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Abstract 

Several paramagnetic Co(II) and Fe(II) macrocyclic complexes were prepared with the goal of 

introducing a bound water ligand to produce paramagnetically shifted water 1H resonances and for 

paraCEST applications (paraCEST = paramagnetic chemical exchange saturation transfer).  Three 12-

membered macrocycles with amide pendent groups including 1,7-bis(carbamoylmethyl)-1,4,7,10-

tetraazacyclodocane (DCMC), 4,7,10-tris(carbamoylmethyl)-,4,7,10-triaza-12-crown-ether (N3OA), 4,10-

bis(carbamoylmethyl)-4,10-diaza-12-crown-ether (NODA) were prepared and their Co(II) complexes 

were characterized in the solid state and in solution. The crystal structure of [Co(DCMC)]Br2 featured a 

six-coordinate Co(II) center with distorted octahedral geometry, while [Co(NODA)(OH2)]Cl2 and 

[Co(N3OA)](NO3)2 were seven coordinate. The analogous Fe(II) complexes of NODA and NO3A were 

successfully prepared, but the complex of DCMC oxidized rapidly to the Fe(III) form. Similarly, 

[Fe(NODA)]2+oxidized over several days, forming crystals of the Fe(III) complex isolated as the µ-O 

bridged dimer. Magnetic susceptibility values and paramagnetic NMR spectra of the Fe(II) complexes of 

NODA and N3OA as well as Co(II) complexes of DCMC, NODA, and N3OA were consistent with high spin 

complexes. CEST peaks ranging from 60 to 70 ppm attributed to NH groups of the amide pendents were 

identified. Variable temperature 17O NMR spectra of Co(II) and Fe(II) NODA complexes were consistent 

with rapid exchange of the water ligand with bulk water. Notably, the Co(II) and Fe(II) complexes 

presented here produced substantial paramagnetic shifts of bulk water 1H resonances, independent of 

having an inner-sphere water.  
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Introduction 

Most MRI(magnetic resonance imaging) contrast agents contain paramagnetic metal ion 

complexes that interact with water through inner-sphere and outer-sphere modes.1-2 While most 

studies focus on inner-sphere interactions, it is appreciated that outer-sphere, or more specifically, 

second-sphere interactions are also important.3 Several recent reports show the importance of second-

sphere interactions in T1 relaxivity agents that contain Gd(III)4-5 and also in paraCEST (paramagnetic 

chemical exchange saturation transfer) complexes that contain Eu(III), Yb(III), Ni(II) or Co(II).6-9  Another 

type of contrast agent for which second-sphere complexes are critically important are nano-sized 

carriers.10 Such nano-carriers have assemblies of protons that interact with the paramagnetic complex. 

Common examples include liposomes loaded with lanthanide complexes11, silica particles with attached 

lanthanide complexes12 or cells containing lanthanide shift agents.13 The paramagnetic metal complex in 

the nano-carrier produces a shifted pool of protons. Magnetically saturating the shifted pool of water 

protons with a presaturation pulse, followed by exchange of saturated protons with bulk water protons 

decreases the intensity of the water signal. These nano-sized CEST contrast agents are promising for 

applications requiring increased sensitivity.14  

Current research in our laboratory focuses on development of transition metal ion complexes as 

MRI contrast agents.15-21 We recently reported transition metal complexes with inner-sphere water 

ligands that were developed with the goal of shifting the water proton resonances in the interior of 

liposomes or cells.7-8 Towards this goal, we showed that certain Co(II) complexes produce substantial 

proton water shifts.8 Paramagnetic Ni(II) complexes are also effective water proton shift agents, 

although the smaller magnetic susceptibility of these complexes produces less-shifted protons.7 One of 

the most intriguing results from these studies was that outer-sphere water interactions contributed 

substantially to bulk water proton paramagnetic shifts, especially for complexes with alcohol donor 

groups. As a result of these studies, we began to question whether inner-sphere waters were necessary 

to obtain substantial paramagnetic induced proton water shifts from transition metal ion complexes.   

