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Abstract. 

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

developing paraCEST MRI imaging agents as well as introducing a bound water ligand to 

produce paramagnetically shifted water 1H resonances. Three 12-membered macrocycles with 

pendent amide 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), and 4,10-

bis(carbamoylmethyl)-4,10-diaza12-crown-ether (NODA) were prepared and their Co(II) 

complexes were characterized in the solid state and in solution. CEST peaks ranging from 60 

ppm to 70 ppm, attributed to NH groups of the pendent amides, 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. 

Another macrocyclic complex of the 1,4,8,11-tetrakis(carbamoylmethyl)-1,4,8,11 

tetraazacyclotetradecane (CCRM) ligand with Co(II) is a paraCEST agent that produces four 

distinct CEST peaks, all with strong intensity (20-32 % CEST), and with the furthest shifted 

CEST peak at an impressive 112 ppm at 37 ⁰C and pH 7.3-7.5. Notably, more than one 

conformation may be produced as it is shown that that this Co(II) complex isomerizes upon 

being heated, and permanently retains a new structure, producing two very intense CEST peaks 

(35% CEST) at 124 and 45ppm. The Z-spectra recorded on the new complex by NMR and MRI 

studies show that the complex has strong potential as a paraCEST MRI contrast agent. Both 

isomers were studied in biological media to access their properties towards in vivo imaging. 

xxvii 



 

 

 

       

 

            

             

           

   

              

             

              

            

             

            

 

 

           

              

          

               

                  

             

      

Chapter 1 : A Brief Overview of CEST MRI 

MRI. 

Magnetic Resonance Imaging (MRI) has become an extremely valuable diagnostic tool in 

clinical testing for the imaging of soft tissue.3 MRI is non-invasive, uses safe non-ionizing 

radiation, and produces high resolution images.4-5 This combination of attributes distinguishes it 

from other imaging techniques. 

As a result of the small population difference between low energy and high energy 

nuclear spin states of 1H, poor sensitivity is an inherent drawback to MRI.6 Contrast agents are 

7often employed to enhance the signal of the MRI by modulating the water proton resonance. 

However, the imaging applications of clinically approved agents are still limited.7 Agents that 

can report information about temperature, pH, and the redox environment are highly sought after. 

Therefore, the development of new agents to improve the diagnostic capability of MRI is highly 

desirable. 

Contrast Agents. 

The vast majority of MRI contrast agents used today clinically are gadolinium-based 

8agents, which enhance T1 relaxivity. These so-called T1 agents work by increasing the 

relaxivity of coordinated water, and therefore, shortening water relaxation time.9 Gadolinium(III) 

is the most effective metal for T1 relaxation because the ion has seven unpaired electrons which 

gives it a spin state of S = 7/2, along with gadolinium’s very long electron relaxation times (T1e= 

10-8-10-9 s) resulting from its magnetic isotropy.10 These agents are quite effective for imaging 

anatomical features of tissues and vasculature.11 

1 

https://vasculature.11
https://isotropy.10


 

 

           

           

                

             

              

                 

            

          

               

             

             

             

           

 

            

              

                 

                

               

                

                

           

              

However, Gd(III) agents have serious drawbacks. They require MRI scans before and 

after injection,6 and are typically non-selective, depending primarily on the body’s vasculature 

for distribution.5 The toxicity of these agents is also a concern after it was shown that a rare 

disease, nephrogenic systemic fibrosis, was associated with the contrast agents in patients with 

insufficient renal function. Gadolinium was found in the tissue of the patients, stimulating the 

search for alternative agents that are more inert or use alternative less toxic metal ions like high 

spin Fe(III) or Mn(II), which are possible alternatives to Gd(III) T1 contrast agents.5, 8 

More recently, agents using Chemical Exchange Saturation Transfer (CEST) have been 

developed.12 While no CEST agents have been approved for human use, they have been shown 

to be quite versatile and responsive to many factors such as temperature,1 pH,13 reduction-

oxidation potential,14-17 and biomolecules,18 and they may be responsive to catalytic activity.19 

These properties may not just allow for better quality images, but may also provide useful 

information that will allow for earlier detection, diagnosis, and understanding of disease. 

