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ABSTRACT: We report the synthesis of the ligand H,MeNO2A
(1,4-bis(carboxymethyl)-7-methyl-1,4,7-triazacyclononane) and a
detailed experimental and computational study of the hyperfine
coupling constants (HFCCs) on the inner-sphere water molecules
of [Mn(MeNO2A)] and related Mn** complexes relevant as
potential contrast agents in magnetic resonance imaging (MRI).
Nuclear magnetic relaxation dispersion (NMRD) profiles, 7O
NMR chemical shifts, and transverse relaxation rates of aqueous
solutions of [Mn(MeNO2A)] were recorded to determine the
parameters governing the relaxivity in this complex and the 7O and
'"H HFCCs. DFT calculations (TPSSh model) performed in
aqueous solution (PCM model) on the [Mn(MeNO2A)(H,0)]-
xH,0 and [Mn(EDTA)(H,0)]*"«H,0 (x = 0—4) systems were
used to determine theoretically the 'O and 'H HFCCs responsible
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for the 7O NMR chemical shifts and the scalar contributions

to 70 and "H NMR relaxation rates. The use of a mixed cluster/continuum approach with the explicit inclusion of a few second-
sphere water molecules is critical for an accurate calculation of HFCCs of coordinated water molecules. The impact of complex
dynamics on the calculated HFCCs was evaluated with the use of molecular dynamics simulations within the atom-centered

density matrix propagation (ADMP) approach. The '"O and 'H
show an excellent agreement with the experimental data. Both the
delocalization mechanism. The A;, values are significantly affected
water molecule and the Mn?* ion, as well as by the orientation of

B INTRODUCTION

Magnetic resonance imaging (MRI) is a diagnosis technique
widely used in radiology to obtain detailed images of the body.
MRI uses the NMR signal of water protons present in the body,
and the contrast between different tissues is related to their
intrinsic proton densities and longitudinal (1/T;) and trans-
verse (1/T,) proton relaxation rates." It soon became obvious
that certain paramagnetic species, the so-called contrast agents
(CAs), could be used to increase the contrast between the
specific tissue or organ of interest and the surrounding tissues
of the body. CAs possess the ability to enhance proton
relaxation rates in the tissue in which they are distributed,
therefore increasing image contrast. Most of the compounds
that entered into clinical practice as CAs are Gd*>* complexes
with poly(aminocarboxylate) ligands ensuring a high thermo-
dynamic stability to prevent the release of the toxic free Gd**
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HFCCs calculated for these complexes and related systems
'H and "0 HFCCs (A, values) are dominated by the spin
by the distance between the oxygen atom of the coordinated
the water molecule plane with respect to the Mn—O vector.

ion.” Gd** was selected for this purpose because it is one of the
most paramagnetic ions and presents a slow electronic
relaxation thanks to its isotropic 4f electronic configuration.
CAs based on Gd>* chelates must contain at least one water
molecule coordinated to the metal ion that exchanges rapidly
with the bulk water.

Complexes of the d° metal ion Mn®" with high-spin
configuration represent an alternative to the classical Gd**-
based contrast agents.” Such Mn?* complexes present relatively
high effective magnetic moments, slow electronic relaxation
rates, and relatively fast exchange rates of inner-sphere water
molecules, thereby imparting an efficient mechanism for the
longitudinal and transverse relaxation enhancement of bulk
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water protons. Indeed, the water exchange rate determined for
[Mn(H,0)4]*" (~4 x 10° s!) is considerably faster than that
observed for the trivalent d* analogue [Fe(H,0),]*" (~2 X 10*
s71),* and a similar situation is observed, for instance, for the
corresponding EDTA complexes.” The efficiency of a para-
magnetic complex as a CA is estimated by its proton relaxivity,
1y which refers to the relaxation enhancement of water
protons promoted by a 1 mM concentration of the para-
magnetic metal ion. An important potential advantage of Mn**-
based CAs over the classical Gd**-based ones is the lower
toxicity of Mn®" compared with the Gd**. Indeed, the issue of
Gd** toxicity is receiving increasing attention due to the recent
discovery of a disease (nephrogenic systemic fibrosis) related to
the administration of Gd**-based contrast agents to patients
affected by renal impairment.®

In contrast to the plethora of small Gd** complexes
investigated as potential MRI CAs in the last 25 years,” the
number of Mn”* chelates investigated for that purpose is
relatively small. Among the different Mn** complexes
investigated so far are [Mn(EDTA)(H,0)]* and EDTA
derivatives,”® complexes with tetraaza macrocycles containing
carboxylate or methylenephosphonate pendant arms (1,4-
H,DO2A, HDOIA, H,L1, and HL2, Chart 1),”*° 1-oxa-4,7-

Chart 1
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= = | = ]
\N | \N \N
NH HN
HN NH  HN NH
N N
kﬁ\) )\) &NHHN
H,03P HOOC J
H,L1 HL2 L3
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&)NJ &)NJ o/
HOOC HOOC HOOC)

HsENOTA H,MeNO2A

diazacyclononane and triazacyclononane derivatives containin

acetic, phosphonic, or phosphinic acid pendant arms,''™

hexadentate macrocyclic ligands based on the 6-amino-6-
methylperhidro-1,4-diazapine scaffold,'* and pentadentate
macrocyclic ligands (i.e, L3, Chart 1.

The relaxivity of a Mn”**-based CA is accounted for by the
presence of two different contributions: outer-sphere relaxation,
which is the result of free diffusion of water molecules in the
vicinity of the metal center, and inner-sphere relaxation, which
arises from the exchange between the coordinated water
molecule(s) and the bulk water. The inner-sphere contribution

is proportional to the number of water molecules coordinated
to the metal ion (q). The 'H longitudinal relaxation rate of the
inner-sphere water molecules is dominated by the dipolar
interaction, which is proportional to 1/ry®, where ryyy is the
distance between Mn>' and the inner-sphere water proton
nuclei. Furthermore, the inner-sphere contribution depends on
four correlation times: the residence time of a water proton in
the inner coordination sphere (7,,), the rotational correlation
time of the Mn---H vector (7g), and the electronic longitudinal
and transverse relaxation rates of the metal ion (1/T,, and 1/
T,.)."® Additionally, the nuclear magnetic relaxation dispersion
(NMRD) profiles recorded for [Mn(H,0)¢]** and
[Mn,(ENOTA)] show an unusual dispersion at about 0.1
MH?z that was attributed to an important scalar contribution to
relaxivity, which depends on the hyperfine coupling constant,
Ay/h."* However, the NMRD profiles recorded for H,NO2A
derivatives containing different pendant arms did not show this
second dispersion,'> which points to a negligible scalar
contribution to relaxivity.