Towards the further development of transition metal complexes as shift reagents for water 1H 

resonances, ligands related to the 12-membered tetraaza-macrocycle with four amide pendents (TCMC 

in Scheme 1) were studied. The TCMC ligand forms an interesting series of complexes with transition 

metal ions ranging from eight-coordinate Fe(II)18 or Mn(II)22 to seven or six-coordinate Co(II) to six-

coordinate Ni(II).18 The Fe(II) complexes of TCMC are especially inert to metal ion release as well as 

highly stabilized in the divalent form, preventing oxidation to Fe(III).15, 23 Neither the Fe(II), Co(II) or Ni(II) 

complexes have bound water in the solid state, as shown by x-ray crystallography.18 In the work 



presented here, the number of donor groups in the ligand is reduced from eight to six or seven donor 

groups with the aim of producing an inner-sphere water. Our complexes contain Fe(II) or Co(II) with 

either tetra-aza or mixed aza-oxa 12-membered macrocyclic complexes with pendent amides 

(Scheme 1).  

The isolation and solution characterization of Co(II) or Ni(II) complexes with bound water ligands 

is relatively straightforward, but what of Fe(II) complexes?  Fe(II) complexes are of special interest given 

the important place of iron in biological systems and their potential in the development of new contrast 

agents. Notably, it is challenging to develop ligands that form stable, high spin Fe(II) complexes in 

aqueous solution. Neutral donor groups such as amides, alcohols and picolyl groups successfully stabilize 

the divalent state.15, 24-28 Complexes studied in our labs to date have featured an encapsulated Fe(II) 

center to better control oxidation and spin state, and we have avoided inner-sphere water ligands.17-20, 

24, 26, 29-31 However, there are a few literature examples of Fe(II) complexes that are stable in aqueous 

solution and have a bound water ligand. For example, the solution chemistry of polyaminocarboxylate 

complexes of Fe(II) with a bound water have been studied by Rudi van Eldik.32-33  These complexes have 

a rapidly exchanging water ligand, but are air sensitive. An Fe(II) complex with pyrazole donors was 

shown to have a water ligand that gives rise to a CEST effect, signifying a slowly exchanging water 

ligand.34 In this study, we present a comparison of Fe(II) and Co(II) complexes of 12ane macrocycles and 

highlight the challenges of developing Fe(II) complexes as water proton shift agents.     

        

 

 

 

RESULTS 

Synthesis and structure of complexes.  Three new macrocyclic ligands with pendent amide 

groups were synthesized (NO3A, DCMC, NODA) for comparison with the reported tetraaza-macrocycle, 



TCMC (Scheme 1). Synthetic schemes are shown in the supplementary section (Scheme S1). The mixed 

aza-oxa ligands, N3OA and NODA were prepared by alkylation of the unsubstituted macrocycles with 

bromoacetamide. The macrocycle DCMC was prepared from alkylation of a 1,7-protected cyclen 

(1,4,7,10-tetraazacyclododecane) precursor followed by deprotection using catalytic hydrogenation. The 

Co(II) complexes were synthesized by addition of Co(NO3)2 or CoCl2 to the neutral macrocycles N3OA, 

DCMC, or NODA in acetonitrile or ethanol (Scheme S2). All Co(II) complexes were crystallized and their 

structures are presented here. 

Figure 1. ORTEP plots  of the crystal structure of [Co(N3OA)] ·2.33H2O (A), Co(DCMC)Br2 (B), 
[Co(NODA)(H2O)]Cl2  (C), and [Fe2(NODA)2(O)](CF3SO3)4 dimer (D) (at the 50 % probability level). 
Hydrogen atoms, counterions, and water molecules of crystallization have been omitted for clarity. 

 

The cationic [Co(N3OA)]2+ complex has all four macrocycle donors bound to the Co(II) and all 

three pendent amides bound through carbonyl oxygen atoms. Both enantiomers are found in the crystal 

structure, as evident by the centrosymmetric space group P–1. The complexes presented here possess 

highly distorted coordination environments making it difficult to classify them within the “typical” 



coordination polyhedral. [Co(N3OA)]2+ can best be described as having a capped trigonal prismatic 

geometry, analogous to, though distorted from, the geometry of TaF7.2–35 Two formula units comprise 

the asymmetric unit, one of which exhibited pseudorotational disorder of the macrocyclic ligand over 

two positions differing by 20(3)° in a ratio of 68:32. A complex hydrogen bond network connects each 

formula to the nitrate counterions, along with co-crystallized water units. The structure of [Co(DCMC)]2+ 

has four Co(II)-nitrogen bonds to the macrocycle backbone and two amide carbonyl groups. The six-

coordinate complex has an average twist angle of 11.7° between the two trigonal planes, consistent 

with a distorted trigonal prismatic structure (Figures 1B and S1).  The Co(II) center of the cationic 

