used for
the analysis of the O NMR and NMRD data of Mn(II)
complexes.

According to our DFT calculations the coordination
environment around the metal ion in the [Mn(DO1A)(H,0)]*
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complex is very similar to that predicted for the 1,7-DO2A
analogue, with a donor atom of one acetate group being
replaced by a coordinated water molecule. The four chelate
rings involving ethylenediamine units adopt the same
conformation [(A444) or (6865)], resulting in a trigonal
prismatic coordination around the metal ion. Contrary to the
situation observed for 1,4-DO2A, the Mn—Ow distance is
nearly not affected by the inclusion of second-sphere water
molecules, which can be attributed to the lower negative charge
of the DOIA ligand.

To test the accuracy of the geometries calculated for Mn(II)
complexes with DO1A, 1,4-DO2A, and 1,7-DO2A, we have
performed analogous calculations on the [Mn(EDTA)-
(H,0)]*nH,0 systems (n = 0, 4). The calculated bond
distances of the metal coordination environment show a good
agreement with those observed in the solid state (Table S,
Supporting Information). The Mn—Ow distance calculated for
the [Mn(EDTA)(H,0)]*-4H,0 system (2.309 A) is ca. 0.06 A
shorter than that obtained for the [Mn(1,4-DO2A)-
(H,0)]-4H,0 system, but very close to that calculated for
[Mn(DO1A)(H,0)]"4H,0 (2.281 A). The distances between
the metal ion and the hydrogen atoms of the inner-sphere
water molecule in the EDTA complex are 2.821 and 2.694 A.
Thus, our calculations provide a slightly shorter average metal
bound-water distance (ry.;1) for the complex of EDTA (2.76 A)
than for the 1,4-DO2A analogue (2.83 A). For [Mn(DO1A)-
(H,0)]"4H,0 a slightly shorter average ry.y distance was
calculated. Considering the small difference of these averaged
ryeu distances it is unlikely that a particularly long metal bound-
water distance is responsible for the low relaxivity observed for
the Mn(Il) complex of 1,4-DO2A.

A rough estimation of the relative stability of the [Mn(1,4-
DO2A)(H,0)] and [Mn(1,4-DO2A)] species was made by
calculating the free energy variation for the reaction given by:

[Mn(1,4-DO2A)] + H,0 & [Mn(1,4-DO2A)(H,0)]
2

We obtained a value of —0.40 kcal mol™, which changes to
+1.98 kcal ‘mol™' upon inclusion of the standard state
correction.*® This result must be taken with care due to the
known trend of DFT calculations to favor lower coordination
numbers,* as well as by the limitations of the PCM model to
account for specific solvent—solute interactions, particularly for
charged solutes.*” However, our calculations suggest that the
free energy difference between the [Mn(1,4-DO2A)(H,0)]
and [Mn(1,4-DO2A)] species may be relatively small, and
therefore the presence of the two species in aqueous solution
with different hydration numbers may be responsible for the
observed relaxivity.

Variable Temperature NMRD and 7O NMR Measure-
ments. The increase of the longitudinal (R,) relaxation rate of
the water proton spins is predominantly the result of the
modulation of the dipolar interaction between the electron
(metal-based) and nuclear (of the bound water molecules)
magnetic moments. The modulation occurs through rotation of
the complex (73), electron magnetic moment relaxation (T ,.),
and chemical exchange of the coordinated water molecules with
bulk water (k,, = 1/7y). The enhancement of R; also depends
on the number (g) of bound water molecules and their distance
(rpep) from the metal center and on the applied magnetic field
strength. Moreover, there is a contribution involving solvent
molecules diffusing in the vicinity of the paramagnetic complex
(outer-sphere mechanism) that depends on additional param-
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Figure 4. '"H NMRD profiles recorded at different temperatures for the Mn(II) complexes investigated in this work. The lines represent the fit of the

data as explained in the text.