The evaluation of the parameters influencing proton
relaxivity in Mn?*-based MRI CAs is normally achieved by
analyzing the 'H NMRD profiles recorded at different
temperatures in conjunction with variable temperature 'O
NMR measurements of chemical shifts and transverse
relaxation rates. Both the 7O NMR chemical shifts and
relaxation rates depend on the hyperfine coupling constant,
Ao/ h, which has been found to fall within the range (32—40) X
10 rad-s™" for the Mn** complexes reported to date.”” "> Both
Ap/h and Ay/h are related to the difference between majority
spin () and minority spin (/) densities at the corresponding
nucleus, which can be evaluated by using ab initio computa-
tional methods'” and density functional theory (DFT).'®' 1t
has been shown recently that DFT calculations provide Ag/h
values for Gd*" complexes in very good agreement with the
experimental data. Furthermore, these calculations showed that
'"H hyperfine coupling constants of coordinated water
molecules take values close to zero, indicating that the scalar
contribution to relaxivity can be safely negleted.”**!

In this Article, we present a combined experimental and
computational study that aims at gaining information on the
hyperfine coupling constants that govern the scalar contribu-
tion to 'H relaxivity and the 7O NMR chemical shifts and
relaxation rates. For that purpose, following a new synthetic
pathway, we have prepared and investigated the H,MeNO2A
(1,4-bis(carboxymethyl)-7-methyl-1,4,7-triazacyclononane) li-
gand, a triazacyclononane (TACN)-based macrocyclic chelator
bearing one methyl group and two chelating acetate functions.
Several reasons prompted us to prepare this particular ligand.
First, on the basis of the results reported for [Mn,(ENOTA)-
(H,0),], its Mn** complex is expected to contain an inner-
sphere water molecule coordinated to the metal ion. Second,
we wanted to check whether the substantial scalar contribution
to relaxivity observed for [Mn,(ENOTA)(H,0),] is also
operating for the complex with MeNO2A>". Finally, one
should bear in mind that the number of Mn®* complexes
investigated to date using 'H and 7O NMR measurements is
rather limited, particularly considering the huge number of
Gd** complexes characterized in the last 20 years. Therefore,
this work represents also a part of our efforts to enlarge the
number of Mn** complexes for which the parameters governing
their relaxivity have been determined. This will allow
establishment of relationships between the microscopic
parameters related to the observed relaxivity, and the structure
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and dynamics of a particular complex, which eventually will lead
to a rational design of Mn>'-based contrast agents with
improved relaxation properties.

Among the different organic tools available for selective N-
alkylation of TACN,** we have chosen the orthoamide route®®
to obtain an easy and efficient synthesis of the ligand followed
by its Mn** complexation. A full 'H and 7O relaxometric study
was conducted to determine experimentally the 'H and 7O
hyperfine coupling constants. DFT calculations were performed
to gain information on the Ay/# and Ay/#% hyperfine coupling
constants and the relation between their values and the solution
structure and dynamics of the complex. For comparative
purposes, calculations were also performed on the well-known
[Mn(EDTA)(H,0)]*" complex. Finally, the Ag/A and Ay/h
hyperfine coupling constants calculated for a series of Mn**
complexes relevant as MRI CAs are compared with available
experimental data.

B EXPERIMENTAL SECTION

Materials and Methods. Reagents were purchased from ACROS
Organics and from Aldrich Chemical Co. 1,4,7-Triazacyclononane
(TACN) was purchased from CheMatech (Dijon, France). Acetoni-
trile, tetrahydrofurane, and toluene were distilled before use. 'H and
BBC NMR spectra were recorded with a Bruker AMX-3 300 (300
MHz) spectrometer at the “Services communs” of the University of
Brest.

1-Methyl-1,4,7-triazacyclononane (3). N-Dimethoxymethyl-N,N-
dimethylamine (406 mg, 3.4 mmol, 1.1 equiv) was added to a solution
of TACN (400 mg, 3.10 mmol) in chloroform (1 mL) and toluene (8
mL). The solution was stirred at room temperature for 12 h. The
solvent was then evaporated under reduced pressure to yield an oily
product (410 mg, 2.94 mmol, yield 95%). A solution of methyl iodide
(1.1 equiv, 3.2 mmol, 200 pL) in 10 mL of freshly distilled THF was
added to the previously obtained crude product. The mixture was
stirred at room temperature for 4 days; the precipitated white solid was
filtered, washed with THF, and dried under vacuum (660 mg, yield
80%). NMR (D,O, ppm) 'H 3.31 (m, 7H, CH, + CH;) 3.75 (m, 8H,
CH,) 5.56 (s, 1H, CH); 3C 51.2 (CH;) 54.3 57.1 63.9 (CH,) 121.6
(CH). The white solid was dissolved in 10 mL of a solution of
methanol/HCI 12 M (1/1) and stirred under reflux for 12 h. After
cooling, pH was raised to 12 by addition of NaOH pellets. Extraction
with chloroform (3 X 15 mL), drying with MgSO,, and evaporation of
the solvent under reduced pressure gave 1-methyl-1,4,7-triazacyclono-
nane (3) as a yellow oil (258 mg, 1.8 mmol, 77%). NMR (CDCl,,
ppm) 'H 2.12 (s, 3H, CH;) 2.27 (m, 4H, CH,) 2.50 (m, 8H, CH,)
2.77 (bs, 2H, NH); 13C 44.5 (CH;) 45.5 45.7 53.9 (CH,).

1,4-Bis(ethoxycarbonylmethyl)-7-methyl-1,4,7-triazacyclono-
nane (4). Compound 3 (143 mg, 1.0 mmol) was dissolved in 10 mL of
freshly distilled acetonitrile, and 2 equiv of ethyl bromoacetate (2.0
mmol, 221 pL) and K,COj; (3eq, 830 mg) were added. After stirring at
room temperature for 5 days, the solution was filtered. Evaporation of
the solvent gave a oily crude product. Purification was performed by
column chromatography on neutral alumina ALO; (elution with
CHCI, followed by CHCl;/MeOH 99/1). Compound 4 was obtained
as a yellow oil (110 mg, 40%). NMR (CDCl,, ppm) 'H 1.20 (t, 6H,
CH,CH,) 240 (s, 3H, CH;-N) 2.83—2.88 (m, 12H, CH,-N) 3.39 (s,
4H, CH,-N) 4.09 (q, 4H, CH,CH,); *C 14.2 (CH,CH,) 45.8 (N-
CH,;) 54.4 55.3 55.9 (CH,,e) 58.7 (CH,CH;) 60.1 (CH,—N).