[Co(NODA)(OH2)]2+ complex is bound to all donor atoms of the macrocycle, the two pendent amide 

groups, and a water ligand. The geometry of the complex resembles a distorted pentagonal pyramidal 

structure, with the coordinated water molecule (O-5) and (O-1) of the ring forming the axial atoms, with 

a bond angle of 168.23°. The solid state structure reveals an intricate hydrogen bond network from the 

coordinated H2O moiety to both the Cl– counterion, as well as additional uncoordinated water units. 

Furthermore, intermolecular hydrogen bonding was observed between formula units between adjacent 

amide arms. Selected bond lengths and angles are in Table 1, and crystallographic data is given in Table 

S1.  



Table 1. Selected metal bond lengths (top) and bond angles of the [Co(N3OA)](NO3)2·2.33H2O 

[Co(DCMC)]Br2, [Co(NODA)(OH2)]Cl2·2H2O, and [Fe2(NODA)2(O)](CF3SO3)3 crystals.  

 The Fe(II) complexes of N3OA were prepared with FeCl2 in ethanol, whereas complexes of 

NODA were prepared by addition of Fe(OTf)2 to the macrocycle in acetonitrile.  We were not able to 

obtain crystals of these two complexes.  Characterization in aqueous solution by 1H NMR spectroscopy, 

mass spectrometry, and magnetic susceptibility are all consistent with high spin Fe(II) as described 

below.  In contrast, the Fe(II) complex of DCMC was readily oxidized in water to produce the Fe(III) 

complex as described further below.  An acetonitrile solution of [Fe(NODA)]2+ produced crystals of an 

Fe(III) complex (Figure 1D) upon standing for several days.  The solid state structure features two seven-

coordinate Fe(III) centers bridged by a μ-oxide ligand, with a notably shorter bond length than other 



coordinating atoms (1.78 vs >2.1Å). The Fe-centers both display distorted pentagonal bipyramidal 

geometry with an average axial bond angle of 176.40°.      

The Co(II) and Fe(II) complexes were characterized in solution by their magnetic susceptibility 

measurements and 1H NMR spectra. Magnetic moments, as determined by using Evans method, are 

tabulated in Table 2. The magnetic moments, ranging from 4.1 to 4.4, for the cobalt complexes are 

consistent with high spin Co(II).16, 18, 36 Magnetic susceptibility data are consistent with high spin Fe(II) for 

[Fe(NODA)]2+ and [Fe(N3OA)]2+ complexes with magnetic moments of 4.5 and 4.7, respectively.29-30, 36 

Additionally, these five complexes all produced the relatively sharp and highly paramagnetically shifted 

proton resonances that are characteristic of Co(II) and Fe(II) complexes in these types of macrocyclic 

ligands.16, 18, 29  

The 1H NMR spectra of the Co(II) and Fe(II) complexes of NODA had relatively sharp, 

paramagnetically shifted proton resonances at 25 °C (Figure 2 and Figures S2).  The five prominent 

resonances in the NMR spectra in D2O 

solutions correspond to four magnetically 

inequivalent protons on the macrocyclic ring 

of the complexes and one resonance from the 

proton of the amide pendent methylene 

groups, as illustrated by the [Co(NODA)]2+ 1H 

NMR spectrum in Figure 2. The fact that there 

are only five proton resonances suggests that 

the complex is dynamic on the NMR 

timescale. This may involve pendent group 

movement to interchange the H3 and H3’ 

protons. In H2O, the exchangeable amide NH 

proton peaks are observed (Figure 2).  

However, the 1H resonance of bound water is 

not observed in this spectrum.  The lack of an 

observed 1H resonance is consistent with 

rapid water exchange on the NMR timescale 

as supported below by variable temperature 

17O NMR experiments.  For [Fe(NODA)]2+, the 
Figure 2. 1H NMR spectra of [Co(NODA)]2+ in D2O (top) and in 
water (bottom). The bottom spectrum shows exchangeable 
amide proton resonances, marked with (*).  

