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ABSTRACT: We report the synthesis of the ligand Hnompa (6-((1,4,7-triazacyclononan-
1-yl)methyl)picolinic acid) and a detailed characterization of the Mn** complexes formed
by this ligand and the related ligands Hdompa (6-((1,4,7,10-tetraazacyclododecan-1-
yl)methyl)picolinic acid) and Htempa (6-((1,4,8,11-tetraazacyclotetradecan-1-yl)methyl)-
picolinic acid). These ligands form thermodynamically stable complexes in aqueous
solution with stability constants of logKy;,, = 10.28(1) (nompa), 14.48(1) (dompa), and
12.53(1) (tempa). A detailed study of the dissociation kinetics of these Mn** complexes
indicates that the decomplexation reaction at about neutral pH occurs mainly following a
spontaneous dissociation mechanism. The X-ray structure of [Mn,(nompa),(H,0),]-
(ClO,), shows that the Mn®* ion is seven-coordinate in the solid state, being directly
bound to five donor atoms of the ligand, the oxygen atom of a coordinated water molecule
and an oxygen atom of a neighboring nompa™ ligand acting as a bridging bidentate
carboxylate group (u—n'-carboxylate). Nuclear magnetic relaxation dispersion ('H
NMRD) profiles and 7O NMR chemical shifts and transverse relaxation rates of aqueous
solutions of [Mn(nompa)]* indicate that the Mn*" ion is six-coordinate in solution by the pentadentate ligand and one inner-
sphere water molecule. The analysis of the 'H NMRD and '’O NMR data provides a very high water exchange rate of the inner-
sphere water molecule (k,*® = 2.8 X 10° s™!) and an unusually high value of the '"O hyperfine coupling constant of the
coordinated water molecule (Aq/% = 73.3 + 0.6 rad s™'). DFT calculations performed on the [Mn(nompa)(H,0)]*-2H,0
system (TPSSh model) provide a Ap/# value in excellent agreement with the one obtained experimentally.

B INTRODUCTION phosphonate, or phosphinate derivatives as possible substitutes
for Gd** complexes." In this respect, although the complexes of
Mn** ion that incorporate at least one water molecule in the
inner coordination sphere are the most promising ones, some
Fe?*-ion-based complexes were also found to display favorable
properties as possible paramagnetic chemical exchange
saturation transfer agents (ParaCEST).> More recently, these
studies were extended further, and Ni** and Co?'/Co*
complexes were also investigated as possible ParaCEST agents,’

Magnetic resonance imaging (MRI) is a diagnostic technique
widely used in radiology to obtain detailed images of the body.
The so-called contrast agents (CAs) are paramagnetic
compounds that increase the contrast between the specific
tissue or organ of interest and the surrounding tissues of the
body. Most of the compounds that entered into clinical practice
as CAs are Gd** complexes of poly(aminocarboxylate) ligands.
However, a disease called nephrogenic systemic fibrosis (NSF)

associated with the release of toxic Gd** from Gd**-based CAs but clearly the Mn** cation has the greatest potential as far as
in patients suffering from severe renal failure has renewed possible substitutes forzthe Gd’*-based agents are concerned.
interest in the design, synthesis, and studies of new ligands, Historically, the Mn"" ion played an important role in the
with improved equilibrium and kinetic properties for Ln** ion development of MRI as it was among the first studied as a T,
complexation. Alternatively, large efforts have been devoted to shortening agent by examining the binding of paramagnetic
find less toxic CA candidates based on endogenous metal ions.

Indeed, increasing attention has been devoted recently to Mn** Received: January 29, 2014

complexes of certain macrocyclic polyamines and their acetate, Published: April 28, 2014
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Chart 1. Ligands Used for Mn>* Complexation
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transition metal ions to DNA.* More than 10 years later,
Lauterbur used a MnSO, solution to describe the 3D imaging
technique known today as MRL® Although the water exchange
rates of Mn** complexes formed with open-chain ligands (e.g.,
edta, phdta) were described relatively early,® the far-from-
optimal physicochemical properties of these complexes and
much better relaxation properties of the Gd** ion and its
chelates caused nearly all Mn®* agents to vanish from the field
of MRL The only Mn?*-based complex that survived for a while
was [Mn(dpdp)]*~ (Chart 1), in which the relaxation
enhancement arises from Mn®>* released from the complex in
vivo (manganese-enhanced magnetic resonance imaging —
MEMRI).” However, at the elevated concentrations typically
used for MRI (0,05—0,10 mmol/kg of body weight) the release
of Mn?" results in its accumulation in the brain, which causes
neurotoxicity leading to a syndrome known as “mangansim”
with Parkinson-like symptoms.®

Owing to the increasing importance of the Mn** complexes
in the past 4—5 years, large efforts were devoted to find an
appropriate ligand by balancing between contradictory require-
ments (ie., thermodynamic stability and kinetic inertness vs
low ligand denticity enabling water molecule(s) to be
coordinated in its Mn?* complexes), most of them being
macrocyclic pyridine-based ligands or derivatives of the aazta
ligand.” A report of a series of rigid pyridine-based 15—18
membered macrocyclic ligands as possible Mn** binding agents
for MRI applications dates back to 1992," although some of
the complexes summarized in the given report were previously
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prepared or characterized in the solid state.'' Téth and co-
workers have returned to this class of ligands more recently and
determined protonation constants of the ligands, stabilities of
the complexes, solvent exchange and decomplexation kinetics,
and structural properties of two members of the given ligand
class (15-Py-aneNg and 15-Py-aneO,N;).'* The complexes
were found to be thermodynamically stable with relaxivities
similar to those of typical low-molecular-weight Gd*" chelates.
However, the relatively low kinetic inertness of the studied
complexes along with the excellent SOD mimics does not allow
the application of these complexes in vivo. Ivanovi¢-Burmazovi¢
and co-workers extended the idea and synthesized Me2-Py-ene-
and Me2-Py-ane-based ligands capable of binding two Mn?*
ions simultaneously and studied their dinuclear Mn?**
complexes in solution and solid state.'> Although the
relaxivities of the Mn”** complexes were not reported, other
physicochemical parameters (stability, water exchange rate)
were found to be similar to those of monomeric complexes,
which indicates the absence of interactions between the two
paramagnetic centers. The dimeric triazacyclononane-based
ligand H,enota was also examined with an aim to bind Mn**
ion for MRI applications.14 The results of equilibrium, solvent
exchange kinetics, and structural characterization studies
indicated a high stable Mn** complex with one water molecule
coordinated to each metal center that is slightly more labile
than in the aqua ion (k22® = 5.5 X 107 s™! vs 2.8 X 107 s In
spite of the very promising data, a recent report highlighted that
Mn?* complexes formed with no2a derivative ligands (no2a and
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ono2a) are kinetically labile and may lose the Mn** ion in
highly competitive biological fluids.'® The 12-membered
pyridine-containing macrocyclic ligands bearing one acetate
or phosphonate pendant arms (pcma and pcmp) were also
synthesized and explored by the same group as possible Mn**-
binding agents.'” These ligands possess five possible donor
atoms, and the sixth coordination site in their Mn?* complexes
is occupied by a water molecule that exchanges extremely
rapidly with the bulk water, as evidenced by 'O NMR studies.
These ligands were found to form thermodynamically stable
complexes with Mn®*, but owing to the low kinetic inertness
and air-sensitivity, their application as CAs in MRI cannot be
recommended. The 12-membered hexadentate macrocyclic
ligands 1,4-do2a and 1,7-do2a were also shown to form
thermodynamically stable Mn>" complexes in aqueous
solutions, but only the 1,4-do2a complex contained a
coordinated water molecule.'®

Among the open-chain ligands cdta is the only one that
forms a thermodynamically stable and kinetically satisfactory
(inert) Mn** complex with a relatively high relaxivity and
acceptable redox stability.' Besides the traditional CA research,
Mn** complexes have diffused into the smart CA research:
redox-sensitive agents,”® as well as agents capable of binding to
serum proteins, thus enabling high-resolution imaging of blood
vessels in vivo, were designed and reported.** The ligands used
for Mn®* ion complexation in these reports were either dtpa,
rigidified edta, or 2,6-bis(aminomethyl)pyridine deriva-
tives.'”” >> All of these examples indicate that the rigidified
pyridine unit (present mostly in the macrocycle) is a highly
favored building block when designing ligands for Mn*" ion
encapsulation. However, little is known about the effect of the
pyridine unit (2-pyridinecarboxylate picolinate) on the
thermodynamic and kinetic (water exchange and dissociation
kinetics) properties of the Mn?** complexes when one is
attached to the macrocycle as a pendant arm. A previous report
was devoted to the synthesis and study of the complexation
behavior of two (cyclen- and cyclam-based) monopicolinates
(Hdompa and Htempa, Chart 2) with Cu®* and Zn** ions.”