CEST. 

The mechanism of CEST contrast depends on chemical exchange between two pools of 

protons with significantly different frequency; the first pool supplied by the solvent and the 

second smaller pool supplied by a solute.(Figure 1.1 A)5, 13, 18 In the context of MRI, the solvent 

is water within the body and the solute is the contrast agent. To produce CEST, a pre-saturation 

radio frequency pulse at the frequency of the contrast agent’s exchangeable proton(s) is used. 

This causes a saturation of spins of that proton pool, which results in a silencing of signal at the 

selected frequency (Figure 1.1 B). Because the two proton pools of the contrast agent and bulk 

water are constantly undergoing chemical exchange, the magnetically saturated protons of the 

CEST agent are exchanged with water protons, resulting in a partial magnetic saturation of the 

2 

https://activity.19
https://developed.12


 

 

             

             

              

            

                

                 

               

                 

                

                

              

                 

               

                

  

protons of bulk water, which reduces the water signal (Figure 1.1C).14, 20-21 The water signal of 

the on-frequency pulse (MZ) can be compared to the signal from off-frequency presaturation 

pulse (M0) to measure the magnitude of the CEST effect. The Mz/Mo is plotted against the 

frequency of the applied presaturation pulse to form a Z-spectrum (Figure 1.1 D). 

For the CEST effect to be observed, several conditions need to be met. First, the rate of 

proton exchange between water and the agent cannot be too fast or two slow. If exchange is too 

slow, then it is likely that the presaturated protons will relax before chemical exchange with 

water can occur, and as a result, the water signal will not be reduced and no CEST will be 

observed. The exchange rate is also limited by the expression, kex ≤ ∆ω, where kex is the 

exchange rate between bulk water and the exchangeable protons of the CEST agent, and Δω is 

the difference in frequency of the bulk water peak and the exchangeable proton.13-14, 22 This 

expression shows that the exchange rate cannot be too large. If exchange is too fast, the CEST 

agent proton and the bulk water protons will not give distinct resonances, but will average. In 

other words, the rate constant for proton exchange must be in the slow exchange regime on the 

NMR time scale. 

3 

https://1.1C).14


 

 

 

 

          

           

            

          

           

    

Figure 1.1. An illustration of CEST depicting (A) Chemical exchange between bulk 

water and a CEST agent. (B) Application of a presaturation pulse and the resulting 

decrease in signal of the targeted proton frequency. (C) Chemical exchange of the 

spin saturated protons, resulting in a decrease of water signal. (D) A CEST/Z-

spectrum plotting Mz/M0 as a function of the applied frequency of the presaturation 

pulse. 
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ParaCEST Agents. 

While organic molecules were the first CEST agents studied,12 paramagnetic metals have 

been incorporated in CEST agents. These agents, which are referred to as paraCEST agents, 

utilize the Paramagnetic Induced Chemical Shift (PICS) provided by coordinated lanthanide10, 23-

or transition metals2, 14-17, 25-27 to substantially increase the chemical shift of proton resonances. 

Paramagnetic induced proton shifts are caused by interactions between nuclear and electronic 

magnetic moments arising from their spins. The observed proton resonances of paramagnetic 

metal complexes are shifted from those of the uncoordinated ligand. A small contribution to that 

shift can be attributed to the change in geometry of the ligand when bound to a metal (δdiamagnetic). 

However, the majority of the observed shift is due to a paramagnetic contribution, which has two 

components, the contact (δcontact) and pseudocontact (δpseudoconatact) interactions, as shown in 

equation 1-1. 

δPICS = δcontact + δpseudocontact (Equation 1.1) 

The contact shift contribution (δcontact) is caused by through bond delocalization of 

unpaired electrons of the paramagnetic metal onto the ligands to affect the proton resonances. 