* 

* 

* 

* 



comparison of spectra in D2O and aprotic CD3CN reveals the amide proton peaks (Figure S2). 

The very broad proton resonances observed in the 1H NMR spectra of [Co(N3OA)]2+ , 

[Co(DCMC)]2+, and [Fe(N3OA)]2+are similar to that observed for [Co(TCMC)]2+, which has been attributed 

to a fluxional process.16, 18 Consistent with a dynamic process, increasing the temperature of the NMR 

experiments for these complexes produces notably sharper proton resonances. This is shown in 

Figures S3-S5 for the Co(II) and Fe(II) complexes of N3OA complexes where the resonances at 80 °C for 

Fe(II) and Co(II) N3OA become progressively well-defined, as temperatures are raised from 25 ⁰C to 80 

⁰C. Similarly, at 25 ⁰C the paramagnetic NMR spectrum of [Co(DCMC)]2+ is very broad with just one 

resonance observed. Increasing the temperature to 80 °C produces 4-5 distinct resonances for 

[Co(DCMC)]2+ in D2O. 

In contrast to the ease of preparation of [Co(DCMC)]2+, we failed to isolate an Fe(II) complex of 

DCMC when the ligand was treated with Fe(II) salts. Dissolution of the complex in D2O at millimolar 

concentrations produced 1H NMR spectra with no discernable proton resonances at 25 °C (Figure S6).  T1 

measurements on solutions of the complex at 400 MHz produced a T1 relaxivity of 1.0 mM-1s-1 at 500 

MHz (Figure S7), consistent with an Fe(III) complex.37  

 The UV-vis spectra of the Co(II) complexes of N3OA-TCMC are shown in Figures S8-S9.  

[Co(NODA)]2+ and [Co(N3OA)]2+ both produce two major barely resolved peaks at about 510 and 480 nm 

with extinction coefficients of 10 M-1cm-1, consistent with d-d transitions of complexes that are Laporte 

forbidden. The spectrum of [Co(TCMC)]2+ has three bands with extinction coefficients of about 

10 M-1cm-1 in the region of 460-550 nm.  Notably, this complex is highly fluxional in solution and was 

shown to be a mixture of six and seven coordinate complexes in the solid state. [Co(DCMC)]2+ has 

slightly more intense peaks (ɛ = 65 M-1cm-1) at 470-560 nm, which are similar in position and intensity to 

distorted octahedral Co(II) macrocyclic complexes reported previously.8, 38     

Electrochemical data shows that the Co(II) complexes do not readily oxidize over the 

electrochemical range accessible with water as a solvent, with (Figure S10). Typically, Co(II) macrocyclic 

complexes with amide pendent groups have high Co(II)/Co(III) redox potentials (800-1000 mV vs. NHE) 

that signify stabilization of the Co(II) state.15-16 [Fe(N3OA)]2+ does not show an oxidation wave under 

these conditions, consistent with the redox potentials observed for similar complexes such as 

[Fe(TCMC)]2+ that have a redox potential of 800 mV versus NHE in acetonitrile.15, 23  [Fe(DCMC)]2+/3+ 

produces a cyclic voltammogram with a two sets of waves between 40 mV and 240mV vs. Ag/AgCl 

(Figure S11), consistent with the presence of two different species in aqueous solution.  By contrast, 

[Fe(NODA)]2+/3+ produces a cyclic voltammogram with a quasi-reversible wave with E1/2 of 426 mV versus 



Ag/AgCl (Figure S12).   A solution of K4[(Fe(CN)6]4- was run under similar conditions as a standard (Figure 

S13) and the E1/2  (162 mV) was compared to literature values given versus the standard hydrogen 

electrode (SHE) of 358 mV.39  From this data, we calculate a redox potential of 588 mV for 

[Fe(NODA)]2+/3+ and two waves in the range of 240 to 400 mV for  [Fe(DCMC)]2+/3 versus SHE. 