Chart 2. Ligands Investigated in This Work

NH HN COH
N/
NH N X ‘
Htempa
NH HN COH  HN NN
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The acid—base properties of these ligands as well as the stability
constants of their complexes formed with Cu** and Zn?>* were
investigated in solution (stability, kinetics of decomplexation,
CV and EPR spectroscopy) and in solid state (X-ray diffraction
studies). Furthermore, these ligands were also shown to present
an attractive behavior in vivo when radiolabeled with *Cu.** In
this paper, we present the results of the synthesis of the nine-
membered monopicolinate derivative ligand Hnompa and
equilibrium studies performed on the Mn** complexes of
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nompa, dompa, and tempa ligands (Chart 2). Because the Cu**
ion was used as a ligand scavenger in the decomplexation
reactions of [Mn(nompa)]* and [Mn(dompa)]* complexes,
the stability of the [Cu(nompa)]* and [Cu(dompa)]* were also
determined by using UV—vis spectrophotometry. The water
exchange rate of the [Mn(nompa)(H,0)]" complex and its
efficiency as a potential MRI contrast agent was also assessed by
means of 7O NMR and 'H NMRD measurements. The
structure of [Mn(nompa)]* in the solid state was determined
by single-crystal X-ray diffraction studies.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials and Methods. Reagents were purchased from ACROS
Organics and from Aldrich Chemical Co. The reagents 1,4,7-
triazacyclononane (tacn), cyclen and cyclam were purchased from
CheMatech (Dijon, France). Acetonitrile, tetrahydrofuran, toluene,
and dichloromethane were distilled before use. Elemental analyses
were performed at the Institut des Sciences Analytiques, CNRS, 69100
Villeurbanne, or at the Service de Microanalyse, CNRS, 91198 Gif sur
Yvette, France. NMR and MALDI mass spectra were recorded at the
“Services Communs” of the University of Brest. '"H and *C NMR
spectra were recorded with a Bruker AMX-3 300 (300 MHz for 'H)
spectrometer, and MALDI mass spectra were recorded with an
Autoflex MALDI TOF III LRF200 CID spectrometer. Ligands
Hdompa and Htempa®® and 6-chloromethylpyridine-2-carboxylic
acid methyl ester” were synthesized according to published methods.

6-((1,4,7-Triazacyclononan-1-yl)methyl)picolinic acid
(Hnompa). N-Dimethoxymethyl-N,N-dimethylamine (572 mg, 4.8
mmol, 1.1 equiv) was added to a solution of tacn (560 mg, 4.34 mmol)
in toluene (15 mL). The solution was stirred at room temperature for
12 h. The solvent was then evaporated under reduced pressure to yield
intermediate 2 as an oily product (580 mg, 4.16 mmol, yield 96%).
NMR (CDCL,) 'H 2.36 (m, 6H, CH,) 2.63 (m, 6H, CH,) 4.57 (s, 1H,
CH); “C{'H} 51.3 (CH,) 103.6 (CH). A 850 mg amount of 6-
chloromethylpyridine-2-carboxylic acid methyl ester (compound 3, 4.6
mmol, 1.1 equiv) dissolved in 10 mL of freshly distilled THF was
added to the previous crude product dissolved in 2 mL of distilled
CH,Cl,. The mixture was stirred at room temperature for 8 days, and
the white solid precipitated was filtered, washed with THF and dried
under vacuum to give 860 mg of compound 4 (yield 63%). Hydrolysis
of the orthoamide function of 4 occurred partially in D,O in the NMR
tube giving a mixture of 4 and its formamide form characterized by the
following different peaks: 4: 'H NMR (D,0, 300 MHz): 2.87—2.96
(m), 3.04—3.10 (m), 3.12—3.38 (m), 3.50—3.62 (m), 3.75—3.80 (m),
3.99 (s), 4.00 (s), 4.17 (s), 4.13—4.08 (m), 4.80 (s, CHypicqinate)s 6-06
(s, CH), 7.54 (d), 7.65 (m), 7.71 (s), 8.06 (d), 8.18 (t), 8.28 (d)
(C{H;N); BC{'H} NMR (D,0, 75 MHz): 542 (CH, ..), 56.2
(CH3)! 573) 61.1 (CHZ tacn)! 64.7 (CHZ picolinate)) 122.7 (CH)) 12921
133.6, 142.9 (CHyicolingte)s 1504, 1524 (Cpicolinate)s 169.1 (CO) ;
formamide (2 rotamers): 44.4, 46.1, 46.2, 47.6, 47.7, 47.9, 48.9, 49.7,
51.7, 52.7, 53.2, 54.5, 54.8 (CH, y), 56.0, 56.1 (CH;), 60.4, 61.4
(CH, picotinte), 127.1, 129.6, 129.7, 1417, 141.8 (CH,ieginuee), 149.05,
149.1, 1634 (Cpicolinate)y 169.0 (N-CHO), 169.5 (CO), 169.9 (N-
CHO).

Compound 4 (860 mg, 2.65 mmol) was dissolved in 10 mL of a
methanol/HCI 12 M (1/1) mixture and stirred while heating to reflux
for 12 h. Evaporation of the aqueous solvent gave a solid that was
dissolved in 3 M HCI solution (10 mL) and stirred at reflux for 12h.
After cooling to room temperature, the solvent was removed under
reduced pressure to give a brown powder that was dissolved in hot
ethanol. Slow cooling of the ethanolic solution to room temperature
gave a beige solid that corresponds to Hnompa as its hydrochloride
form. The solid was isolated by filtration and dried under vacuum (770
mg, 2.41 mmol, yield 91%).

'H NMR (D,0, 300 MHz): 3.15 (m, CH,,., 4H), 3.33 (m,
CHZtacnl 4H), 3.80 (bS, CHZtaan 4H)I 4.23 (SI CHZpicolinateJ ZH), 7.58 (dl
CHpico].inate) IH)r 8.06 (tz CHpicolinate! IH), 8.11 (d! CHpicolinate! IH)J
BC{H} NMR (D,O, 75 MHz): 45.9, 474, 51.5 (CH, ,.), 60.1
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(CH, picotinate)s 127.5, 1299, 142.8 (CH picolinate), 149.5, 162.0 (C
picolinate), 169.1 (CO). MALDI-TOF: m/z 265.04 [M+1"]. Anal
Caled for C,3HyN,0,2.1 HCL0.8 H,0: C, 43.95; H, 6.72; N, 15.77;
Cl, 20.95. Found: C, 44.13; H, 6.38; N, 15.87; Cl, 20.58.