1,4-Bis(carboxymethyl)-7-methyl-1,4,7-triazacyclononane
(MeNO2A). Compound 4 (100 mg, 0.35 mmol) was dissolved in 8 mL
of HCl 6 M and heated under reflux for 12 h. Evaporation of the
aqueous phase gave a hygroscopic white solid corresponding to 1,4-
bis(carboxymethyl)-7-methyl-1,4,7-triazacyclononane (H,MeNO2A)
in its hydrochloride form (115 mg, 90%). NMR (D,0, ppm) 'H
2.97 (s, 3H, CH;) 3.30 (m, 4H, CH,,,.,) 3.44 (m, 4H, CH,,,) 3.56
(m, 4H, CH,,,.,) 3.91 (s, 4H, CH,COOH); *C 47.5 (CH,) 52.4 53.8
55.2 (CHypen) 59.5 (CH,COOH) 174.5 (COOH).

'H and 7O NMR Measurements. The proton 1/T; NMRD
profiles were measured on a fast field-cycling Stelar SmartTracer
relaxometer (Mede, Pv, Italy) 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%. The
temperature was controlled with a Stelar VI'C-91 airflow heater
equipped with a calibrated copper—constantan thermocouple (un-
certainty of +0.1 K). Additional data points in the range 15—70 MHz
were obtained on a Stelar relaxometer equipped with a Bruker WP80
NMR electromagnet adapted to variable-field measurements (15—80
MHz proton Larmor frequency). For these 'H data, a 5.5 mM solution
of the Mn** complex in nondeuterated water was utilized. The exact
complex concentration was determined by the BMS shift method at
11.7 T. O NMR measurements were recorded on a Bruker Avance
III spectrometer (11.7 T) equipped with a S mm probe and standard
temperature control unit. A 7.0 mM aqueous solution of the complex
containing 2.0% of the 7O isotope (Cambridge Isotope) was used.
The observed transverse relaxation rates were calculated from the
signal width at half-height.

Theory. The isotropic Fermi contact contribution (A;,) of the
hyperfine coupling tensor for a nucleus N is given by**

Aiso(N) = :_ZﬁeﬂNgenga_ﬂ (RN) (1)

where fy and f, are the nuclear and Bohr magnetons, respectively,
gn and g, are nuclear and free-electron g values, S is the total spin of
the system, and p®~# represents the difference between majority spin
(a) and minority spin () densities. Experimental values of isotropic
70 HFCCs have been determined for a relatively small number of
Mn" complexes from transverse ’O NMR relaxation rates and
chemical shifts. The reduced transverse relaxation rates and chemical
shift, 1/T,, and @,, may be written as in eqs 2 and 3,”* where 1/T),, is
the relaxation rate of the bound water, 7,, is the residence time of
water molecules in the inner sphere, Aw,, is the chemical shift
difference between bound and bulk water, and Aw,, is the outer
sphere contribution to the chemical shift.

1 10, +1, T, +Ae,’

Lo T (5 + T )+ Aw,’ )
Aw,

Aw ot + Aw

T

2 0s

B 1+, T, + 1, Aw, (3)
Aw,, is determined by the O hyperfine or scalar coupling constant,
Ap/h, according to eq 4, where B represents the magnetic field, S is

the electron spin, and g is the isotropic Landé g factor.”®

gHS(S+ 1)B A
D, = —
" 3ksT h (4)

The transverse 7O NMR relaxation is dominated by the scalar
contribution, 1/T,,, as given in eq 5:*

REDR I S<S+1>(@)2 .~
T D 3 T A S (5)

where 1/7; is the sum of the exchange rate constant and the
longitudinal (1/T).) or transverse (1/T,.) electron spin relaxation
rates:

1 1
- = 4
Tsi Tm

1

Thus, both the O NMR chemical shifts and transverse relaxation
rates depend on the HFCC Ap/f, among other parameters.

The scalar contribution to 'H relaxivity is given by the following
equation:
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1 28(S + 1) ( Ay ) 7,
= 3 w122
T; 3 1+ 7,70, 7)

Where Ay/# is the "H hyperfine or scalar coupling constant. In eqs
4, 5, and 7, Ag/h and Ay/h are expressed in rad-s™', and therefore
equal 27A;, as defined in eq 1.

Computational Methods. All calculations presented in this work
were performed employing the Gaussian 09 package (revision B.01).%®
Full geometry optimizations of the [Mn(MeNO2A)(H,0)]-«H,0 and
[Mn(EDTA)(H,0)]*"-xH,0 systems (x = 0—4) were performed in
aqueous solution employing DFT within the hybrid generalized
gradient approximation (hgbrid GGA) with the B3LYP exchange
correlation functional®®*° and within the hybrid meta-GGA
approximation with the TPSSh exchange-correlation functional.*!
Input geometries were generated from the crystallographic data of
[Mn(EDTA)(H,0)]*" and [Mn,(ENOTA)(H,0)]-5H,0 complexes.
For geometry optimization purposes, we used the standard Ahlrichs’
valence double-£ basis set including polarization functions (svp).*?
The same computational approaches were used for geometry
optimizations of the [Mn(CyDTA)(H,0)]*"-4H,0, [Mn(L1)-
(H,0)]-4H,0, [Mn(L2)(H,0)]"-4H,0, [Mn(L3)(H,0),]*"-8H,0,
and [Mn,(ENOTA)(H,0),]-8H,0 systems. The corresponding X-ray
structures were used to construct input geometries for geometry
optimization purposes. No symmetry constraints have been imposed
during the optimizations. The highest spin state was considered as the
ground state (sextuplet, 3d°) in all cases. Since these calculations were
performed by using an unrestricted model, spin contamination®® was
assessed by a comparison of the expected difference between S(S + 1)
for the assigned spin state (S(S + 1) = 8.75 for the mononuclear Mn"
complexes investigated here) and the actual value of (§2).** The results
obtained indicate that spin contamination is negligible for systems
investigated in this work [(S*) — S(S + 1) < 0.0050]. The stationary
points found on the potential energy surfaces as a result of geometry
optimizations were tested to represent energy minima rather than
saddle points via frequency analysis.