Variable temperature 17O NMR studies.   All Co(II) complexes and the Fe(II) complexes of N3OA 

and NODA were studied by 17O NMR spectroscopy to characterize water interactions.  Variable 

temperature experiments are used to study water ligand exchange for determination of exchange rate 

constants.  In this experiment, the 17O NMR resonance shifts and broadens/sharpens as a function of 

temperature of an aqueous solution spiked with 17O water and containing 10 mM paramagnetic 

complex.  A typical closed coordination sphere complex will produce a 17O resonance that shifts upfield 

with an increase in temperature due to the temperature dependence of paramagnetic center.  A 

complex with a bound water molecule that is averaging with bulk water typically displays a broader 17O 

Figure 3. Variable Temperature 17O NMR of 100 mM [Fe(N3OA)]2+ (top) from 25 °C to 80 °C and 50 mM 
[Fe(NODA)]2+ from 5 °C to 60 °C (bottom) in 5 degree increments, solutions adjusted to approximately 
pH 6 and contained 100 mM NaCl.  



resonance due to direct interaction of water with the paramagnetic center.  An increase in temperature 

leads to more rapid water exchange, and this will affect the 17O NMR shift and peak width.     

The variable temperature spectra of [Fe(N3OA)]2+ (top) and [Fe(NODA)]2+ (bottom) illustrated in 

figure 3 demonstrates these striking differences in behavior between complexes with a bound water 

and those without.8 The [Fe(N3OA)]2+ NMR spectra (Figure 3 top) show little broadening of the water 

resonance as compared to a water standard (Figure S14), indicating that there is no direct metal-water 

interaction, and only outer-sphere waters. The [Fe(NODA)]2+ spectra show significant peak shifting and 

broadening, indicative of an inner-sphere metal-water interaction.32-33 The variable temperature 17O 

NMR spectra of [Co(N3OA)]2+, [Co(DCMC)]2+, and [Co(NODA)]2+ and corresponding standards are shown 

in the supplemental section (Figures S14-S18).  

Figure 4. A plot of concentration dependence of 17O water shift of Co(II) and Fe(II) complexes (top left). 
A 17O water shift plot of Co(II) and Fe(II) NODA complexes and chloride salts at 60˚C (top right). A plot of 
concentration dependence of 1H water shift of Co(II) and Fe(II) complexes (bottom left). The transverse 
relaxation of [Fe(NODA)]2+ plotted against inverse temperature, fit to the Swift-Connick equations.  

 



A second means of identification of bound water is to plot the 17O NMR water shift as a function 

of complex concentration at a constant temperature.  Figure 4 (top left) shows a plot of the 17O chemical 

shift of each complex as a function of concentration at 25 °C. The Co(II) and Fe(II) complexes of NODA 

produce a large shift of the 17O water resonance as a result of direct water coordination, the TCMC, 

N3OA, and DCMC complexes are poor 17O NMR shift agents as they do not have inner-sphere water.  

The 17O NMR experimental results correspond to the solid-state structures, which indicate bound water 

for the NODA complexes.  

To approximate the number of bound waters (q), a plot of 17O water shift as a function of FeCl2 

and CoCl2 concentration is given for comparison in Figure 4 (top right) and Figures S19-S20.8 If it is 

assumed that Co(II) and Fe(II) under these conditions are present as the hexa-aqua complex [M(OH2)6]2+, 

then the number of bound water ligands for [M(NODA)]2+ is calculated as 1.16 and 1.03 for the cobalt 

and iron complexes respectively, from the ratio of the slopes. The calculated q values of ~1 further 

support the hypothesis that the Co(II) and Fe(II) NODA complexes each have a single coordinated water 

molecule in solution. These experiments to calculate q were carried out at 60 °C for the hexa-aqua 

complexes to ensure that water exchange was rapid on the NMR time scale.  

As shown in Figure 4 (bottom left), the 1H water shift, unlike the 17O water shift did not correlate 

to the presence of inner-sphere water ligands. All of the cobalt complexes have similar water proton 

shifts of between 30.5 to 33.1 ppm/M metal complex with the iron complexes [Fe(N3OA)]2+ and 

([Fe(NODA)]2+ having slightly larger values of 38.9 and 36.6 ppm/M complex, respectively. This indicates 

that second sphere and outer-sphere water interactions alone may produce highly paramagnetically 

shifted water proton resonances, and an inner-sphere water ligand is not requisite.    