Potentiometric Measurements. The MnCl, and CuCl, stock
solutions were prepared from the highest analytical grade chemicals,
and their concentrations were determined by complexometric titration
with standardized Na,H,edta and eriochrome black T indicator in the
presence of ascorbic acid and potassium hydrogen tartrate for MnCl,
and murexide indicator for the CuCl, stock solution. The
concentrations of the ligand stock solutions were determined by
pH-potentiometric titrations by using the data obtained in the
presence and absence of a 2-fold excess of Mn**. For determining the
protonation constants of the ligands, pH-potentiometric titrations
were performed with 0.2 M NaOH, using 0.0025 M ligand solutions.
The ionic strength was set to 0.15 M by using NaCl. The titrated
samples (starting volume of 8 mL) were stirred mechanically and
thermostated at 25 °C by using a circulating water bath (+0.1 °C). To
avoid the effect of CO,, N, gas was bubbled through them during the
titration process. The pH-potentiometric titrations were carried out
with a Metrohm 785 DMP Titrino titration workstation with the use
of a Metrohm 6.0233.100 combined electrode in the pH range of 1.8—
12.0. For the calibration of the pH-meter, KH-phthalate (pH = 4.005)
and borax (pH = 9.177) buffers were used, and the H* concentrations
were calculated from the measured pH values by applying the method
proposed by Irving et al.*® A solution of approximately 0.01 M HCI
was titrated with a 0.2 M NaOH solution (0.15 M NaCl), and the
difference between the measured and calculated pH values (for the
samples with pH < 2.4) was used to calculate the [H*] from the pH
values measured in the titration experiments. The basic points of the
acid—base titration (pH > 11.0) were used to calculate the ionic
product of water which was found to be 13.763 under our
experimental setup. For the calculation of the equilibrium constants,
the PSEQUAD program was used.”” The stability constants of the
Mn** complexes were determined by the direct pH-potentiometric
method by titrating samples with 1:1 metal-to-ligand ratio (the
number of data pairs was 146, 223, and 197 for the nompa, dompa,
and tempa ligands, respectively), allowing 1 min for the sample
equilibration to occur while the so-called batch method was applied for
the Cu®* complexes by using 1 week for equilibration time. The
stability constants of the Cu® complexes were too high to be
determined by pH-potentiometry, hence a direct UV—vis spectropho-
tometric method was utilized to determine the stability constants. The
spectrophotometric measurements were performed with the use of a
Cary 1E spectrophotometer at 25 °C, using semimicro 1.0 cm cells.
The molar absorptivities of the CuCl,, [Cu(nompa)]*, and [Cu-
(Hdompa)]** complexes were determined at 27 wavelengths (540—
800 nm range) by recording the spectra of 2.5 X 1073, 5.0 X 1073, 7.5
X 1073, and 1.0 X 107> M solutions. The deprotonation step of the
coordinated water molecule in [Cu(nompa)]* was followed by direct
pH-potentiometry by titrating the complex (0.0025 M) with a
standardized NaOH solution. A pH-titration of the [Cu(dompa)]*
complex was also performed under similar conditions (pH range of
1.40—12.0, V'= 6.0 mL, and cc, = Cgompa = 3.0 mmol/ dm?®). However,
the deprotonation was not detected in this case, in good agreement
with the UV—vis titration data. The Hdompa and Htempa ligands
used in the equilibrium, kinetic and relaxometric studies were purified
using HPLC on a Phenomenex Luna Su C18(2) 100A AXIA packed
reverse phase column by using water as a mobile phase (R, = 1.64 min
(Hdompa) and 1.69 min (Htempa)).

Kinetic Measurements. The dissociation rates of [Mn(dompa)]*
and [Mn(nompa)]* complexes were investigated at 25 °C and 0.15 M
NaCl ionic strength by a stopped-flow method following the formation
of the Cu** complex at 310 nm using an Applied Photophysics DX-
17MV instrument. The decomplexation reactions were carried out by
using Cu®" ion as exchanging metal ion in the pH range of 3.67—4.65
for the dompa and 3.47—5.08 for the nompa complex. All reactions
were performed under pseudo-first-order conditions, where the metal
ion was in 10—40-fold excess (although no direct involvement of the
metal ion in the dissociation was observed) and the concentration of
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the complexes was set to 2.5 X 107* M. The kinetic studies were
carried out by using noncoordinating buffers, N,N'-dimethylpiperazine
(dmp, logK?; = 4.19 (0.01)) and N'-methylpiperazine (nmp, logK?y; =
4.92(0.02)) at 0.05 M concentration to maintain constant pH in the
samples.

Determination of the Relaxivity of the Mn?* Complexes. The
relaxation times of water protons were measured at 20 MHz with a
Bruker Minispec MQ-20 NMR Analyzer. The temperature of the
sample holder was set (25.0 + 0.2 °C) and controlled with the use of a
circulating water bath. The longitudinal relaxation times (T) were
measured by using the inversion recovery method (180° — 7 — 90°)
by averaging 5—6 data points obtained at 14 different 7 values. The
relaxivities of the complexes were determined according to a
methodology slightly different from the standard one (by plotting
the reciprocal longitudinal relaxation times of the complexes against
their concentrations). Batch samples were prepared under argon
atmosphere having the ligand present at 2.0 mM concentration (the
pH in these samples was kept constant at pH = 8.08 with the use of
HEPES buffer (I = 0.15 M NaCl, 25 °C)). Various amounts of MnCl,
were added to these solutions, and longitudinal relaxation times of the
solutions were measured. Because under these conditions only one
Mn?*-ion-containing species is present in solution in each system,
(nompa, dompa, tempa complexes of [Mn(L)] composition) the
curve obtained by plotting 1/T);, for the samples with [L]>[Mn*] as a
function of Mn?* concentration gives a straight line, with a slope that is
equal to the relaxivity of the complex, whereas the inflection point on
the curve can be used to calculate the concentration of the ligand stock
solution by using the standardized Mn>* stock solution concentration
(or the other way around to crosscheck the concentration of the Mn**
stock solution by using that of the standardized ligand stock).

'H NMRD and 70 NMR Measurements. The proton 1/T; 'H
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 VT'C-91 airflow heater
equipped with a calibrated copper—constantan thermocouple (un-
certainty of +0.1 K). Additional data points in the range of 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 7.1 mM
solution of the [Mn(nompa)]* complex in nondeuterated water was
utilized. The exact comglex concentration was determined by the BMS
shift method at 11.7 T.*® 7O 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 15.0 mM aqueous solution of
[Mn(nompa)]* containing 2.0% of the '"O isotope (Cambridge
Isotope) was used. The observed transverse relaxation rates were
calculated from the signal width at half-height.

X-ray Crystallography. The Mn** complex formed with the tacn
derivative was obtained by mixing a solution of 50 mg of nompa-2HCI
(C13H,0N,0,-2.1 HCI-0.8 H,0; 0.156 mmol) in 15 mL of H,O with 1
equiv of Mn** perchlorate hexahydrate (0.156 mmol). The pH was
adjusted to 6.5 by addition of NaOH (1 M solution), and the mixture
was refluxed for 2 days (pH of the solution was kept at 6.5 throughout
the reaction). The single crystals of the Mn** complex used for the X-
ray investigation were obtained by slow evaporation of this aqueous
solution. Single-crystal X-ray diffraction data of
[Mn,(nompa),(H,0),](ClO,), were collected by Frangois Michaud
at 300 K on an X-CALIBUR-2 CCD 4-circle diffractometer (Oxford
Diffraction) with graphite-monochromatized Mo Ka radiation (4 =
0.71073). Unit-cell determination and data reduction, including
interframe scaling, Lorentz, polarization, empirical absorption, and
detector sensitivity corrections, were carried out using attached
programs of Crysalis software (Oxford Diffraction).”” Structures were
solved by direct methods and refined by the full-matrix least-squares
method on F* with the SHELXL®® suite of programs. A non-
coordinated perchlorate anion and the macrocyclic unit containing N1,
N2, and N3 show positional disorder with two positions having equal
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Scheme 1. Synthesis of the Three Studied Ligands®
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“(i) toluene, RT, 12 h; (ii) THF, RT, 8 d; (iii) MeOH/HCI 12 M (1:1); HCI 3 M solution reflux; (iv) MeOH, 0°C to RT; (v) Nal, THF, S d; (vi)
NH,NH,, H,O reflux 4h; ccHCl solution reflux, 24 h; ion exchange resin; (vii) P(NMe,);; CCl,; NaOH; (viii) CH;CN; K,CO;; (ix) HCI 6M, reflux

12 h, ion exchange resin.

occupancy factors. The hydrogen atoms were identified at the last ste e
and refined under geometrical restraints and isotropic U-constraints.
CCDC 982110 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Crystal data and structure refinement details:
Formula: C,¢H,,Cl,Mn,N3O,,; MW: 871.46; crystal system: mono-
clinic; space group: P2,/n; a = 13.7909(6) A; b = 15.8672(8) A; ¢ =
16.9957(7) A; B = 104.242(4)°; V = 3604.7(3) A% F(000) = 1800; Z
= 4; Dy = 1.606 g cm™; pu = 0.925 mm™'; 6 range = 2.8443—
31.5921°% Ry, = 0.0567; reflections measured: 27382; reflections
observed: 3943; GOF on F*= 0.868; R, = 0.0461; wR, (all data) =
0.1105; largest differences peak and hole: 0.411 and —0.274 eA™,

Computational Methods. All calculations presented in this work
were performed employing the Gaussian 09 package (revision B.01).%*
Full geometry optimizations of the [Mn(nompa)(H,0)]-xH,0O (x = 0
or 2) were performed in aqueous solution employing DFT within the
hybrid meta-GGA approximation with the TPSSh exchange-
correlation functional.*® For geometry optimization purposes, we
used the standard Ahlrichs’ valence double-£ basis set including
polarization functions (SVP).** No symmetry constraints have been
imposed during the optimizations. The highest spin state was
considered as the ground state (sextuplet, 3d*). 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 (S%). 36 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.