The pseudo contact contribution (δpseudocontact) is caused by through space interactions between 

the unpaired electrons of the paramagnetic metal and hydrogen nuclei. There is a distance 

14, 24-25dependence of this dipolar interaction. 

The greater chemical shift of protons influenced by PICS has two major benefits for 

CEST. First, it creates a larger difference in frequency between bulk water and exchangeable 

protons of the CEST agent (∆ω), which prevents the overlap of signal between bulk water and 

the CEST peak. Second, a greater ∆ω also makes the kex ≤ ∆ω condition easier to satisfy and 

allows for a greater magnitude of CEST because the faster the exchange rate, the greater the 
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CEST effect,13, 24 although other considerations such as pulse power are also important 

considerations as discussed in chapter 3. 

It is important to note that some highly paramagnetic metals cannot be used for CEST. 

These metals are strong T1 agents, such as Gd(III), Fe(II), Mn(II). They significantly increase 

proton relaxation time to the point where proton relaxation will occur before chemical exchange 

can occur, and therefore CEST will not be observed.13 

LipoCEST. 

Some researchers have proposed using liposomes as CEST agents with the major benefit 

being that liposome-based agents can be much more sensitive (detected at nanomolar 

concentrations) than the molecular agents previously described.28 Unlike molecular agents, 

which generally only have one to four exchangeable protons per agent for CEST, lipoCEST 

agents utilize the large pool of exchangeable water within the liposome. The water within the 

liposome has a different frequency than the water outside the liposome if the liposome is loaded 

with paramagnetic water shift agents.29 The proton/water exchange within a liposome, between 

water and the shift agents, should be fast (106-108 s-1)30 to produce shifted intraliposomal water. 

The water exchange between water in and out of the liposome through the lipid bilayer should be 

slow enough that the water pools remain separate on the NMR time scale, as this is the exchange 

that provides CEST.28 Along with greatly improved sensitivity, liposomes can improve 

biocompatibility as well as incorporate organic vehicles such as antibodies or peptides that can 

target specific types of tumor or cancer cells.6 

Along with the properties of the shift agent, research has shown that the size, shape, and 

magnetic moment of the liposome also play major roles in the frequency of the intraliposomal 

6 

https://agents.29
https://described.28
https://observed.13


 

 

            

  

             

           

             

       

             

                

                 

                  

           

           

       

 

water protons.28 The chemical shift of intra-liposomal water can be summarized in the following 

expression:24, 28 

δintralipo = δDIA + δBMS + δHyp (Equation 1.2) 

Here δintralipo is the chemical shift of intra-liposomal water. δDIA is the diamagnetic 

contribution, which is negligible. δHyp is the hyperfine contribution, which is dependent on 

chemical interaction between water and a paramagnetic center. 

δBMS is the bulk magnetic susceptibility contribution, which is determined by the shape 

and orientation of the liposome, the concentration of shift agent, and the magnetic moment of the 

metal center. If the liposome is spherical, then δBMS = 0. To make liposomes non-spherical and 

therefore increase δBMS , liposomes can be placed in a solution with a higher osmolality than the 

Figure 1.2. A diagram of a liposome encapsulating a paramagnetic shift agent. 

The resulting NMR spectrum is illustrated on the right, featuring the 

paramagnetically shifted intraliposomal water, chemically distinct from bulk 

water. 

7 

https://protons.28


 

 

                

         

               

              

 

           

              

                

            

             

 

       

              

             

             

              

           

               

                  

               

              

              

        

solution inside the liposome. This will cause water to diffuse out and result in osmotic shrinkage 

of the liposomes, resulting in a non-spherical, oblong shape.31 

The ∆ω of a lipoCEST agent is determined by the expression below, where δbulkwater is 

the chemical shift of surrounding water, and δintralipo is the chemical shift of intraliposomal 

28water. 

∆ω = 2π [δbulkwater-δintralipo]. (Equation 1.3) 

Paramagnetic shift agents have many aspects to their design to increase their ∆ω. Agents 

often have an open coordination site for water to bind directly to the paramagnetic metal, so that 

the intraliposomal water experiences significant water shift.29 Chapter 2 in this work will 

investigate the importance of this bound water, and whether or not it is needed for significant 

water shift. 