A Swift-Connick plot40 of the reduced chemical shift as a function of temperature gives a nearly 

straight line for [Fe(NODA)]2+(Figure 4, bottom right). The positive slope of the plotted data is consistent 

with a rapidly exchanging water molecule with kex> 107 s-1.32 An accurate value for the rate constant for 

exchange cannot be determined in lieu of observation of a more pronounced plateau. For [Co(NODA)]2+ 

a similar plot was observed for a rapidly exchanging water ligand (Figure S21).     

 

 

 

 

 



Table 2. Magnetic moment (μeff) was calculated with samples containing 5-50 mM complex, 20 mM pH 
7.0 HEPES buffer in 5% by volume t-butanol at 25˚C. The percent CEST, frequency, and exchange rate 
constants are reported with 10 mM complex, 20 mM HEPES buffer, 100 mM NaCl samples at 37˚C, 
28 μT.    

Complex μ
eff

 CEST (%) Frequency 
(ppm) k

ex
(s

-1
) Cu

II
 dissociation 

assay (%) 

[Co(N3OA)]
2+ 4.05±0.08 31.9 60 900 ~0 

[Co(DCMC)]
2+ 4.37±0.32 26.4 ±0.2 65 1230±220 ~0 

[Co(NODA)]
2+ 4.14±0.12 24.4±0.2 67 1080±30 71.9±2.7 

*[Co(TCMC)]
2+ 4.40±0.21 21.0±0.1 45 300 ~0 

[Fe(N3OA)]
2+ 4.69±0.10 31.6 ±1.1 67,69 1110 ~0 

[Fe(NODA)]
2+ 4.54±0.14 22.0±1.0 60 780±10 78.6±5.8 

*From reference16  

The Z-spectra are plotted as the percent reduction of the water proton peak as a function of the 

presaturation frequency for 1 ppm increments for three Co(II) complexes and for [Fe(NODA)]2+ and 

[Fe(N3OA)]2+ (Figure 5). A CEST peak at 60-69 ppm is observed for all complexes except [Co(TCMC)]2+. 

[Co(TCMC)]2+ has a less highly shifted CEST peak at 45 ppm. A second amide CEST peak is normally 

observed for complexes with unsubstituted amide groups with an approximately 60 ppm difference, 

corresponding to the two magnetically inequivalent NH protons.18, 41 This peak is observed as a shoulder 

on the bulk water peak for [Co(N3OA)]2+ and [Co(NODA)]2+, but is not observed for the other complexes. 

Presumably, the second CEST peak from the amide protons is buried underneath the water peak. The pH 

dependence of the CEST peak intensity of all complexes is characteristic of NH amide protons of 

pendents bound to Co(II). 16-18, 41 The intensity of the furthest shifted CEST peak for these complexes 

increases from pH 6.7 to 7.6, then decreases in intensity at more basic pH values (Fig. S24, S25). The 

increase in intensity corresponds to an increase in rate constant for proton exchange in the same pH 

range, with values as low as 310 s-1 at pH 6.9 to 2100 s-1 at pH 7.8 (Figure S26-S30 for Omega Plots). The 

similarity of the z-spectrum of [Co(NODA)]2+ to [Co(N3OA)]2+ and [Co(DCMC)]2+ suggests that the CEST 

peak is due to the amide protons and not to the water ligand. This assignment is supported by 

measurements of the rate of water ligand exchange as discussed below.  



 

Figure 5. An overlay of [Co(N3OA)]2+, [Co(DCMC)]2+, [Co(NODA)]2+, [Fe(N3OA)]2+, and [Fe(NODA)]2+ CEST 

spectra at 37 ⁰C. Samples contain 10 mM complex, 20 mM HEPES buffer and 100 mM NaCl, and are at 

pH values of 7.4. 

 Transmetallation studies of the complexes were carried out with competing Cu(II) ions. 

Solutions of complexes with 1:1, 2:1, or 4:1 ratios of complex to Cu2+ were monitored for three or more 

hours by observing the formation of Cu(II) complex (Table 2). For the [Co(N3OA)]2+, [Fe(NO3A)]2+ and 

[Co(DCMC)]2+ complexes, no displacement was observed under these conditions (Figure S31-S34). 