eters: the relative diffusion coeflicient of solute and solvent
molecules, D, and their distance of closest approach, a.
Nuclear magnetic relaxation dispersion (NMRD) profiles of
aqueous solutions of [Mn(1,7-DO2A)], [Mn(1,4-DO2A)],
[Mn(DO1A)]*, [Mn(DO3A)]", and [Mn(EDTA)]* were
measured at 283, 298, and 310 K in the proton Larmor
frequency range 0.01—-70 MHz, corresponding to magnetic
field strengths varying between 2.343 X 107* and 1.645 T
(Figure 4). As pointed out above, the NMRD profiles recorded
for [Mn(1,7-DO2A)] and [Mn(DO3A)]™ are consistent with
the absence of inner-sphere water molecules coordinated to the
metal ion in this complex, the observed relaxivity being the
result of the outer-sphere relaxation mechanism. Thus, the
NMRD curves were fitted according to the Freed equation*®
for the outer-sphere contribution of the relaxivity. The relaxivity
of [Mn(1,4-DO2A)], [Mn(DOI1A)]*, and [Mn(EDTA)]*
decreases with increasing temperature; this shows that the
relaxivity is limited by the fast rotation of the complex in
solution, as usually observed for small Mn(II) chelates. Indeed,
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the shape of the "H NMRD profiles is typical of low-molecular-
weight chelates with a dispersion between 1 and 10 MHz.

In the case of the Mn(II) complex of 1,4-DO2A, DO1A, and
EDTA the presence of inner-sphere water molecules results in
both inner- and outer-sphere contributions to relaxivity.
Therefore, a large set of structural and dynamic parameters
affect the observed relaxivity, and thus additional experimental
data are required to obtain reliable fittings of the NMRD data.
This is often achieved by measuring 'O transverse relaxation
rates (R,) and paramagnetic shifts (Aw) as a function of
temperature, typically obtained at a relatively high magnetic
field strength (4.7—11.7 T). The temperature dependence of R,
is given by the Swift—Connick equations,* which depend
primarily on T),, the hyperfine coupling constant Ay/7, Ty,
and g. Information on q and Ag/% are also directly accessible
from the analysis of the dependence of Aw with T. The
reduced transverse 'O relaxation rates and chemical shifts
measured for the Mn(II) complexes of 1,4-DO2A, DO1A, and
EDTA are presented in Figure 5.
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lines represent the fit of the data as explained in the text.

The sign of the temperature dependence of 1/T,, depends
on whether the transverse relaxation is dominated by 7y, which
decreases with increasing temperature, or by the relaxation time
of the bound water molecule, T,,, which normally increases
with increasing temperature. For the Mn(II) complexes of 1,4-
DO2A, DO1A, and EDTA 1/T,, increases with decreasing
temperature, which points to a relatively short residence time of
the inner-sphere water molecule. However, the changeover
between fast and slow exchange limits is clearly observed in the
temperature dependence of the chemical shifts of [Mn-
(EDTA)]*, and to a lower extent in the case of the 14-
DO2A complex. These qualitative observations indicate that
the water exchange rate in [Mn(EDTA)]” is slower than in the
Mn(II) complexes of 1,4-DO2A and DOI1A.

Theoretical Calculation of Ay/% and Ay/h. In the past
decade, methods based on DFT have become an attractive tool
for the calculation of hyperfine coupling constants due to the
high accuracy that can be achieved at relatively low computa-
tional cost. Indeed, DFT calculations have been shown to
provide accurate HECCs for both small organic radicals®® and
d-block transition metal complexes.>"> Previous calculations of
the hyperfine coupling constants of "H and '’O nuclei of inner-
sphere water molecules in Gd(III) complexes showed that the
computed values depend strongly on the metal—O, distance.>®
Subsequently, we have recently shown that an accurate
computation of hyperfine coupling constants of the inner-
sphere water molecule in Gd(III) complexes can only be
achieved upon explicit inclusion of a few second-sphere water
molecules.>* Thus, we calculated the 'H (Ay/#) and Y70 (Ay/
7)) HFCCs of the coordinated water molecule by using the
molecular geometries optimized for the [Mn(EDTA)-
(H,0)]*-4H,0, [Mn(1,4-DO2A)(H,0)]-4H,0, and [Mn-
(DO1A)(H,0)]*4H,0 systems at the B3LYP/SVP level
(see above). For HFCC calculation purposes we used a basis
set of polarized triple-¢ quality for Mn (TZVP) in combination
with the EPR-III basis set for C, H, N, and O atoms. The latter
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basis was especially designed for accurate HFCC calculations of
the H, C, and O centers.