Considerations for designing a paraCEST or parashift agent. 

The design of paraCEST agent or shift agent can be broken down into two parts, the 

metal ion, and ligand, which is composed of a macrocycle and pendent group(s). 

The choice of metal ion is arguably the most important aspect of design. Paramagnetic 

metals provide the PICS, which shifts CEST peaks or water peaks far away from bulk water and 

provides the benefits previously discussed (paraCEST section). Our research group has focused 

on high-spin Fe(II) and Co(II), as well as Ni(II),25, 32 although lanthanide (Ln) metals, Ln(III) 

ions of Eu, Dy, and Tm are often employed, and many others including Ho, Er, and Yb have 

been studied.19, 24, 33-34 As mentioned earlier, it is important to note that high-spin Mn(II), Fe(III), 

as well as Gd(III) cannot be used as CEST agents because their high relaxivity properties directly 

compete with the CEST mechanism. In other words, a paramagnetic complex cannot be both a 

good T1 agent and a good CEST agent. 

8 

https://studied.19
https://shift.29
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The macrocycle chosen for the coordination complex is also important for the overall 

performance of the agent. Macrocycles have preferred sizes of the binding cavity, and contribute 

multiple donor atoms to bind the metal ion. The choice of macrocycle also determines how many 

sites there are for pendent modification of the ligand as well as the coordination geometry of the 

complex. The macrocycles used in complexes reported in this work and their common names are 

depicted in Scheme 1.1. CYCLEN is traditionally used for lanthanide agents due to its large 

binding cavity and four nitrogen sites for coordinating pendent groups to occupy eight of the 

eight-to-nine coordination sites of lanthanide metals.19, 33, 35 Agents based on macrocycles which 

provide fewer nitrogen atoms to be alkylated such as N3O and N2O2 are effective for transition 

metal agents, as they can be easily employed to make 6- and 7-dentate ligands. 

Scheme 1.1. Macrocycles that are used as frameworks for CEST and water shift agents in 

this work. 

Pendent groups often have multiple functions for CEST agents. They provide 

exchangeable protons required for CEST, as well as extra coordinating atoms to bind to the metal 

to increase stability and inertness. They can be designed to have a negative charge which can be 

a critical factor for biocompatibility, solubility, and water exchange rates.7, 22, 34 For transition 

metal agents, the choice of pendent group is also critical for stabilizing the desired oxidation and 

9 
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spin state of the metal.25, 36 As evidenced in literature,2, 14, 25-26, 37 and further evidenced in this 

work, amides are an excellent example of a pendent group for transition metals. They stabilize 

high spin Fe(II) and Co(II) as well as provide exchangeable protons that have exchange rates 

ideal for CEST. 

Chapter 2 of this dissertation focuses on a study of Fe(II) and Co(II) complexes based on 

ligands containing 12-member macrocyclic rings and appended with amides, comparing the 

structure, CEST properties and water proton shift properties of these complexes, and highlight 

the challenges of developing effective water proton shift agents with Fe(II) in particular. 

Chapter 3 focuses on continued studies of the Co(II) complex of the 1,4,8,11-

tetrakis(carbamoylmethyl)-1,4,8,11 tetraazacyclotetradecane (CCRM) ligand, a promising 

paraCEST agent with interesting coordination chemistry, and pH responsive properties that may 

be applied to produce a MRI based pH sensor. 

10 

https://metal.25


 

 

        

       

   

 

          

           

         

            

             

         

           

            

            

           

            

            

            

           

   

          

            

             

Chapter 2 : Exploring Inner-Sphere Water Interactions of Fe(II) 

and Co(II) Complexes of 12-Membered Macrocycles to Develop 

CEST MRI Probes. 