The geometries of the [Mn(EDTA)(H,0)]* -4H,0, [Mn-
(CyDTA)(H,0)]*+4H,0, [Mn(L2)(H,0)]*-4H,0, [Mn(L3)-
(H,0),]**-8H,0, and [Mn,(ENOTA)(H,0),]-8H,0 systems show
a very good agreement with reference crystallographic data. The
agreement between the bond distances obtained with DFT
calculations and those observed in the solid state was assessed by
using the unsigned mean error (UME), as given by eq 8:

1 n
UME = — E IDy .y — Dppr!
-ray DFT
s (8)

where Dy, and Dppr are the experimental and calculated distances,
respectively.

The UME values shown in Figure 1 indicate that B3LYP provides a
poorer agreement with the experimental data than TPSSh for all
systems investigated, with average UME values of 0.042 and 0.025 A at
the B3LYP/SVP and TPSSh/SVP levels, respectively. A closer
inspection of the bond distances shows that the better performance
of TPSSh compared with B3LYP is mainly related to large deviations
of the calculated Mn—N distances obtained from B3LYP calculations
(Figure 1), as previously observed in the case of lanthanide
complexes.® The poor performance of B3LYP compared with
TPSSh to reproduce the experimental Ln—N distances is in line
with previous investigations that found serious failures of the B3LYP
functional that may arise from design problems® (i.e, B3LYP was
shown to fail to provide accurate geometries of iron porphyrins).*”
Thus, we used the TPSSh functional for the calculation of HFCCs and
ab initio molecular dynamics (AIMD) simulations.

Isotropic 7O and '"H HFCCs in the [Mn(MeNO2A)(H,0)]-
xH,0, [Mn(EDTA)(H,0)]>xH,0 (x = 0—4), [Mn(CyDTA)-
(H,0)]*"4H,0, [Mn(L1)(H,0)]-4H,0, [Mn(L2)(H,0)]™4H,0,
and [Mn(L3)(H,0),]**-8H,0 systems were calculated in aqueous
solution with unrestricted DFT methods by employing the TPSSh
exchange—correlation functional. In all DFT investigations of HFCCs
specifically developed basis sets with extra flexibility in the core region

M B3LYP-All donor Atoms B TPSSh-All donor Atoms
O B3LYP-N donor Atoms £ TPSSh-N donor Atoms

0.12

0.1 —
0.08
0.06

0.04 ,
0.02 I L
0
L2 L3

EDTA CyDTA ENOTA

UME / A

Figure 1. Unsigned mean error (UME) values (A) obtained for
[Mn(EDTA)(H,0)]*"-4H,0, [Mn(CyDTA)(H,0)]*-4H,0, [Mn-
(L2)(H,0)]"4H,0, [Mn(L3)(H,0),]**-8H,0, and [Mn,(ENOTA)-
(H,0),]-8H,0 compared with reference crystallographic data.

should be employed.38 Thus, for the description of C, H, N, and O, we
used the EPR-III basis set of Barone,® which 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. For Mn, we used the standard Ahlrichs’
valence triple-£ basis set including polarization functions (TZVP).*

Convergence of the SCF procedure during geometry optimization
and calculations of HFCCs was found to be problematic in some cases,
and thus we used a quadratically convergent SCF procedure when
first-order SCF did not achieve convergence (by using the scf = xqc
keyword in g09). The default values for the integration grid (7S radial
shells and 302 angular points) and the SCF energy convergence
criteria (107%) were used in all calculations.

Classical trajectory calculations were performed in aqueous solution
at the TPSSh/SVP level by using the atom centered density matrix
propagation (ADMP) molecular dynamics model.*' Time steps of 0.2
fs were used during the simulations, and a total of 3000 and 4000 steps
were run for the trajectory simulations of [Mn(MeNO2A)(H,0)]-
4H,0 and [Mn(EDTA)(H,0)]*-4H,0, respectively. The fictitious
electron mass was 0.1 amu. All the ADMP calculations were started
from the corresponding optimized geometries obtained as described
above.

Throughout this work, solvent effects were included 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.*

B RESULTS AND DISCUSSION

Synthesis of the H,MeNO2A ligand. The synthesis of
ligand H,MeNO2A has been achieved by using the already
known orthoamide route.** Five steps allowed us to obtain the
ligand starting from triazacyclononane (TACN, Scheme 1).
The formation of the 1,4,7-triazatricyclo[5.2.1.0%'°]decane
derivative 1 was initiated by reaction of TACN with N-
dimethoxymethyl-N,N-dimethylamine. Addition of methyl
iodide to the obtained orthoamide 1 gave rise to the
precipitation of the corresponding monoammonium salt 2 in
tetrahydrofurane. An acidic hydrolysis in methanolic medium
followed by basic treatment of the solution has been preferred
to the alkaline hydrolysis of the same intermediate used by
Peacock and colleagues™ for the synthesis of 1-methyl-1,4,7-
triazacyclononane 3. Reaction of 3 with ethyl bromoacetate in
Sn2 conditions allowed the alkylation of the secondary amine
functions with an ethyl acetate group. Hydrolysis with a HCI 6
M solution gave the final ligand MeNO2A in its hydrochloride
salt form.
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Scheme 1. Four-Step Synthesis of H,MeNO2A"

H \ HOMe
N CHsl
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COOH COOEt

r r H

N N BrCH,COOEt N
(7)Y —— 7y D
N N v) N N iv) N HN

HaC™ N\ _/ HaC’ \—/7 Hy S

HOOC Et0OC

H,MeNO2A 3HCI 4 3

“Reagents and conditions: (i) CHCl,/toluene, RT, 12 h, 95%; (ii)
THF, 4 days, 80%; (i) HCl 6 M/MeOH, A, 12 h, then OH", 77%;
(iv) CH4CN, K,CO;, RT, S days, 40%; (v) HCl 6 M, A, 12 h, 90%.

Variable Temperature NMRD and 7O NMR Measure-
ments. Nuclear magnetic relaxation dispersion (NMRD)
profiles of an aqueous solution of [Mn(MeNO2A)(H,O)]
(pH = 7.2) 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 2). The relaxivity of [Mn(MeNO2A)(H,0)]

’mM.‘ s -1
o

4-0@@0@0@000%0%% . ]
1310K ]

ip

r,
w
O’
L

0.01 0.1 1 10 100
Proton Larmor Fl'eql.ll?l"lcyI ! MHz

Figure 2. 'H NMRD profiles recorded at different temperatures for
[Mn(MeNO2A)(H,0)]. The lines represent the fit of the data as
explained in the text.

decreases with increasing temperature, a behavior typical of
small chelates in which fast rotation of the complex in solution
limits proton relaxivity (Figure 2, see also Figure SS, Supporting
Information). The "H NMRD profiles show a single dispersion
between 1 and 10 MHz, while the second dispersion at ~0.1
MHz characteristic of an important scalar contribution to
relaxivity is not observed. The inner-sphere contribution to
relaxivity is directly proportional to the number of inner-sphere
water molecules (q), and therefore relaxivity values provide
information on the hydration level of Mn?* complexes
providing they possess comparable molecular weights and
electronic relaxation times. As expected, the relaxivity of
[Mn(MeNO2A)(H,0)] (2.74 mM's™"' at 20 MHz and 298
K) is quite similar to those of Mn>* complexes containing an
inner-sphere water molecule.'’