However, for [Fe(NODA)]2+ and [Co(NODA)]2+ complexes, significant trans-metallation was observed. 

Greater than 70% of the Co(II) was displaced from the NODA complex after seven hours with a four-fold 

excess of Cu(II) whereas 90% of the Fe(II) was displaced form NODA with a four-fold excess of Cu(II) after 

one hour (Figures S33, S35).   

The resistance of Co(II) complexes towards dissociation was compared by incubation under 

acidic conditions and in the presence of biological anions (Table S17, Figures S36-41). NMR samples 

containing 3 mM of the internal standard of Sodium 3-trimethylsilyl-1-propanesulfonate (TMPS) were 

used for the acid and anion dissociation studies. The complexes are very resilient to exposure to acidic 

conditions (pD 3.5) relative to other published complexes under similar conditions,18 with no observable 

change to complexes in a twelve-hour span. In the presence of anions (25 mM carbonate and 1 mM 

phosphate), some dissociation was observed, however the averages remained below 10% for all 



complexes after twelve hours, indicating again that the complexes are relatively inert to loss of metal 

ion.  Most likely, the resistance to dissociation of the complexes in acid or in the presence of anions is a 

kinetic effect.  However, it is possible that thermodynamic stability of the complexes contributes to the 

observed robustness, as the stability constants under these conditions are not known.     

 

Discussion  

The Co(II) and Fe(II) complexes studied here produced Z-spectra that were typical of amide N–H 

protons of paramagnetic Co(II) or Fe(II) complexes.15-18, 27, 30, 41 The position of the CEST peak relative to 

bulk water ranged from 60 to 70 ppm for all complexes, and all had similar intensities and pH 

dependence. It is remarkable that the CEST peak position varied so little between the complexes despite 

their different coordination geometries. Notably, these complexes produce improved Z-spectra 

compared to that of the [Co(TCMC)]2+ or [Fe(TCMC)]2+ complexes17 from the standpoint of producing a 

larger shift of the peak from bulk water and also the larger magnitude of the CEST effect. The N3OA 

complexes have significantly stronger CEST intensity, resulting from two similar amide peaks that 

overlap and thus create a greater CEST effect overall. This overlap can be observed best with 

[Fe(N3OA)]2+, where the CEST peak has a shoulder that likely results from two amide peaks that are 

similar combining to increase the overall intensity of CEST. However, in terms of CEST peak position, the 

Co(II) complexes that contain macrocycles with 12-membered rings and either six, seven or eight 

coordination are not the most highly shifted. Co(II) complexes of 14-membered a tetrazamacrocycle 

with amide pendents, produce highly shifted CEST effect of 120 ppm.16, 18 Non-macrocyclic ligands with 

pendent amide also show highly shifted CEST peaks at 100 ppm.42 However, the kinetic inertness and 

thermodynamic stability of the 12-membered macrocyclic complexes make them desirable candidates 

for applications that require robust complexes.    

One such application is the development of paramagnetic water shift reagents for nano-carrier 

CEST agents.10, 12, 14 Initially, we assumed that an inner-sphere water was necessary for a water proton 

shift agent and focused on forming complexes with water ligands. The 17O NMR studies were consistent 

with the Co(II) and Fe(II) NODA complexes containing an inner-sphere water ligand, the only complexes 

here that had a bound water. Previous pH –potentiometric studies in our laboratory showed that there 

were no ligand ionizations occurring until above a pH of 8 for the Co(II) NODA complex.43   This result 

suggests that, at neutral pH, [Co(NODA)(OH2)]2+  is the predominant species.  In other words, water and 

not hydroxide is bound to Co(II) at near neutral pH.   Fitting a variable temperature transverse relaxation 



plot from variable temperature 17O NMR experiments to the Swift-Connick equations allowed us to 

estimate that the kex of water ligand was greater than 107 s-1 for the Fe(II)complex. A similar plot was 

observed for the Co(II) complex. In comparison, TACN-based six-coordinate Co(II) complexes have 

smaller rate constants for water exchange on the order of 106 s-1.8  A seven coordinate complex of Fe(II) 

with polyaminocarboxylate ligand has a rate constant for water ligand exchange of 3 x 107 s-1. 33 