Isotropic 7O and 'H HFCCs in the [Mn(nompa)(H,0)]-2H,0
system were calculated in aqueous solution with unrestricted DFT
methods by employing the TPSSh exchange—correlation functional.
For the description of C, H, N, and O, we used the EPR-III basis sets
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 aug-cc-pVTZ-] basis set developed by Sauer for
the calculation of EPR HFCCs, which is described by a
(25s17p10d3f2g)/[17s10p7d3f2g] contraction scheme, and contains
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four tight s-, one tight p-, and one tight d-type functions.*® To avoid
problems with the convergence of the SCF procedure 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 (10~%) were used in
all calculations.

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 e uatlon
formalism (IEFPCM) variant as implemented in Gaussian 09.%

B RESULTS AND DISCUSSION

Ligand Syntheses. The control of the N-selective
substitution of polyazacycloalkanes remains a current challenge
in ligand synthesis despite the huge progress of the subject due
to the contributions of different research groups. Among the
various methods giving access to mono-N-functionalized tacn,*
cyclen, and cyclam®' derivatives, we have chosen a general
approach involving the protection—functionalization—depro-
tection sequence. Due to the inherent properties of each
azamacrocycle, the protection step has been adapted to each
chelator synthesis. The synthesis of Hnompa, which is reported
here for the first time, is shown in Scheme 1. Reaction of tacn
with N-dimethoxymethyl-N,N-dimethylamine gave rise to the
formation of the already known orthoamide 1,4,7-triazatricyclo-
[5.2.1.04’10]decane 2, which is an effective intermediate in the
monoalkylation of tacn with halogenoalkane derivatives.** The
subsequent alkylation step proceeded by stoichiometric
addition of 6-chloromethylpyridine-2-carboxylic acid methyl
ester’”> to a THF solution of the previous protected
triazamacrocycle. The resulting monoammonium salt 4 was
easily isolated after precipitation in the THF reaction medium.
The deprotection step under acidic conditions and concomitant
hydrolysis of the ester function led to the final 6-((14,7-
triazacyclonan-1-yl)methyl)picolinic acid ligand as its hydro-
chloride form. Ligand Hdompa (6-((1,4,7,10-tetraazacyclo-
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Table 1. Protonation and Stability Constants and pMn Values (Calculated at pH = 7.4, ¢ = 10 gM, and cypp, = 1 gM)
Characterizing the Equilibrium Involving the nompa~, dompa™, and tempa~ Ligands and Their Mn>* and Cu®* Complexes (I =

0.15 M NaCl, T = 25 °C)

nompa~ tacn® dompa™ cyclen tempa™ cyclam®
log K" 11.33(3) 10.50 11.22(2); 10.46° 11.05(2) 12.13(1); 11.55° 11.29
log K, 7.30(5) 6.80 9.38(5); 9.26° 9.78(3) 10.20(1); 10.11°¢ 10.19
log K3* 2.49(5) 3.39(6) 3.23° 2.86(2); 2.71° 1.61
log K, 1.30(2); 1.70° 191
T log K, 18.63 17.30 20.60; 19.72° 20.83 22.33; 21.66° 2148
log Ky 10.28(1) 8.33 14.48 (1) 8.76(1) 12.53(1) see f below
log Ky 4.03(6) 5.69(8)
log Ky, OF 11.94(2)
pMn 7.08 6.37 9.07 6.00 6.29
log Ky 21.07(1) 17.40° 25.06(1); 24.0° 2347 25.5° 28.09
log Key ™ 1.86(2); 1.83¢ 2.17°
log Ke o OF 11.90(1) 9.85¢ 11.15°

“I=0.10 M KNO,, T = 20 °C, ref 46. b[Cu(L)z] and [Cu(L),(OH),] complexes were also found in solution, I = 0.50 M KNOj, ref 47. I = 0.1 M
KNO,, ref 23. “I = 0.10 M NaNO;, ref 48. °I = 0.10 M KCl, ref 49./The stability constant could not be determined because of the precipitation

process that occurred parallel with the complexation at high pH.

dodecan-1-yl)methyl)picolinic acid) was synthesized using the
bisaminal tool,™ an approach widely exploited in previous
works.** Concerning the cyclam derivative, as previously
described, the triprotection via the phosphoramide tripode
allowed the selective introduction of the picolinate group on
the macrocycle to yield 6-((1,4,8,11-tetraazacyclotetradecan-1-
yl)methyl)picolinic acid (Htempa) after treatment.*’

Equilibrium Studies: Stability Constants of Mn?* and
Cu?* Complexes. The protonation constants of the ligands as
well as the stabilities of the Mn** complexes were assessed by
direct pH-potentiometric titration at 25 °C, using ionic strength
adjusted to 0.15 M NaCl. The protonation constants of the
ligands are listed and compared to those of the parent tacn,
cyclen, and cyclam macrocyclic polyamines in Table 1. The
data collected in Table 1 agree well with the data published
previously for the dompa™ and tempa™ ligands except for the
first protonation constant, which was found to be somewhat
higher (0.6—0.7 log K units) than the ones determined in 0.1 M
KNO;. This small difference is very likely to be attributed to the
different titration protocols (calibration routine, determination
of the Irving correction factor, and slightly different pK,, value
that was determined in the titration cell following the
calibration ahead of the ligand titration). The data shown in
Table 1 indicate that the substitution of the picolinate pendant
arm does not significantly affect the basicity of the nitrogen
donor atoms (X log K,™) of the ligands. As stated earlier,” the
third protonation constant determined can be assigned to the
picolinate moiety, and the fourth protonation process of the
tempa~ ligand occurs on the third nitrogen atom of the
macrocycle. Due to the larger size of the macrocycle, the
decreased charge repulsion between the protonated nitrogen
atoms allows the protonation to occur at low pH (pH = 1.3),
but this is not observed for dompa™ and nompa~. 'H NMR
studies performed in the pH range of 1.9—1.4 evidence
significant chemical shifts in the macrocycle proton signals,
whereas the proton signals of the picolinate arm remain less
affected (Figures S1 and S2, Supporting Information). This
clearly confirms that the fourth protonation occurs on a
nitrogen atom of the macrocycle.

The stability constants of the Mn>* complexes were assessed
from the direct titration data (titration points were acquired
after 1 min equilibration time) as the preliminary T relaxation
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studies indicated fast complexation between the ligands and the
Mn®" ion (the T, values measured approximately 1 min, 1 h,
and 24 h after sample preparation in the pH range where the
complexation occurs were found to be identical). In the case of
the Mn*":nompa system, the equilibrium can be described by
taking into account the formation of [Mn(nompa)]* and
[Mn(nompa)(OH)] complexes, whereas for the dompa and
tempa systems the monoprotonated complex ([MnH(L)]*")
was also detected. In a good agreement with the absence of the
water molecule bound in the inner coordination sphere of the
Mn** complexes of dompa and tempa, the formation of ternary
hydroxo complexes was not detected. The species distribution
diagrams shown in Figure 1 indicate that the complexation

100
Mn2+ Mn2+
+ 2-
& 80MNn™\ MnLY +/
C
s MnL
L MnL*
n

2 o
©
(]
c 40
ke]
T MnHL® MnL(OH)
g 20 2+
kel MnHL
X

0= T T

3 4 5 6 7 8 9 10 11 12
pH

Figure 1. Speciation distribution curves of Mn*" complexes in the
presence of nompa (red), dompa (blue), and tempa (green) ligands
(IMn*],, = [Loc = 0.0025 mM).

involving the dompa™ ligand occurs above pH ~ 3.0. However,
for nompa~, complexation starts at pH > 4.0, and the
[Mn(tempa)]* complex starts to form only around pH = S.0.
As shown in the data presented in Table 1, the attachment of a
picolinate moiety to the macrocyclic polyamine backbone
resulted in a noticeable increase in the stability of their Mn®*
complexes. A moderate increase in the stability of [Mn(L)]*
complexes was detected for the nompa™ ligand, whereas for
dompa, the increase is more pronounced as the stability
constant increased by almost 6 log K units. The stability of the
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[Mn(cyclam)]** complex is not available in the literature and
could not be determined in the current study due to the
formation of a precipitate during the titration.