Introduction 

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

complexes that interact with water through inner-sphere and outer-sphere modes.38-39 While most 

studies focus on inner-sphere interactions, outer-sphere, or more specifically, second-sphere 

interactions are also important.40 Several recent reports show the importance of second-sphere 

interactions in T1 relaxivity agents that contain Gd(III)41-42 and also in paramagnetic chemical 

exchange saturation transfer (paraCEST) complexes that contain Eu(III), Yb(III), Ni(II), or 

Co(II).43-46 Another type of contrast agent for which second-sphere interactions are critically 

important is represented by nano-sized carriers.28 Such nanocarriers have assemblies of protons 

that interact with the paramagnetic complex. Common examples include liposomes loaded with 

lanthanide complexes,47 silica particles with attached lanthanide complexes,48 or cells containing 

lanthanide shift agents.49 The paramagnetic metal complex in the nanocarrier 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.50 

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

complexes as MRI contrast agents.1-2, 14, 25, 51-53 We recently reported transition-metal complexes 

with inner-sphere water ligands that were developed with the goal of shifting the water proton 
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resonances in the interior of liposomes or cells.44-45 Toward this goal, we showed that certain 

Co(II) complexes produce substantial proton water shifts.45 Paramagnetic Ni(II) complexes are 

also effective water proton shift agents, although the smaller magnetic susceptibility of these 

complexes produces less-shifted proton resonances.44 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. 

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

resonances, ligands related to the 12-membered tetraaza-macrocycle with four pendent amides 

(TCMC in Scheme 2.1) were studied. The TCMC ligand forms an interesting series of 

complexes with transition-metal ions ranging from eight-coordinated Fe(II)1 or Mn(II)54 to 

seven- or six-coordinated Co(II) to six-coordinated Ni(II).1 The Fe(II) complexes of TCMC are 

especially inert to the release of metal ions, as well as highly stabilized in the divalent form, 

preventing oxidation to Fe(III).14-15 Neither the Fe(II), Co(II), or Ni(II) complexes have bound 

water in the solid state, as shown by X-ray crystallography.1 

In the work presented here, the number of donor groups in the ligand is reduced from 

eight to six or seven, 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 2.1). The isolation and solution characterization of Co(II) or Ni(II) 

complexes with bound water ligands is relatively straightforward, however the corresponding 

Fe(II) complexes are less established. Fe(II) complexes are of special interest, given the 

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

12 
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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.14, 16, 55-58 Complexes studied in our laboratories to 

date have featured an encapsulated Fe(II) center to better control oxidation and spin state, and we 

have avoided inner-sphere water ligands.1, 14, 16, 25-26, 51-52, 55-56 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.59-60 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.61 In 

this study, we present a comparison of Fe(II) and Co(II) complexes of 12-ane macrocycles and 

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

Experimental Section 

Synthesis and Purification of Macrocyclic ligands. 

Metal complexes were synthesized using the following procedures, and is illustrated in 

scheme 2.2. 

Synthesis of 4,7,10-tris(carbamoylmethyl)-,4,7,10-triaza-12-crown-ether (N3OA). 

Synthesis of the N3O macrocycle followed a literature procedure to produce the HBr salt as 

shown in Scheme 2.1.62 N3O·HBr (0.40 mmol, 100 mg), 2-bromoacetamide (1.42 mmol, 196 

mg), triethylamine (1.1 mL, 7.90 mmol), and 6 mL of ethanol were added to a 50 mL Schleck 

flask under argon. The pH was adjusted to 8.5-9.0 with excess triethylamine. The mixture was 

stirred for 16 hours until a white precipitate formed. The precipitate was filtered, washed and 

dried. Yield 48 mg or 35%. ESI-MS (m/z) 345.3 [M+H]+, 367.4 [M+Na]+. 1H NMR (300 MHz, 

13 
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D2O): δ= 3.57(d, 4H, O-CH2 (ring)), 3.10(s, 4H, pendent CH2), 3.07 (s, 2H, middle pendent 

CH2), 2.60 (s, 8H, ring N-CH2-CH2-N), 2.50(s,4H, ring N-CH2-CH2-O). 13C NMR (300MHz, 

D2O): δ= 177.6(amide C=O), 68.2 (O-CH2), 57.5 (pendent CH2), 53.7, 51.9, 51.8, (N-CH2). 