The reduced transverse 'O relaxation rates and chemical
shifts measured for [Mn(MeNO2A)(H,0)] are presented in
Figure 3. For [Mn(MeNO2A)(H,0)], 1/T,, increases with
decreasing temperature, which indicates that the system is in

18

In(1/T,)

174

Lyt

AP |
= §le ssgevs v o |

29 3.0 31 3.2 3.3 3.4 3.5 36
1000/T (1/K)

Ao [ 10°rad s™
[=-]
-4y

Figure 3. Reduced transverse (A) 'O relaxation rates and 7O
chemical shifts (@) measured for [Mn(MeNO2A)(H,0)] at 11.74 T.
The lines represent the fit of the data as explained in the text.

the fast exchange regime over the whole range of temperatures
investigated, suggesting a relatively short residence time of the
inner-sphere water molecule.

A simultaneous fitting of the NMRD and 7O NMR data of
[Mn(MeNO2A)(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 ayg,;; was
fixed at 3.6 A,** while the distance between the proton nuclei of
the coordinated water molecule and the Mn?>" ion (ryy) was
fixed at 2.772 A. This value corresponds to the mean Mn--H
distance obtained during the course of our molecular dynamics
simulations described below. The number of water molecules in
the inner coordination sphere of Mn?* was fixed to q = 1. The
parameters obtained from the fittings are listed in Table 1,

Table 1. Parameters Obtained from the Simultaneous
Analysis of 70O NMR and NMRD Data

MeNO2A  ENOTA? EDTA® 1,4-DO2A°

ko2, 109 571 626 + 23 55.0 471 1134
AH%, k] mol™! 11+ 1.0 20.5 335 29.4
=8, ps 36 +3 8s 57 46
E, kJ mol™ 22.8 + 0.7 18 21.8 19.1
2%, ps 214 + 38 7.7 27.9 44
E,, kJ mol™! 1.0% 24.8 1.0% 1.0%
D%y, 1070 m? 57! 269 + 4.0 23 23.1 23.0°
Eppary kJ mol™ 17.3 + 24 18 18.9 17.3%
A% 10" 572 72+ 15 047 6.9 48.1
Ao/h, 10° rad s7! 46.0 + 02 327 40.5 43.0¢
iy A 2.77¢ 2.75 2.83% 2.83°
Ay A 3.6% 32 3.6% 3.6%
7" 1° 1° 1° 0.87

“Parameters fixed during the fitting procedure. The value of the
activation energy for the activation energy related to the correlation
time for the modulation of the zero-field-splitting (E,) was fixed to a
small positive value ( 1 k] mol™'); otherwise negative activation
energies were obtained. bReference 12. “Reference 10.

while the curve fits are shown in Figures 2 and 3. The analysis
of the NMRD and O NMR data including Ay/# as a fitting
parameter did not improve the quality of the fitting, which
suggests that the scalar contribution to relaxivity is negligible in
this case. The values obtained for the diffusion coefficient,
D3y, and its activation energy, Epyp, are close to those for
self-diffusion of water molecules in pure water: D**® = 2.3 X
10~ m*s™! and Ep = 17.3 kJ-mol™",** indicating that they are
dominated by the rapid diffusion of water molecules. The value
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of the rotational correlation time (7%°) obtained from the
analysis of the "H NMRD profiles is very similar to those
reported for small Mn(II) complexes, but clearly smaller than
that reported for the binuclear [Mn,(ENOTA)(H,0),]
complex. The relatively low 75° value obtained for the complex
of MeNO2A (36 ps) is in line with the lower molecular weight
of this complex in comparison to the 1,4-DO2A and EDTA
analogues.

The water exchange rate (kZ°) determined for [Mn-
(MeNO2A)(H,O)] is similar to that determined previously
for the complex of EDTA, but slower than in the complex of
1,4-DO2A, which presents an equilibrium in solution between a
q = 1 species and a six-coordinated g = 0 form. The values of
the mean square zero-field-splitting energy (A*) and the
electronic correlation time for the modulation of the zero-field-
splitting (73°) obtained for the complexes with MeNO2A and
EDTA are very similar, indicating that these complexes possess
very similar electronic relaxation times. Finally, the value
obtained for the 7O hyperfine coupling constant (Ap/A =
(46.0 + 0.2) X 10° rad-s™*, which corresponds to a A, value of
—7.30 MHz) is very similar to the values obtained for the
complex of EDTA and different Mn>" complexes with
polyaminocarboxylate ligands.'® The water exchange rate
determined for [Mn(MeNO2A)(H,O)] is 1 order of
magnitude faster than that reported for the complex with
ENOTA, while the parameters related to the electronic
relaxation in both systems are also very different. This
highlights how small structural differences may have an
important impact on the parameters governing the relaxivity
in Mn** complexes.

Molecular Geometries of [Mn(MeNO2A)(H,0)] and
[Mn(EDTA)(H,0)]>~ Complexes. Our previous work per-
formed on Gd** and Mn?* complexes with polyaminocarbox-
ylate ligands showed that the explicit inclusion of a few second-
sphere water molecules is crucial for the computation of
accurate distances between the metal ion and the oxygen atom
of coordinated water molecules in these systems.'®”" Indeed,
geometry optimizations performed on the [Mn(EDTA)-
(H,0)]*™ complex at the TPSSh/SVP level provided a Mn—
O,aer distance of 2.524 A. This distance is ca. 0.3 A longer than
that observed in the X-ray crystal structure (2.241 A).*
However, geometry optimizations performed on the [Mn-
(EDTA)(H,0)]*"+4H,0 system, which explicitly includes four
second-sphere water molecules, reduced the Mn—O,,.,
distance to 2.302 A, in considerably better agreement with
the experimental value observed in the solid state. Geometry
optimizations performed on the [Mn(EDTA)(H,0)]* -«H,0,
and [Mn(MeNO2A)(H,0)]-xH,0 systems (x = 0—5) confirm
the importance of explicitly including the most important
interactions involving inner- and second-sphere water mole-
cules (Figure 4). Indeed, the inclusion of up to two second-
sphere water molecules provokes important variations on the
calculated Mn—0,,,, distances. In the case of [Mn(EDTA)-
(H,0)]*"-xH,0, this distance shortens by 0.26 A on increasing
x from 0 to 2, while for [Mn(MeNO2A)(H,0)]-xH,O, the
Mn—O,, distances changes by 0.13 A. Adding a third water
molecule to the second solvation shell results in an increase of
the Mn—O,,, distances by 0.03—0.06 A, while the impact of
adding a fourth or a fifth second-sphere water molecule is
relatively small (<0.025 A). The important effect that inclusion
of second-sphere water molecules has on the Mn—O,,
distances is attributed to the fact that continuum models of
solvation cannot account for specific solvent—solute inter-