This increase is also visible if one compares the pMn values
(pMn = —log[Mn]g..) of the complexes calculated at pH = 7.4
using 10 uM ligand and 1 M Mn** ion concentrations and the
protonation constants of the ligands and stability constants of
the complexes, as suggested originally by Raymond and co-
workers for Gd** complexes.’® The pMn values of the Mn**
complexes formed with tacn and cyclen polyamines are nearly
equal to 6, which indicates that complexation is more or less
absent in solution under the conditions listed above. However,
the pMn values of the monopicolinate derivatives are higher
than those of the parent polyamines, which can be easily
outlined by calculating the difference ApM, = [pMn(tempa) —
pMn(cyclam)] = 0.29 for the tempa (if one assumes no
complexation between the Mn*" ion and the cyclam ligand,
pMn = 6.00), ApMn = pMn(nompa) — pMn(tacn) = 0.71 and
ApMn = pMn(dompa) — pMn(cyclen) = 3.07. The difference
found for the [Mn(dompa)]* complex is somewhat greater
than 3 pMn units, which indicates that the 12-membered
macrocyclic tetraamine unit is the most suitable for the Mn**
ion as far as the stability constants of the complexes are
concerned.

Because the Cu’* ion was used as a scavenger metal ion in
the kinetic experiments, the stability constant of the [Cu-
(nompa)]* complex was also determined in the current study.
In order to crosscheck the stability constant computed by using
a competition method involving the edta ligand published
earlier,” the stability constant of [Cu(dompa)]® was also
redetermined. The [Cu(nompa)]* and [Cu(dompa)]* com-
plexes were titrated by using pH-potentiometry at first. In the
Cu’*:nompa system at pH < 11.0, only the [Cu(nompa)]*
complex was detected, which had already formed quantitatively
at acidic pH (below pH < 1.8). In strongly basic solutions, the
[Cu(nompa)]* complex was found to form a mixed hydroxo
complex with [Cu(nompa)(OH)] composition. On the basis of
these results, out-of-cell samples were prepared and equili-
brated in strongly acidic media for a week (H" concentration
was in the range of 7.43—157 mM). Subsequently, the visible
absorption spectra were acquired in the wavelength range of
350—850 nm (A, = 670 nm) (Figure 2). A total of 21
wavelengths were selected near the A, and the molar

0.6
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0.3

Absorbance

0.2

0.1
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T T T
600 700 800

Al nm

T T
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Figure 2. Absorption spectra of the Cu**—nompa system as a function
of [H*] (CuCl, solution only, [H*] = 0.1572, 0.1324, 0.1076, 0.08287,
0.06709, 0.05696, 0.04795, and 0.007430 M upward; [Cu'] =
0.002868 M and [nompa] = 0.002985 M, T = 25 °C).
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absorption coefficients of the Cu** and [Cu(nompa)]* species
were used to determine the stability constant (Table 1, fitting
parameter = 0.0083 Abs for the 168 data points fitted). A
similar procedure (six samples in the acid concentration range
of 0.1052 to 1.010 M by fitting 128 data points from 27
selected wavelengths near the A, = 620 nm) was applied for
the [Cu(dompa)]* system, but in this case, the monoproto-
nated [CuH(dompa)]** species was found to form in strongly
acidic medium (fitting parameter = 0.0075 Abs for the 128 data
points fitted, see Figure S4, Supporting Information). The
deprotonation of [CuH(dompa)]** to form [Cu(dompa)]* was
followed by pH-potentiometry (Figure S6, Supporting
Information) and the constant characterizing the equilibrium
[Cu(dompa)]* + H' = [CuH(dompa)]** determined (Table
1). The protonation constants of [Cu(dompa)]** determined
in the present and previous studies are in excellent agreement,
taking into account the slightly higher overall basicity of the
dompa ligand found in the current study (A Zlog K™ = 1.04);
the difference observed in the [Cu(dompa)]** complex stability
(Alog K = 1.06) is also acceptable. These results confirm that
Cu’" ion forms a more stable complex with the 12-membered
monopicolinate derivative, similarly to that found for the Mn*"
complex. However, the 14-membered tempa™ ligand forms an
even more stable complex with the Cu®* ion,> and the cyclam
14-membered macrocyclic ring seems to be not the optimal one
for Mn** encapsulation.

Kinetic Inertness of the [Mn(nompa)]* and [Mn-
(dompa)]* Complexes. The kinetic inertness of the
complexes considered for in vivo application is one of the
most important factors to be studied, as all possible products of
the dissociation are toxic at the concentration suitable for MRI
investigation. The dissociation kinetics of the Mn*" complexes
is typically studied by following the exchange reaction taking
place between the complex and the Zn**-ion (at various
concentrations and pH) followed by relaxometry. However, the
metal exchange reactions of [Mn(dompa)]* and [Mn-
(nompa)]* complexes were found to occur within a few
seconds in the studied pH range (pH = 3.67—4.65 for the
dompa and 3.47-5.08 for the nompa complex). Thus, a
stopped-flow method was utilized to study the dissociation
reactions by using high excess of Cu®" (10—40 fold) as a
scavenger to ensure the pseudo-first-order conditions. Scheme
2 indicates the possible pathways of dissociation through which
the decomplexation of the Mn”* chelates may take place:
spontaneous dissociation (1) characterized by the rate constant
ko; proton-assisted decomplexation (2a and 2b) characterized
by the protonation constant K" (and rarely K,") and rate
constants ky; and ky™; metal-ion-catalyzed dissociation (3a and
3b) characterized by the stability of dinuclear complexes Ky
and rate constant ky (the dissociation of the dinuclear
intermediate may also proceed via the acid-catalyzed pathway
described by Ky, and rate constant ky?).

When the exchanging metal ion is taken in a large excess the
reaction rate can be expressed as follows:

_d[Mn(L)], _
dt (1)

where ky, is a pseudo-first-order rate constant, and [Mn(L)],,
is the total [Mn(L)]"* concentration. The rate constants k,, are
directly proportional to [H*] giving a straight line with positive
intercept (Figure 3), but they were found to be independent of
the Cu®" ion concentration (Figures S7 and S8, Supporting

Information). This is not very surprising, because the denticity

kops[Mn(L) ],

dx.doi.org/10.1021/ic500231z | Inorg. Chem. 2014, 53, 5136—5149



Inorganic Chemistry

Scheme 2. Possible Reaction Mechanisms for the Decomplexation of the Mn>* Complexes®
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Figure 3. Dependence of the observed dissociation rate constants
(kops) for [Mn(nompa)]* (red) and [Mn(dompa)]* (blue) on proton
concentration. The line corresponds to the best fits with the
parameters shown in Table 2. The dependence on Cu?* ion
concentration was checked at several pH values and is included in
the plot.

of the ligands studied are either lower (nompa™) or equal
(dompa™) to the coordination number of the metal ion in the
complexes (see below). The formation of the dinuclear key
intermediate [Mn(L)Cu] requires a free donor atom in the
complex capable of binding the exchanging metal ion, which is
not the case for [Mn(nompa)]* and [Mn(dompa)]*. There-
fore, only the spontaneous- and proton-assisted dissociation
pathways are operative for the Mn>* complexes of these
monopicolinate ligands. From these considerations, the rates of
the exchange reactions can be expressed by the following
equation:
dMa()),

dt = ko[Mn(L)] + kyy[Mn(HL)] @)

Because the total concentration of complexed Mn**,
[Mn(L)], can be given as [Mn(L)] + [Mn(HL)], and taking
account the expression for the protonation constant of the
complex K", eqs 1 and 2 allow expressing the pseudo-first-
order rate constant (kobs) as in eq 3,

ko + k[H*]

kg, = ko[Mn(L ky[Mn(HL)] = ——————

obs 0[ ( )] + H[ ( )] 14+ KIH[H+] (3)
where k;"K;™! = k;. The two Mn?* complexes behave differently
as far as the protonation equilibrium of the [Mn(L)] complexes
are concerned, because [Mn(nompa)]* was not found to form
a protonated complex, and existence of the protonated
[Mn(Hdompa)]* species was confirmed by the equilibrium
measurements described above. Nevertheless, the protonation
constant (K,T) could not be determined from the kinetic data
for any of the systems studied, and hence the term K, [H*] in
the denominator of eq 3 can be neglected. This allows us to
simplify the latter equation to kg, = ky + k;[H*], which was
used to evaluate the rate constants k, and k;. Because the
dissociation kinetics of [Mn(dompa)]* could be studied only in
the pH range where the kinetically more labile monoproto-
nated complex exists in solution, for this system, the k, and k;
rate constants correspond to the spontaneous and acid
catalyzed dissociation of the protonated complex, respectively.
The rate constants obtained by fitting the pseudo-first-order
rate constant obtained at different H' concentrations and
exchanging metal ion concentrations are compared to those
published for [Mn(cdta)]*”, [Mn(nota)]~, [Mn(dota)]*", and
some other Mn®*-based CA candidates studied recently in
Table 2.