Our calculations provide a "0 A, value of —6.37 MHz for
the coordinated water molecule in [Mn(EDTA)-
(H,0)]*-4H,0, which corresponds to a Ay/f value of 40.0
X 10° rad s™". The latter value is in excellent agreement with
that obtained experimentally from 7O NMR data by Hunt and
coworkers® (A, = —6.04 MHz, 38.0 X 10° rad s™'), and the
more recent data reported by van Eldik and coworkers®® (A,
—6.4 MHz, 40.2 X 10° rad s7*). It is worth noting that in order
to fully validate this result it will be useful to extend the study to
a number of other complexes. In the case of [Mn(14-
DO2A)(H,0)]-4H,0 the calculated 7O A, value amounts to
—6.84 MHz, which corresponds to Ag/% = 43.0 X 10° rad s\
A very similar value is obtained for the [Mn(DO1A)-
(H,0)]"4H,0 system (A;, = —6.27 MHz, Ay/h = 39.4 X
10° rad s7!). These calculations therefore indicate that Ay/# is
relatively insensitive to the nature of the chelating ligand in this
family of complexes, as also observed for different Fe(II) and
Ni(1I) complexes.®” This is also in line with the Ag/# values
reported in the literature for Mn(II) complexes, which fall
within a relatively narrow range (Ao/f = 32 X 10 to 40 X 10°
rad s~1).530-3242

The NMRD profiles obtained for [Mn(H,0)4]** and
[Mn,ENOTA] show an unusual dispersion at ca. 0.1 MHz
that has been ascribed to an important scalar contribution to
'H relaxivity. The analysis of the NMRD profiles of these
complexes provided absolute values of Ay/# of 2.9 X 10° and
4.6 X 10° rad 57! for the ENOTA and hexa-aqua complexes,
respectively.”*® For [Mn(EDTA)(H,0)]*-4H,0, [Mn(1,4-
DO2A)(H,0)]-4H,0, and [Mn(DOIA)(H,0)]*4H,0 our
calculations provide Ay/f values of —2.0 X 10°, —1.4 x 105,
and —3.8 X 10° rad's™!, respectively. There is some lack of
clarity about the correct signs of 'H and 7O HFCCs in Mn(1I)
complexes. 7O A, values in Mn(II) complexes are negative,
corresponding to positive spin densities at the point nucleus,

which leads to high field shifts of the 70 resonance. On the
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Table 3. Parameters Obtained from the Simultaneous Analysis of '’O NMR and NMRD Data

1,7-DO2A DO3A
k§38/106 =
AH*/KJ mol™!
,[%198/ps
E./kJ mol™!
2% /ps 49+6 18.1 + 1.6
E,/kJ mol™ 13 +£20 6.0 + 1.4
D¥%4/10710 m? 57! 22.0 £ 0.3 23.5+03
Epyan/kJ mol™ 19.6 + 0.4 18.8 + 0.4
A%/10" 572 2.1 +03 74 + 09
Ao/h/105 rad s7!
Ay/h/10° rad s7!
"vart/A
aymi/A 3.67 3.6%
qz93 0 0

AHOd/k_] mol™!
AS°/] mol™! K~!