2551+ - 1 T T T
_ ——EDTA
2504 A MeNO2AT

245] \ |
< 2407\ ]
5235 1

Mn-O

225] "\ _ A

2.20- S ™ ]

2151, = : : (

Figure 4. (top) Distances between Mn and the oxygen atoms of inner-
sphere water molecules calculated for [Mn(MeNO2A)(H,0)]-«H,0
and [Mn(EDTA)(H,0)]*"-xH,O at the TPSSh/SVP level (x
represents the number of noncoordinated water molecules). (bottom)
Geometry of the [Mn(MeNO2A)(H,0)]-4H,0 system optimized at
the TPSSh/SVP level.

actions, such as the hydrogen-bonding interactions involving
inner-sphere and second-sphere water molecules.”” The data
shown in Figure 4 indicate that a mixed cluster/continuum
approach explicitly including three to five second-sphere water
molecules is required to overcome this deficiency of continuum
solvent models to describe Mn" complexes that have
concentrated charge densities and strong local solute—solvent
interactions.

The optimized geometry of the [Mn(MeNO2A)(H,0)]-
4H,0 system is shown in Figure 4. Three of the second-sphere
water molecules are involved in hydrogen-bonding interactions
with the coordinated water molecule, while the fourth one is
hydrogen-bonded to a second-sphere water and a carboxylate
group. Thus, at least three second-sphere water molecules
appear to be required to account for hydrogen-bonding
interactions involving the coordinated water molecule and the
second solvation shell, while addition of extra water molecules
to the system does not substantially affect the Mn—O,,., bond
distance. As expected, the metal ion in [Mn(MeNO2A)-
(H,0)]-4H,0 is six coordinated, being directly bound to the
three nitrogen atoms of the TACN unit (Mn—N distances in
the range 2.30—2.37 A), two oxygen atoms of the carboxylate
groups (Mn—O distances 2.127 and 2.113 A), and the
coordinated water molecule. These distances are in excellent
agreement with those observed in the solid state for ENOTA
complex, which shows average Mn—O and Mn—N distances of
2.124 and 2.308 A, respectively."?
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To investigate the relative stability of the six- and seven-
coordinated forms of the [Mn(MeNO2A)(H,0),] complex (g
=1 or 2), we have performed a relaxed potential-energy surface
scan of the [Mn(MeNO2A)(H,0)]-4H,0 system. The
distance between Mn and an oxygen atom of a second-sphere
water molecule was varied in steps of 0.1 A between 4.07 and
2.97 A, generating 22 points. These calculations indicated that
the hypothetical [Mn(MeNO2A)(H,0),]-3H,0 species is not
a minimum on the PES, because approaching a second-sphere
water molecule to the metal ion results in the expulsion of the
coordinated water molecule.

Calculation of 70 and "H HFCCs of the Coordinated
Water Molecule in [Mn(MeNO2A)(H,0)] and [Mn(EDTA)-
(H,0)1*~ Complexes. The 70 and 'H A, values of the inner
sphere water molecule in the [Mn(MeNO2A)(H,0)]-«H,O
and [Mn(EDTA)(H,0)]* -«H,0 systems were calculated with
the aid of the TPSSh functional, which has been shown to
provide accurate HFCCs for Gd** complexes (Table 2).*'

Table 2. Calculated 7O and 'H Hyperfine Coupling
Constants (A;,,, MHz) for the [Mn(MeNO2A)(H,0)]-xH,0
and [Mn(EDTA)(H,0)]*>"*xH,0 systems

EDTA MeNO2A

170 lHa 170 lHa
=0 —2.603 0.035(13) —7.793 0.870(421)
1 —4.971 0.182(57) —-7.931 1.170(324)
=2 —6.471 0.472(83) —7.604 1.376(298)
=3 —6.301 0.395(83) —6.341 0.930(161)

=4 —6.041 0.364(79) —5.902 0.851(63)
—5.947 0.350¢ —5.98¢ 0.865%
expt —6.45° ~7.30°

“Averaged values are provided with standard deviations in parentheses.
YReference 10. “This work. “Calculated values obtained from the
analysis of the trajectories of ADMP simulations (see text).

Calculations performed on the [Mn(EDTA)(H,0)]*" system
provided a 7O A, value that deviates considerably from the
corresponding experimental values. However, the inclusion of
two or more second-sphere water molecule pushes the
calculated values closer to the experimental ones. The effect
of including second-sphere water molecules for the [Mn-
(MeNO2A)(H,0)] complex is not as important, most likely
due to the smaller electric charge of the complex, which
probably results in weaker hydrogen-bonding interactions
between the coordinated water and negatively charged groups
of the ligand. For the systems containing four second-sphere
water molecules (x = 4), a good agreement with the experiment
is observed, the computed values differing by only ~6% and
19% with respect to the experimental ones for the complexes of
EDTA and MeNO2A, respectively. The data shown in Table 2
also indicate that the inclusion of second sphere water
molecules has an important impact on the calculated 'H Ay,
values, which are considerably higher in the case of the
MeNO2A complex than in the EDTA analogue. Thus, the
explicit consideration of the most important hydrogen-bonding
interaction involving the coordinated water molecule and the
second-sphere coordination shell appears to be crucial for an
accurate calculation of O and 'H A, values of the inner-
sphere water molecule.