The rates of acid catalyzed dissociation of the [Mn-
(nompa)]* and [Mn(Hdompa)]** complexes are similar to
those of other Mn** complexes studied recently (e.g the k; of
[Mn(nompa)]* is similar to that of [Mn(pcma)]*, although the

Table 2. Equilibrium Constants, Rate Constants, and Half-Lives of the Reactions Characterizing the Dissociation of Mn>*

Complexes (25 °C, I = 0.15 M NaCl, dmp buffer)

ko (s7) ky (M7 s7h) ky (M7%s7")
nompa 9.4(4) x 107! 1203(58)
dompa 12(2) x 1073 235(3)
cdta® 4.0 X 10%

(32 x 10%)

pcma® 2020 8.0 X 10’
15-Py-aneN;* 423 1.0 x 107
nota? 2.6 X 107¢ 0.78
dota? 1.8 x 1077 4.0 x 1072 1.6 x 10°

ks (M_l S_l) ky (M_zs_l) log KIH Ky* tl/zf (h)
2.15 x 1073
4.02 0.160
79 12 (15)
495 24
1.7 x 10* 427 114
1.1 X 107° 2.87 3.6 74
1.5 x 107° 4.26 68 1037

“Taken from ref S1. Pref 17. “ref 12. “ref 52. °M = Cu?* or Zn?*; pr = 7.4; the concentration of the exchanging metal ion used in the calculations

was 1 X 107> M (Cu*" ion for cdta and Zn** for all other complexes).
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k, of the nonaquated [Mn(Hdompa)]** complex is similar to
those of [Mn(cdta)]*” and [Mn(15aneN;)]** complexes.
However, these Mn>* complexes of the monopicolinate ligands
cannot be regarded for in vivo applications because of their
unsatisfactory kinetic inertness, which is a consequence of the
pronounced spontaneous dissociation. The data in Table 2
indicate that the spontaneous dissociation of the [Mn-
(nompa)]* and [Mn(Hdompa)]** complexes is not negligible,
while it is either not detected ([Mn(pcma)]*, [Mn(cdta)]*~
and [Mn(15aneN;)]*") or has an insignificant contribution to
the overall dissociation reaction (e.g, [Mn(nota)]- or [Mn-
(dota)]2-) for non-picolinate derivatives. As a result of the high
rate constants of spontaneous dissociation, the half-lives of the
dissociation calculated at pH = 7.4 for the Mn>* complexes of
the monopicolinates are at least 2 orders of magnitude lower
than the those of the complexes listed in Table 2.

The pronounced spontaneous dissociation rate of decom-
plexation of [Mn(nompa)]* complex was found to depend on
the quality of the buffer used in the study. The dmp and nmp
buffers are frequently selected for kinetic studies because the
second protonation of these buffers occurs in the pH range
where the dissociation of the complexes are often studied
(logk*y = 4.19 (0.01) for dmp and logK?,; = 4.92 (0.02) in 0.15
M NaCl for nmp), and they are also known to behave as
noncoordinating buffers (especially when the dissociation of
lanthanide (III) complexes are studied). Furthermore, the use
of a mixture of dmp and nmp allows a relatively wide and useful
pH range (3.2—5.9) to be covered. The nature of the buffer (or
its concentration) usually has no effect on the rate of
dissociation, but clearly this is not the case for the
[Mn(nompa)]* complex, as the rates of the dissociation
reactions were found to strongly depend on the nature and
the concentration of the nmp buffer. However, the rates
remained unaffected by the concentration of dmp (Figures S9
and S10, Supporting Information). This can be explained by the
formation of a ternary complex between [Mn(nompa)]* and
presumably the monoprotonated form of nmp, as the
diprotonated buffer cannot interact with the complex, and the
unprotonated nmp cannot act as a “proton-transfer” agent.
Most likely, the Hnmp form of the buffer is involved in an
effective proton transfer to one of the donor atoms of the
nompa ligand in its Mn®** complex. Our attempts to
characterize the reaction intermediate by means of relaxometry
at pH = 7.1 failed, as the relaxivity of the [Mn(nompa)]*
complex in the presence and in the absence of 50 mM Hnmp
buffer turned out to be identical. Nevertheless, the effect of the
nmp buffer on the dissociation rates suggest that the
protonation of the [Mn(nompa)]* complex is facilitated by a
proton transfer occurring in a [Mn(nompa)(Hnmp)]*" ternary
complex, which in turn results in the increase of the rate of
dissociation. These results indicate that dissociation kinetics
studies of Mn>* complexes with the commonly used nmp buffer
might return kinetic data based on which the kinetic inertness
of the complexes can be misjudged, as the given buffer may
accelerate the rates of dissociation. This effect is more likely to
occur in the case of positively charged complexes being
coordinatively unsaturated, so that ternary complex formation
is favored.

X-ray Crystal Structure of [Mn,(nompa),(H,0),]-
(C10,),. Single crystals of the Mn*" complex of nompa™ were
obtained by slow evaporation of an aqueous solution of the
complex at neutral pH (prepared in situ by mixing
stoichiometric amounts of the ligand and Mn*" perchlorate).
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Crystals contain the [Mn,(nompa),(H,0),]*" cation and two
uncoordinated perchlorate anions. Figure 4 shows a view of the

Figure 4. View of the structure of the [Mn,(nompa),(H,0),]** cation
present in crystals of [Mn,(nompa),(H,0),](ClO,),. The ORTEP
plot is at the 30% probability level. Hydrogen atoms attached to
carbon atoms are omitted for simplicity.

complex cation, whereas bond distances of the metal
coordination environments are given in Table 3. Each of the

Table 3. Bond Distances (A) of the Metal Coordination
Environments in [Mn,(nompa),(H,0),]***

Mnl-N1A 2.446(3) Mn2-N5 2.466(3)
Mnl-N2A 2.276(3) Mn2-N6 2.280(3)
Mnl1-N3A 2.307(3) Mn2—N7 2.299(3)
Mnl-N4 2.247(3) Mn2—N8 2.259(3)
Mnl1-01 2.309(2) Mn2-01 2.273(2)
Mnl1-03 2.261(2) Mn2-03 2.324(2)
Mnl-0$ 2.276(3) Mn2-06 2.246(3)

“Refer to Figure 4 for the labeling scheme.