1,4-DO2A EDTA® EDTA® DOIA
1134 + 64 471 =+ 11 471 £ 11 5957 + 82
294 + 1.7 33.5+08 33.5 £ 0.8 17.6 +£ 0.4
46 £ 6 57+ 4 56 + 4 22 +2
19.1 £ 2.6 21.8 £ 2.6 21.8 £ 2.6 202 + 3.8
44 + 09 279 £2.2 27.7 £ 2.2 139 £ 1.1
1.0% 1.0% 1.0% 1.0%
23.0% 23.1 £ 24 22.8 + 2.4 20.0 £ 0.1
17.3% 189 + 34 192 + 34 173 £ 24
48.1 + 15.8 6.9 £ 0.7 7.0 £ 0.7 12.8 + 1.6
43.0% 40.5 + 0.3 40.5 + 03 39.4%
0* 0* —2.0¢ 0*
2.837 2.837 2.83% 2.837
3.67 3.67 3.67 3.67
0.87 + 0.01 1 1 1
-93 + 18
—15.5 + 6.0

“Parameters fixed during the fitting procedure. bFitted parameters assuming Ay/#A = 0. “Fitted parameters assuming the Ay/7 value obtained from
DFT calculations (=2 X 10° rad s™!). “Thermodynamic data for the hydration equilibrium according to eq 2.

contrary, calculated 'H A, values are positive. For A/A we
adopt the opposite sign following the criterion used in recent
experimental work; therefore, Ag/#A values are positive, and
Ay/h values are negative. The Ay/f values determined
experimentally were obtained from 'H relaxation measure-
ments, which provide only absolute values. Thus, these
experiments did not allow to determine the correct sign of
Ay/h. As a consequence, both Ag/7 and Ay/h were given as
positive values, but the theoretical calculations reported here
show that they actually have opposite signs.

Simultaneous Fitting of the NMRD and 7O NMR Data.
The NMRD profiles obtained for [Mn(1,7-DO2A)] and
[Mn(DO3A)]~ could be satisfactorily fitted to the Freed®
model for outer-sphere relaxation with the parameters listed in
Table 3. On the basis of previous studies,"* the distance of
closest approach of an outer-sphere water molecule to the
paramagnetic center was fixed to 3.6 A. The values obtained for
the diffusion coefficient, D}y, and its activation energy, Epym,
are close to those for self-diffusion of water molecules in pure
water: Digey = 2.3 X 1072 m? s™! and Epyppy = 17.3 kJ mol ™%’
indicating that they are dominated by the rapid diffusion of
water molecules.

A simultaneous fitting of the NMRD and 7O NMR data of
[Mn(EDTA)(H,0)]* was performed with the sets of
equations given in the Supporting Information. Some
parameters were fixed during the fitting procedure: the distance
of closest approach for the outer-sphere contribution aggy was
fixed at 3.6 A, while the distance between the proton nuclei of
the coordinated water molecule and the Mn" ion (rypy) was
fixed at 2.83 A. The parameters obtained from the fittings are
listed in Table 3, while the fitted curves are shown in Figures 4
and S. The analysis of the NMRD and 'O NMR data of the
EDTA complex assuming A/ = —2.0 X 10° rad s~ did not
improve the quality of the fitting, and provided essentially the
same parameters obtained with Ay/f = 0 (Table 3). Thus, the
scalar contribution to relaxivity can be safely neglected in this
case.

The 7O NMR chemical shifts obtained for [Mn(DO1A)-
(H,0)]* are considerably larger than those measured for the
EDTA and 1,4-DO2A analogues (Figure S). Several sets of
measurements carried out under different concentrations and
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conditions provided identical results within experimental error.
These chemical shifts could be only fitted by using very high
Ao/ values (ca. 70 X 10° rad s!). Such a high hyperfine
coupling constant falls well out of the range observed for the
Mn(II) complexes investigated up to date, and it also
represents about twice the value estimated using our DFT
calculations (39.4 X 10° rad s™', see above). Although we could
not find a convincing explanation for this behavior, we believe
that such large Ag/# value is unrealistic, and therefore we did
not use the 7O chemical shifts for fitting purposes. Instead,
only the NMRD profiles and 7O relaxation rates were fitted,
with Ag/7 fixed to the value obtained from DFT calculations.