Other complexes studied here had a more limited effect on the 17O water resonance, indicating 

that there was no directly bound water to metal center, and that contributions were mainly outer-

sphere. There was very little difference in proton water shift produced by the different complexes, 

indicating that second sphere interactions are the major contributor of water shift.  This highlights the 

fact that direct interaction of a paramagnetic metal and water is not necessary for producing large 

paramagnetically shifted water 1H resonances.  Second sphere water interactions in transition metal 

complexes are enhanced with donor groups such as amides or alcohols that form hydrogen bonds to 

water.8   Notably, chemists who design metal complex probes have sought to balance stability and water 

interaction of these complexes for applications as MRI agents.44-45  At least in this example, direct inner-

sphere water interaction did not significantly improve proton resonance shift. For prioritization of 

inertness and stability, a closed coordination sphere is advantageous.   

It is interesting to compare the coordination number and geometries of these complexes with 

analogous ones reported in the literature. For example, the Co(II) complex of TCMC shows both six-

coordinate and 7-coordinate structures that correspond quite closely to those of [Co(DCMC)]2+ and 

[Co(N3OA)]2+ respectively, with nearly identical coordination geometry.18 Notably, the Mn(II) complex  

with the ligand 1,7-DO2A (the DCMC analog with acetate pendents) is also six coordinate with an 

absence of water ligands.22, 46 The Mn(II) and Fe(II) complexes of TCMC are both eight coordinate as 

shown by crystallography.18, 22 Yet, the Fe(II) complex of N3OA appears to be seven coordinate in 

solution with a lack of water ligands as supported by proton NMR data and 17O NMR analysis.  

The NODA complexes are distinct from the other two macrocyclic complexes in that a solvent 

molecule occupies a seventh coordination site. Both the Fe(II) and Co(II) complexes have a seven 

coordinate structure and are close to a distorted pentagonal bipyramidal geometry, with pseudo-axial 

bond angles of 176.4 and 168.23 respectively, close to the ideal of 180°. The iron complex structure is 

particularly interesting as 7-coordinate Fe(III) structures are quite rare, although a few have been 

reported.47-48    

As shown here, some ligands based on 12-membered macrocycles produce extremely stable 

Fe(II) complexes and others produce Fe(II) complexes that are readily oxidized. The Fe(II) complex of 



TCMC is eight coordinate and is correspondingly very inert towards dissociation as the metal ion is 

totally encapsulated by the macrocycle.23 [Fe(TCMC)]2+ is also very resistant to oxidation. This may be 

attributed in part to the longer Fe-N and Fe-O bond lengths that would favor the larger Fe(II) ion over 

the Fe(III) ion. Removal of one pendent group to produce [Fe(NO3A)]2+ produces a complex that remains 

inert towards trans-metalation and also towards oxidation. However, removal of two pendent amide 

groups to give [Fe(DCMC)]2+ produces a complex that is very prone to oxidation.  Notably, the seven 

coordinate [Fe(NODA)(OH2)]2+ is relatively resistant to oxidation to Fe(III), at least at neutral pH.  Higher 

pH values would be expected to produce the hydroxide complex which would favor oxidation to Fe(III).  

Summary.  Co(II) and Fe(II) complexes of 12-membered macrocyclic ligands show promise for 

CEST applications including shift reagents for bulk water and as paraCEST agents.  We attempted to 

produce several examples of complexes with inner-sphere water ligands, but only found two examples 

including one each of Co(II) and Fe(II). Notably, it is not straightforward to predict coordination number 

for Co(II) and Fe(II) complexes of ligands based on the 12-membered-aza macrocycles with variable 

pendent groups. Similar observations have been made with Mn(II) complexes that are under 

development as T1 MRI contrast agents.22, 49-52 These Mn(II) complexes range in coordination number 

from six to eight. However, as shown here, Co(II) and Fe(II) complexes with amide pendents produce 

large proton water shifts even in the absence of inner-sphere water molecules. This feature will be 

useful in the development of paramagnetic transition metal complexes for cellCEST or lipoCEST.14 

Complexes that lack an innersphere water are remarkably stable towards dissociation and oxidation at 

neutral pH and are good candidates for further development.  
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