Mn?** ions is directly coordinated to the six donor atoms of a
nompa™ ligand and an oxygen atom of a neighboring nompa™
ligand that is bridging the two Mn”" centers. Coordination
number seven is completed by the oxygen atom of a
coordinated water molecule. The binuclear
[Mn,(nompa),(H,0),]*" entity is stabilized by the presence
of bridging bidentate carboxylate groups (u—n'-carboxylate).*®
Additionally, each of the uncoordinated oxygen atoms of
picolinate groups (O2 and O4) is involved in an intramolecular
hydrogen-bonding interaction with a coordinated water
molecule [06:--02 2.880(5) A, O6—H6W--02 2.08(3) A,
06—H6W---02 158(6)°; 05--04 2.831(4) A, OS—H5W--04
2.02(3) A, OS—HSW--04 161(5)°] and a NH group of the
macrocycle [N3A:--O4 3.025(4) A, N3A-H3M:--04 2.27 A,
O3A-H3M--04 140.4° N7--02 3.055(4) A, N7-H7--02
2.31 A, N7—H7---02 138.9°]. The distance between the two
Mn** ions in [Mn,(nompa),(H,0),]** amounts to 3.76 A. The
three five-membered chelate rings formed upon coordination of
the tacn moiety adopt identical configurations, two (656) and
(A44) enantiomers being present in the crystal lattice.”*

For each Mn”* ion, one of the distances to a nitrogen donor
atom of the macrocycle [Mn1—N1A and Mn2—N5] is clearly
longer than the remaining bond distances of the metal
coordination environments, which points to a rather weak
interaction between the metal ion and these donor atoms. The
distances between the metal ions and the remaining two
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nitrogen atoms of the macrocycle are close to those observed in
binuclear Mn** complexes containing tacn moieties'**> and
longer than those typically observed for mononuclear six-
coordinate Mn**-tacn derivatives.*® The distances to the donor
atoms of the picolinate moieties are also close to those
observed in Mn*" complexes containing this binding motif.*’

The most common coordination polyhedron for heptacoor-
dinate transition-metal complexes is the pentagonal bipyramid,
followed by the capped trigonal prism and the capped
octahedron.®® In [Mn,(nompa),(H,0),]*, the coordination
polyhedra appear to be rather distorted, and an unequivocal
assignment of a particular coordination polyhedron is not
possible. This is confirmed by performing continuous shape
measures with the assistance of the SHAPE program.sg’60 The
analysis of the coordination polyhedra in
[Mn,(nompa),(H,0),]*" provides very similar shape measures
for the three coordination polyhedra: ca. 2.6 for a pentagonal
bipyramid and a capped trigonal prism and ca. 2.7 for a capped
octahedron. (The shape measure S(A) = 0 for a structure is
tully coincident in shape with the reference polyhedron and the
maximum allowed value of S(A) is 100.)

Variable Temperature 'H NMRD and 7O NMR
Measurements. The efficiency of a paramagnetic complex
as a CA is estimated by its proton relaxivity, r;,,, which refers to
the relaxation enhancement of water protons promoted by a 1
mM concentration of the paramagnetic metal ion. The ry,
values obtained for the Mn** complexes of tempa~, dompa™,
and nompa™ at 20 MHz, 298 K, and pH = 8.08 are 1.33, 1.50,
and 3.32 mM™'s7!, respectively (Figure S11, Supporting
Information). The relaxivities of [Mn(tempa)]* and [Mn-
(dompa)]* are considerably lower than that of the complex
with nompa™, in line with the absence of coordinated water
molecules. In the case of [Mn(nompa)]’, its relaxivity is
consistent with the presence of one water molecule in the Mn**
inner coordination sphere. Indeed, the relaxivity of [Mn-
(nompa)(H,0)]" at 20 MHz and 298 K (3.32 mM™! s7) is
quite similar to that of Mn>* complexes containing an inner-
sphere water molecule (ie, [Mn(edta)]*")."® These results
indicate that this family of Mn** complexes is six-coordinated, a
water molecule completing the metal ion coordination
environment in the complex with the pentadentate ligand
nompa. This is in contrast to the X-ray crystal structure of the
[Mn(nompa)(H,0)]" complex, were the metal ion is seven-
coordinated (see above). The relaxivity of [Mn(nompa)-
(H,0)]" remains constant in the pH range of 7.1-9.9 and
increases below pH 7 due to the dissociation of the complex
and metal ion release (Figure S12, Supporting Information).

Nuclear magnetic relaxation dispersion ("H NMRD) profiles
of an aqueous solution of [Mn(nompa)(H,0)]* (pH = 7.2)
were measured at 298 and 310 K in the proton Larmor
frequency range of 0.01—70 MHz, corresponding to magnetic
field strengths varying between 2.343 X 107* and 1.645 T
(Figure S). The relaxivity of [Mn(nompa)(H,0)]" decreases
with increasing temperature, a behavior typical of small chelates
in which fast rotation of the complex in solution limits proton
relaxivity (Figure S). This is also confirmed by the temperature
dependence of the relaxivity measured at 20 MHz in the
temperature range of 280—321 K (Figure S13, Supporting
Information). The '"H NMRD profiles show a single dispersion
between 1 and 10 MHz, which points to a negligible scalar
contribution to 'H relaxivity."*® The reduced transverse "0
NMR relaxation rates and chemical shifts measured for
[Mn(nompa)(H,0)]* are presented in Figure 6. The 1/T,,
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Figure 5. "H NMRD profiles recorded at different temperatures for
[Mn(nompa)(H,0)]*. The lines represent the fit of the data as
explained in the text.

values increase with decreasing temperature, which points to a
relatively short residence time of the inner-sphere water
molecule.

18
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Figure 6. Reduced transverse (red @) 7O NMR relaxation rates and

70 NMR chemical shifts (blue A) measured for [Mn(nompa)-

(H,0)]" at 11.74 T. The lines represent the fit of the data as explained
in the text.

A simultaneous fitting of the 'H NMRD and 'O NMR data
of [Mn(nompa)(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 ay,;; was
fixed at 3.6 A,%% whereas the distance between the proton nuclei
of the coordinated water molecule and the Mn>* ion (ry,;;) was
fixed at 2.77 A, which corresponds to the average Mn--H
distance obtained from our DFT calculations described below
(Table 4). The number of water molecules in the inner
coordination sphere of Mn*" was fixed to g = 1. The parameters
obtained from the fittings are listed in Table 4, and the curve
fits are shown in Figures S and 6. The value obtained for the
diffusion coefficient, D335, is close to that for self-diffusion of
water molecules in pure water (2.3 X 10~° m*s™"),®* indicating
that they are dominated by the rapid diffusion of water
molecules. The rotational correlation time (7%°) obtained from
the analysis of the "H NMRD profiles is very similar to those
reported for small Mn** complexes, but clearly smaller than
that reported for the binuclear [Mn,(enota)(H,0),] complex.
The values of the parameters characterizing the electron spin
relaxation, the electronic correlation time for the modulation of
the zero-field-splitting interaction (zy), its activation energy
(Ey), and the mean square zero-field-splitting energy (A?) also
take reasonable values.
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Table 4. Parameters Obtained from the Simultaneous
Analysis of 70O NMR and 'H NMRD Data

nompa enota” meno2a“
K28 (109 s7Y) 2768 + 371 55.0 626
AH* (K mol™) 20.5 + 3.8 20.5 11
=® (ps) 512 + 1§ 85 36
E, (k] mol™") 213 + 19 18 22.8
28 (ps) 32.8 + 19.0 7.7 21.4
E, (IJ mol™) 1.0% 24.8 1.07
DIE; (1079 m? s7h) 19.7 + 2.6 23 26.9
Epyon (K mol™) 33.0 £ 5.0 18 17.3
A?/10" 72 3.7+ 1.0 047 7.2
Ao/h (10° rad s71) 733 + 0.67 —-32.74 —46.0%
v (A) 2.77° 2.75° 2.77¢
Ayt (A) 3.6° 32° 3.6%
ngs 1 1 1

“Parameters fixed during the fitting procedure. bref 14. “ref 61. “There
has been some confusion about the sign of the 'O isotropic in Mn**
complexes. The correct sign of Ag/f of a water molecule bound to
Mn?* is negative and corresponds to negative spin densities at the
point of the nucleus that causes an upfield shift of the 7O NMR
resonance.

The water exchange rate determined for [Mn(nompa)-
(H,0)]" (k*® = 2.8 X 10° s7') is extremely fast, being ca. 6
times faster than in [Mn(edta)(H,0)]* (k. 2*® = 4.7 x 10°
s™)'® and 2 orders of ma%nitude faster than in [Mn(H,0),]**
(ko*?® = 2.8 X 107 s7")."*" Although the water exchange rates
determined for six- and seven-coordinated Mn*" complexes are
generally faster than that of the fully aquated species, the water
exchange rate determined for [Mn(nompa)(H,0)]* represents
one of the highest water exchange rates reported for a Mn?*
complex. We attribute this fast water exchange rate to a low
energy barrier between the six-coordinated ground state and
the seven-coordinated transition state responsible for an
associatively activated water exchange reaction. The fact that
in the solid state the [Mn(nompa)(H,0)]" is seven-
coordinated appears to support this hypothesis.