A first analysis of the 1/T; NMRD profiles recorded for
[Mn(1,4-DO2A)] was performed assuming metal bound-water
distances in the order of ry iy = 2.75—2.85 A, as these appeared
to be reasonable distances considering the size of Mn(II) metal
ion and coherent with previously reported values for Mn(II)
complexes, as well as with our DFT calculations. The best fit of
the experimental data on the Bloembergen—Morgan—Freed
model would lead to a set of microscopic physical values
requiring fractional first sphere hydration level compatible with
reasonable electronic relaxation parameters. However, a
hydration equilibrium such as the one expressed in eq 2 is
expected to be temperature-dependent, and indeed different
studies performed on Gd(III) complexes showed that
increasing the temperature shifts the equilibrium toward the
species with lower hydration number as a consequence of the
entropy contribution.’”®" Unfortunately, attempts to fit the
NMRD and 'O NMR data recorded for [Mn(1,4-DO2A)] by
leaving g and its temperature dependence as fitting parameters
failed. This is a problem associated with the fact that both 7O
transverse relaxation rates and paramagnetic shifts depend on g
and Ao/ #, which are directly correlated. Thus, it is not possible
to obtain reliable fits of the experimental data using both g and
Ao/ as fitting parameters. To overcome this problem, we fixed
Ao/ to the value obtained from DFT calculations (43.0 X 10°
rad s7!), and introduced q, as well as its temperature
dependence given by AH® and AS°® for reaction 1, as fitting
parameters. Additionally, the diffusion coefficient, D315, and its
activation energy, Epypy, were fixed to the values determined
for self-diffusion of water molecules in pure water.
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The analysis of the NMRD and 7O NMR data of [Mn(1,4-
DO2A)] confirm the presence of an equilibrium in solution
involving a six-coordinate species with g = 0 and a seven-
coordinate form with g = 1. The AH® and AS° values obtained
correspond to a ¢**® value of 0.87. As expected, the abundance
of the species with lower hydration number increases with
temperature as a consequence of the negative AS° value, with
the calculated g value changing from 0.90 at 274 K to 0.79 at
346 K.

The 75° values obtained from the analysis of the "H NMRD
profiles are very similar to those reported for small Mn(II)
complexes. The lower 73° value obtained for the complex of
DOIA (22 ps) is in line with the lower molecular weight of this
complex in comparison to the DO2A and EDTA analogues.

The water exchanée rate determined for [Mn(H,0)]** (k2%
= 2.1 X 107 s7')° is often considerably increased upon
complexation, which results in water exchange rates ranging
from 5.5 X 107 s™! for Mn(II)-ENOTA to 3.0 X 10° s™* for 12-
py-N,A?*3" The water exchange rate constant calculated for
[Mn(1,4-DO2A)] is considerably higher than that determined
for the EDTA complex, and approaches the value determined
for [Mn(12-py-N,A)]*. For [Mn(DO1A)]* the water exchange
rate is about 2 times higher than for [Mn(12-py-N,A)]*, and
the highest water exchange ever measured for a Mn(II)
complex. In the case of [Mn(1,4-DO2A)] the fast water
exchange rate may be attributed to the presence of a hydration
equilibrium involving g = 0 and q = 1 species, and the similar
arrangement of the ligand in these two species (Figure 3).
Indeed, the water exchange process in the heptacoordinated g =
1 species is expected to proceed following a dissociative
mechanism through a six-coordinated transition state. The
presence of a hydration equilibrium such as the one expressed
in eq 2, and the similar conformation of the ligand in the two
forms, implies that the heptacoordinated species has to invest
little energy to reach the transition state, which results in a fast
water exchange reaction. This reasoning suggests that the water
exchange reaction in [Mn(1,4-DO2A)(H,0)] might involve
the six-coordinate [Mn(1,4-DO2A)] species as a reaction
intermediate.

ESR Data. The X-band ESR spectra of the Mn(II)
complexes of the cyclen-based ligands were recorded at 298
K (center field 0.33 T; Supporting Information). With the
exception of [Mn(1,7-DO2A)], the X-band line width values
(G) are rather similar with a mean value of 670 + 60 G:
[Mn(DO1A)]* 738 G, [Mn(1,4-DO2A)] 615 G, and [Mn-
(DO3A)]~ 678 G. However, the ESR signal of [Mn(1,7-
DO2A)] was found to be sensibly larger, 1022 G, under
identical experimental conditions. This finding is surprising.
One would expect the more symmetrical six-coordinated
complexes [Mn(1,7-DO2A)] and [Mn(DO3A)]™ to show
narrower ESR signals than the less symmetrical seven-
coordinated compounds [Mn(DO1A)(H,0)]* and [Mn(1,4-
DO2A)(H,0)]. The transverse electron spin relaxation times,
T,, estimated from ESR increase from 64 ps ([Mn(L,7-
DO2A)]) to 107 ps ([Mn(1,4-DO2A)(H,0)], see Supporting
Information).