The measured HFCCs are weighted averages ((A;.)) of
individual values for the different configurations present in
solution, and therefore solution dynamics might have an

important impact on the measured 'H and 7O A, values.
Indeed, Yazyev et al. investigated the hyperfine interactions of
'"H and 'O nuclei of inner-sphere water molecules in
[Gd(H,0)s]** and [Gd(DOTA)(H,0)]~ complexes.”® The
approach used by these authors to calculate the hyperfine
interactions involved either classical or Car—Parrinello
molecular dynamics (MD) simulations. From the trajectories
of these simulations, clusters of molecules were extracted and
then investigated by using DFT calculations, which provided
70 hyperfine coupling constants in good agreement with the
experimental values. Thus, we have followed a similar approach
to investigate the effect of solution dynamics on the HFCCs of
Mn>* complexes with EDTA and MeNO2A. Among the
different molecular dynamics methods available, we selected the
atom-centered density matrix propagation (ADMP) approach,
which exhibits O(N) scaling of computational time with system
size (N is the number of electrons),*® making it a reasonable
choice compared with other computationally more expensive
ab initio molecular dynamics methods.

ADMP simulations were performed in aqueous solution at
the TPSSh/SVP level and started on the equilibrium
geometries of the [Mn(MeNO2A)(H,0)]-4H,0 and [Mn-
(EDTA)(H,0)]*"-4H,0 systems. The overall simulation time
was 600 fs for the MeNO2A complex and 800 fs for the EDTA
analogue. The configuration space sampling (100 snapshots)
was extracted from the corresponding trajectories at regular
intervals of 6 and 8 fs for the MeNO2A and EDTA complexes,
respectively. As expected, no water exchange events were
observed during the simulations, because the residence time of
coordinated water molecules in the Mn*" coordination sphere
is considerably longer than the simulation time. As pointed out
previously,”’ two important parameters influence the 7O
HECCs: the metal—O distance and the orientation of the water
molecule plane with respect to the metal—O vector. Both the
Mn—O,,,., distance and the orientation of the water molecule
given by the Mn—O—H—H dihedral angle fluctuate consid-
erably during the length of our ADMP simulations (Figure $).
For [Mn(MeNO2A)(H,0)]-4H,0, the Mn—0,,., distance
amounts to 2.228 A at the beginning of the simulation and
fluctuates between 2.089 and 2.325 A during the simulation
time. For the EDTA analogue, the Mn—0,,,, distance varies
between 2.430 and 2.217 A during the course of the simulation.
Concerning the Mn—O-H-H dihedrals, they oscillate

2.2 1

Mn-O, /A Mn-O-H-H /°

214 1

0 100 200 300 400 500 600 700 80Q
time / fs

Figure S. Calculated Mn—O distance and Mn—O—H-H dihedral
angle during the full length of the ADMP simulations performed in
aqueous solution on the [Mn(MeNO2A)(H,0)]-4H,0 (@, blue) and
[Mn(EDTA)(H,0)]*"-4H,0 (O, red) systems (TPSSh/SVP).
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between 101.5° and 136.3° for the MeNO2A complex and
between 103.2° and 129.7° for the EDTA one. Simulations
performed on the [Mn(MeNO2A)(H,0)] system (Figure S6,
Supporting Information), which does not include a second
hydration shell, provide Mn—0,,,,., distances varying between
2.158 and 2.489 A during the simulation time (600 ps). Thus,
the inclusion of an explicit second-sphere hydration shell not
only results in shorter Mn—O,,., distances but also reduces its
fluctuation during the MD simulations.

The averaged 'H and 7O A, values ({4;,)) obtained from
the 100 snapshots extracted from the trajectory calculated for
[Mn(MeNO2A)(H,0)]-4H,0 amount to —5.98 + 1.37 (*’O)
and 0.865 + 0721 ('H) MHz for an average Mn—O,.
distance of 2.239 A and an average Mn—O—H—H dihedral of
121.70°. In the case of the [Mn(EDTA)(H,0)]* -4H,0

11180

system, our calculations provide (A,,) values of —5.95 + 1.54
(*"0) and 0.374 + 0.424 ("H) MHz for an averaged Mn—0, .
distance of 2.318 A and an average Mn—O—H—H dihedral of
115.07°. The large standard deviations of the (A;,,) values show
that the calculated A;, values change significantly during the
course of the simulations, as a consequence of important
changes in both the Mn—0,,,, distance and the orientation of
the coordinated water molecule.

Figure 6 shows plots of the '"O A, values, calculated for
each of the 100 snapshots extracted from the trajectory
calculations performed on the [Mn(MeNO2A)(H,0)]-4H,0
and [Mn(EDTA)(H,0)]*"-4H,0 systems versus the Mn—Oy,
distance and the Mn—O—H—H dihedral angles. These plots
show rough linear trends that indicate that short Mn-O,,
distances and large Mn—O—H—H dihedral angles favor larger
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O Ay, values. However, the averaged values do not differ
significantly from the corresponding A, values obtained for the
equilibrium geometry and remain very close to the
experimental ones. These results suggest that O HFCCs of
coordinated water molecules in Mn** complexes can be
estimated from the corresponding equilibrium geometries,
most likely because of an approximately linear dependence of
Ay, around the equilibrium configuration with respect to both
the Mn—O,, distance and the Mn—O—H—H dihedral.

The 'H HFCCs (Figure 7) calculated for each of the 100
snapshots extracted from the trajectory calculations correlate
reasonably well with the corresponding '"O A, values, which
indicates that both "H and '”O HFCCs are affected in a similar
way by the Mn—0,, distances and large Mn—O—H—H dihedral
angles. In line with our previous work, 7O A, values are
negative, while 'H A, values are positive. However, these
different signs correspond to positive spin densities at the point
nucleus of both 7O and 'H, due to the different sign of the
magnetic moment of these nuclei.

Calculation of 70 and 'H HFCCs in Related Systems.
Isotropic 7O and 'H HFCCs in the [Mn(CyDTA)(H,0)]*"
4H,0, [Mn(1,4-DO2A)(H,0)]-4H,0, [Mn(L1)(H,0)]-
4H,0, [Mn(L2)(H,0)]*4H,0, and [Mn(L3)(H,0),]**
8H,0 systems (Scheme 1) were calculated in aqueous solution
by using the same computational approach used for EDTA and
MeNO2A complexes. The computed values are compared with
the experimental ones in Table 3. These calculations were

Table 3. Calculated 'O and 'H Hyperfine Coupling
Constants (A, MHz) for the [Mn(L)(HZO)q]”i'xHZO
Systems (L = CyDTA, 1,4-DO2A, L1, L2, or L3)

170
ligand q 5 caled expt "H? caled
CyDTA 1 4 —6.047 0.305(78)
1,4-DO2A 1 4 —-6.773 —6.84% 0.267(18)
L1 1 4 —6.448 —6.35° 0.527(169)
L2 1 4 —5.876 —5.83° 0.876(95)
L3 2 8 —8.754 —-6.144 0.814(196)

“Averaged values are provided with standard deviations within
parentheses. "Reference 10. “Reference 9. “Reference 15.

performed on the equilibrium geometries, and therefore
dynamic effects were neglected. Our calculations provide Ay,
values in general good agreement with the available
experimental data, with deviations lower than 1.5% for the
complexes of 1,4-DO2A, L1, and L2. The agreement with the
experiment is however poorer in the case of the complex of L3,
but the reasons for this discrepancy are still unclear. Taking
together the data shown in Tables 1, 2, and 3, we conclude that
the 70 A, values fall within a relatively narrow range, typically
—6.4 + 0.9 MHz, which corresponds to Ag/# values of (40 +
6) X 10° rad-s™. On the other hand, the calculated 'H Aj,
values are spread over a wider range (0.27—0.88 MHz), with an
average value of 0.57 MHz.