The value obtained for the 7O hyperfine coupling constant
(Ao/h = —73.3 + 0.5 X 10° rads™") is considerably higher than
that typically observed for Mn** complexes (—32 X 10° to —43
X 10° rad-s™'). A large value of the 'O hyperfine coupling
constant could also be related to a hydration number g > 1, but
this is not consistent with the relaxivity data obtained for this
compound. Our DFT calculations presented in the next section
provide support to the unusually high '"O hyperfine coupling
constant obtained from the analysis of the 7O NMR data.

DFT Calculations. The Mn*" complex of nompa™ presents
a dimeric structure in the solid state thanks to the formation of
carboxylate bridges. However, the dimers present in the solid
state are expected to dissociate in solution into the
corresponding monomeric complexes.14 For instance, [Mn-
(1,4-DO2A)] was found to exist in the solid state as a dimer
due to the presence of bridging bidentate carboxylate groups
(u—n"-carboxylate) 5 but they break apart in solution with the
concomitant entrance of a water molecule into the Mn>*
coordination sphere.'® The 73* value obtained from the
analysis of the '"H NMRD profiles, which is very similar to
those reported for small mononuclear Mn*" complexes, is in
line with this hypothesis. Furthermore, the "H NMRD and O
NMR data clearly evidence the presence of only one water
molecule coordinated to Mn**.

5146

Previous work performed on Gd** and Mn?* complexes with
polyaminocarboxylate ligands showed that the explicit inclusion
of at least two second-sphere water molecules is crucial for the
computation of accurate distances between the metal ion and
the oxygen atoms of coordinated water molecules as well as
accurate 70 Ao/h values.""""®° Geometry optimizations
performed on the [Mn(nompa)(H,0)]*-«H,O systems (x = 0
or 2) at the TPSSh/SVP level show that the inclusion of two
second-sphere water molecules decreases the Mn—O, distance
from 2275 to 2.188 A. The optimized geometry of the
[Mn(nompa)(H,0)]*2H,O system is shown in Figure 7,

Figure 7. Geometry of the [Mn(nompa)(H,0)]*2H,0 system
optimized at the TPSSh/SVP level. Hydrogen atoms bound to carbon
atoms are omitted for simplicity. Bond distances of the metal
coordination environment: Mnl1—01, 2.133 A; Mn1—-N1, 2.439 A;
Mn1-N2,2.306 A; Mn1—N3, 2.311 A; Mn1-0S6, 2.188 A. Hydrogen-
bonding data: O5:--06, 2.730 A; HS--06, 1.761 A; O5—HS--06,
165.7°; N2---06, 2.990 A; H2---06, 2.004 A; N2—H2.--06, 159.9%
05--07, 2.706 A; H5---07, 1.717 A; O5—H5---07, 173.9°.

whereas optimized Cartesian coordinates are given in Tables S1
and S2 (Supporting Information). The two second-sphere
water molecules are involved in hydrogen-bonding interaction
with the coordinated water molecule, and one of them also with
an NH group of the ligand. As expected, the metal is six-
coordinated, being directly bound to the three nitrogen atoms
of the tacn unit (Mn—N distances in the range of 2.30—2.44 A),
an oxygen atom of the carboxylate group (Mn—O distance =
2.133 A), the nitrogen atom of the pyridyl unit, and the
coordinated water molecule. These distances are in excellent
agreement with those observed in the solid state for the enota
complex, which show average Mn—O and Mn—N distances of
2.124 and 2.308 A, respectively.'* The coordination polyhedron
around the Mn?* ion may be described as a distorted
octahedron, where two of the nitrogen atoms of the tacn unit
(N1 and N2), and the donor atoms of the picolinate moiety
define one of the equatorial planes [mean deviation from
planarity: 0.13 A]. The trans angle OS—Mn1—N3 (162.4°)
deviates by ca. 18° from the expected value for a regular
octahedron (180°). Three of the cis angles of the equatorial
plane are considerably smaller than the ideal value of 90°
(71.3—75.5°), whereas the fourth cis angle of the equatorial
plane is considerably larger [O1—-Mn1—N2 137.7°]. The large
value for the latter angle is probably responsible for the
formation of the seven-coordinated species observed in the
solid state for this complex.

The 7O hyperfine coupling constant Ao/% was calculated on
the [Mn(nompa)(H,0)]*2H,0 system by following our

dx.doi.org/10.1021/ic500231z | Inorg. Chem. 2014, 53, 5136—5149



Inorganic Chemistry

previously reported methodology (see the Computational
Methods section above). Our calculations provide an Ay/7
value of —77.7 X 10° rad-s™!, which corresponds to an A, value
of —12.36 MHz. This value is in excellent agreement with that
obtained from the analysis of the 7O NMR data (Ap/% =
—73.3 X 10° rad-s™!, —11.67 MHz). Two geometrical factors
have been shown to affect considerably the 'O hyperfine
coupling constant: the distance between the oxygen atom of the
coordinated water molecule and the Mn?*' ion, and the
orientation of the water molecule plane with respect to the
Mn—O vector."**®! In the case of the [Mn(nompa)(H,0)]*
2H,0 complex, the calculated Mn1—O5 distance is rather short
(2.188 A), and the Mn1—OS—H—H angle (135°) is somewhat
higher than the value obtained from analogous calculations for
the [Mn(edta)(H,0)]*" complex (115°). It is therefore
probably responsible for the large 7O hyperfine coupling
constant. Caravan at al. have recently developed an elegant
method to estimate the hydration number of Mn** complexes
using 7O NMR line widths.®® This method is valid as long as
the hyperfine coupling constant Ay/7 of the coordinated water
molecule does not change significantly regardless of the other
ligands coordinated to Mn**. The results reported here suggest
that in some complexes Ay/#A might vary significantly
depending upon the nature of the complex. However, given
the limited number of Mn>* complexes for which Ay/#A has
been determined, this has to be confirmed by enlarging the
experimental data available in the literature.

The 'H hyperfine coupling constant obtained for [Mn-
(nompa)(H,0)]*-2H,0 (Ay/A = 4.8 X 10° rad-s™", 0.76 MHz)
falls in between those obtained for [Mn(H,0)s]*" (Ay/f = 5.4
% 10° rad-s™")**" and [Mn,(enota)(H,0),] (Ay/A = 2.9 X 10°
rad-s™')."* However, the fast electron spin relaxation of
[Mn(nompa)(H,0)]* and the very fast water exchange rate
of the inner-sphere water molecule results in a negligible scalar
contribution to relaxivity in spite of the sizable Ay/A."*

B CONCLUSIONS

Macrocyclic ligands Hnompa, Hdompa, and Htempa, which
can be synthesized following very convenient routes, form
thermodynamically stable Mn>* complexes in aqueous
solutions. The stability constants are however more than 10
orders of magnitude lower than those of the corresponding
Cu®* analogues. Furthermore, the kinetic inertness of the Mn*
complexes was found to be unsatisfactory for practical
application as MRI contrast agents, which is related to the
fast spontaneous dissociation of the complexes at pH 7.4. These
results highlight the difficulties of designing thermodynamically
stable and kinetically inert Mn?*-based contrast agents, which
remains a challenge for coordination chemists. The results
presented in this paper also illustrate the difficulties associated
with the prediction of the solution structure of Mn** complexes
with polyaminocarboxylates due to the symmetrical high-spin
d® configuration of the metal ion. Indeed, the Mn>* complex of
nompa~ was found to be seven-coordinated in the solid state,
but in solution the metal ion is six-coordinated by the
pentadentate ligand and an inner-sphere water molecule. The
complexes of tempa™ and dompa™ are six-coordinated and do
not contain inner-sphere water molecules. The water exchange
rate of the coordinated water molecule in [Mn(nompa)-
(H,O)]" is extremely high, being 100 times faster than that of
[Mn(H,0)¢]** and 6 times faster than that of [Mn(edta)-
(H,0)]*". YO NMR measurements and DFT calculations
provide a very high 'O hyperfine coupling constant (Aq/h =
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—73.3 x 10° rads™!, —11.67 MHz as obtained from 7O NMR),
which is about twice the value reported for [Mn(H,0)]*
(=34.6 x 10° rads™'). These results indicate that caution
should be taken when using Aq/7 values for the estimation of
hydration numbers of Mn?* complexes. The combined 'H
NMRD, 7O NMR, and DFT approach reported here appears
to be the most adequate to ensure a reliable estimation of the
hydration number in Mn*" complexes.
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