Electron spin relaxation from ESR can be compared to 1/T),
and 1/T,, from NMR relaxation. "H NMR relaxation of inner-
sphere water is generally treated using Solomon—Bloember-
gen—Morgan® theory which assumes a transient zero-field
splitting (ZFS) mechanism for electron spin relaxation.** This
approach can be questionable in case of seven-coordinated
compounds with low symmetry. In the absence of inner-sphere
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water "H NMR relaxation of solvent water, is described by a
dipolar interaction modulated by translational diffusion and
electron spin relaxation.**®> In our treatment we used the
Freed-model together with the Morgan equations for electron
spin relaxation (Supporting Information). Transverse electron
spin relaxation times T, calculated at 0.33 T from parameters
in Table 3 are of the same order of magnitude (80—180 ps,
Table S2) as those calculated from ESR, except for [Mn(1,7-
DO2A)] (420 ps). The agreement between NMR and ESR
data is therefore quite satisfactory except for [Mn(1,7-DO2A)].
A more detailed discussion of electron spin relaxation would
need more experimental data as for example ESR at higher
magnetic fields and variable temperature as well as the
extension of NMRD profiles to higher Larmor frequencies.

B CONCLUSIONS

In this Article, we have addressed a systematic study of the 'H
and 7O NMR relaxometric properties of Mn(II) complexes
with a homogeneous series of ligands based on cyclen with
denticity S, 6, and 7. These macrocyclic chelators impose to the
metal ion a well-defined coordination geometry, dictated by the
typical conformation of the four ethylenediamine moieties of
cyclen. However, the results obtained do not show a clear
predominance of the coordination number (CN) seven for
Mn(II) complexes, as in the case of the EDTA complex, but
rather a more complicated behavior in aqueous media involving
equilibria between species with different hydration states and
consequently coordination number. In fact, DOlA is a
pentadentate ligand that forms six-coordinate Mn(II) com-
plexes characterized by the presence of one coordinated water
molecule. DO3A is heptadentate, and its Mn(II) complex does
not have inner sphere water molecules (q = 0); therefore, the
metal ion is most likely seven-coordinate. The hexadentate
DO2A ligand has two isomeric forms, 1,7-DO2A and 14-
DO2A, where the Mn(II) complex of the former is
predominantly six-coordinate (q = 0), but there is evidence
of the presence in solution of a seven-coordinate (g = 1) minor
species that influences to some extent the observed relaxivity
over a wide range of magnetic field strength (NMRD profile).
On the other hand, in aqueous solutions of [Mn(1,4-DO2A)]
the species with one coordinated water molecule (g = 1)
prevails largely, whereas the q = 0 form represents only about
10% of the overall population. Support of presence in solution
of species with different states of hydration comes from DFT
calculations that indicate a small energy difference between the
two isomeric forms. Furthermore, it should be noted that these
results confirm the presence of mixtures of complex species
with different hydration numbers in the series of Mn(II)
complexes with hexadentate ligands derived from AAZ3A, as
previously proposed.’

In conclusion, aiming at the development of efficient systems
based on Mn(II) as an alternative to Gd-based MRI diagnostic
probes, a more systematic and thorough study seems necessary
to access complexes of improved thermodynamic stability
combining a seven-coordinate ground state with one water
molecule in the inner coordination sphere under a fast
exchange regime.
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experimental and calculated bond distances for [Mn(EDTA)-
(H,0)]*, and optimized Cartesian coordinates (B3LYP) for
the systems investigated in this work. This material is available
free of charge via the Internet at http://pubs.acs.org.
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