Spin Density Distributions. The spin density distribution
in a given paramagnetic molecule denotes the difference
between the contributions due to electrons with majority spin
(a) and minority spin (), which is the result of two effects:
spin-delocalization, which results from the transmission of spin
density through the bonds toward the observed nucleus, and
spin-polarization, which is the result of an effective attraction of
unpaired electrons to the nearby ones of the same spin.*” For a
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given metal center with occupied o and unoccupied S orbitals,
spin-delocalization can be identified either with metal to ligand
a spin density donation or by donation of f spin density from
the ligands to the metal center.”® Both mechanisms create an
excess of a spin density at the ligand nuclei, and therefore spin-
delocalization gives always a positive contribution to the spin
density, in contrast to spin-polarization, which can lead to
positive or negative contributions. A characteristic pattern
pointing to a spin-polarization effect is the presence of alternate
spin density signs along the pathway of the bonded atoms
radiating out from the paramagnetic atom.*" This is for instance
the case for Gd** complexes, in which the spin density is
negative at the '’O nucleus of coordinated water molecules and
positive at their "H nuclei. Similar alternate spin density signs
were also observed on the carbon nuclei of organic ligands
coordinated to Gd**.*?

In all geometric configurations obtained from the snapshots,
the spin density at the position of the oxygen nucleus is
positive, in accord with the spin delocalization mechanism
(Figure 8). The spin density has a positive sign at both the 7O
and 'H nuclei of the coordinated water molecule, indicating
that the 'H A, values are also dominated by the spin
delocalization mechanism. The amount of spin delocalization is
expected to increase with the covalent character of the metal—
ligand bonds, and therefore it is not surprising that spin
delocalization effects dominate the '’O and "H HFCCs of Mn**
complexes, while spin polarization is responsible for the
observed A, values in Gd** complexes due to the limited
radial extension of the metal 4f orbitals.

A close inspection of the contour spin density map obtained
for [Mn(MeNO2A)(H,0)]-4H,0 shows that the spin density
becomes negative at a certain point along the Mn—O axis. The
molecular orbitals that host the unpaired electrons (SOMOs)
in Mn*" complexes should possess a major contribution from
the metal d orbitals but are expected to mix with atomic orbitals
of the ligands, particularly from the donor atoms. If spin
delocalization is to dominate the spin density distribution, a
distribution of positive spin density throughout the molecule
determined by the composition of the SOMOs is expected to
occur. The negative spin density observed along the Mn—0 ¢,
bond corresponds to a node of the SOMO (Figure 8) and can
be therefore attributed to a weak spin-polarization effect that
changes the sign of the spin density.

The effect of the Mn—Q,, distance on the calculated 7O A,
values can be attributed to a rapid decay of the spin-
delocalization effect upon increasing the distance between the
metal ion and the oxygen atom of the coordinated water
molecule. It must be borne in mind that the 7O A, values
result from the hyperfine coupling of the electronic and nuclear
spins and therefore reflect only unpaired spin density at the ns
orbitals, which do not have a node at the nuclear position.
Thus, the following explanation can be given to the effect of the
Mn—O—H-H dihedral angle on the calculated '"O A, values:
A dihedral angle of about 90° would imply that the water
molecule uses a lone-pair placed on a p orbital to bind to the
metal ion. As the dihedral angle increases, the s character of this
lone pair is increasing as well, thereby increasing the probability
of the unpaired spin density to sit just on the nucleus.

B CONCLUSIONS

In this contribution, we have reported an easy access to the
TACN:-based ligand MeNO2A, which contains a methyl group
and two acetate pendant functions attached to the nitrogen
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Figure 8. (top) Spin density map of the [Mn(MeNO2A)(H,0)]-4H,0 system (calculated at the TPSSh/TZVP/EPR-II], in au™>) on the two planes
defined by the Mn?" ion, the oxygen atom of the coordinated water molecule, and its hydrogen atoms. (bottom) Surface plot of the highest SOMO
calculated for [Mn(MeNO2A)(H,0)]-4H,O at the same computational level.

atoms of the macrocycle. We have subsequently performed a
'H and 7O NMR relaxometric study of the [Mn(MeNO2A)-
(H,0)] complex as well as a theoretical analysis of the 'H and
70 HFCCs of the coordinated water molecule in this complex
and related Mn®" chelates relevant as MRI probes. Our DFT
calculations show that the explicit inclusion of two to four
second-sphere water molecules is crucial to obtain accurate
Mn—O,,,, distances and HFCCs. The use of a mixed cluster/
continuum approach allows for a better description of the
geometries and electronic structure of these systems at a
reasonable computational cost, so that ADMP molecular
dynamics simulations become feasible. Molecular dynamics
simulations show that the '"H and 7O HFCCs on inner-sphere
water molecules are very sensitive to the Mn—O distances and
the orientation of the coordinated water molecule plane with

respect to the Mn—O vector. However, the average HFCCs
obtained from up to 100 snapshots extracted from trajectory
calculations do not differ significantly from the corresponding
A, values obtained for the equilibrium geometries and remain
very close to the experimental ones. Thus, 7O HFCCs of
coordinated water molecules in Mn>* complexes can be
estimated to a good accuracy from the corresponding
equilibrium geometries. Spin delocalization effects appear to
dominate both the O and 'H A, values. With the notable
exception of [Mn(L3)(H,0),]*", the experimental and
calculated 7O A, values fall within a relatively narrow range
(typically A;, = —6.4 + 0.9 MHz or Ag/h = (40 + 6) x 10°
rad-s™'. Contrary to what was previously observed for
[Mn(H,0)s]*",>® the scalar contribution to relaxivity was
found to be negligible for [Mn(MeNO2A)(H,0)].
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