Synthesis of 1,7-bis(carbamoylmethyl)-1,4,7,10-tetraazacyclodocane (DCMC, Scheme 

2.1). Dibenzyl 1,4,7,10-tetraazacyclododecane-1,7-dicarboxylate (Cbz-cyclen) was synthesized 

as previously reported.63 Then 0.5412 g (1.23 mmol) of Cbz-cyclen was dissolved in ethanol, 

stirred in a round bottom flask, and heated to 60 ⁰C. A 0.350 mL aliquot of trimethylamine 

(TEA) and 0.3390 g (2.53 mmol) of bromoacetamide was added to the solution, and the solution 

was stirred at 60 ⁰C for two hours. The reaction progress was monitored using mass 

spectrometry. If needed, 0.10 mL TEA and 0.0557 g more bromoacetamide were added to 

increase the yield of product. The solution was further stirred for two more hours at 60 ⁰C, and 

16 hours at room temperature. The volume of the solution was reduced, then the solution was 

cooled to produce crystals of TEA-HCl salt that were removed by filtration. Solvent was 

removed under vacuum to yield a yellow oil of 0.6747g (1.22 mmol, 99.0% yield). ESI-MS m/z: 

555.3 (100%). 1H NMR (300 MHz, CDCl3): δ=7.33 (s, 10H, benzyl aromatic H), 5.09 (s, 4H, 

benzyl CH2), 3.45 (s, 4H, amide CH2), 3.15 (m, 8H, ringCH2-N-amide), 2.77 (m,8H, ringCH2-N-

cbz). 13C NMR (300 MHz, CDCl3): δ=204.44 (C(O)NH), 154.55 (C(O)OR), 133.52 (benzyl C), 

126.10, 125.91 (benzyl CH), 65.17 (benzyl-CH2), 55.23 (amide CH2), 52.38 (ring CH2-N-

amide), 44.72 (ring CH2-N-ester). 

Next, the product was dissolved in methanol and bubbled with Ar gas, and 10% mol ratio 

of Pd/C was added to the solution under Ar, along with 2 drops of acetic acid catalyst in a Parr 

hydrogenator under H2 atmosphere and reacted for 20 hours. The solution was then filtered 

through celite and solvent was removed under vacuum to yield a white oily product. The 
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product was recrystallized with EtOH to give a white powder (0.2885g, 82.6% yield). The 

powder was dried for 16 hours under vacuum. ESI-MS m/z: 287.3 (100%), 309.3m/z (20%). 1H 

NMR (300 MHz, D2O): δ=3.54 (s, 4H, pendent CH2), 3.10 (m,8H, ring CH2NH), 2.88 (s, 8H, 

ring CH2N), 1.19 (t,1H, NH), 1.04 (t, 1H, NH). 13C NMR (300 MHz, D2O): δ=175.35 (amide 

carbon), 55.08 (pendent CH2), 49.51 (ring N-CH2), 42.90 (ring C-NH). 

Synthesis 4,10-bis(carbamoylmethyl)-4,10-diaza-12-crown-ether (NODA). NODA was 

synthesized by adding 92.1 mg (0.535 mmol) of 1,7-dioxa-4,10-diazacyclododecane, along with 

170.6 mg bromoacetamide (1.24 mmol) to a solution of ethanol (1.1 mL). A 1.62 mL aliquot of 

triethyl amine (TEA, 1.43 mol) was added and the solution was refluxed for four hours at 

approximately 80 °C. Ethanol was periodically added to return the solution to the original 

volume during the reaction. The reaction mixture turned a milky white while refluxing. After 

four hours, the product was allowed to cool to room temperature. Crystals were re-dissolved in 

80:20 EtOH/H2O solution, heated to 50 °C then allowed to cool slowly, and then left in a freezer 

for 20 hours. The liquid was decanted to produce a shiny white powder that was dried under 

vacuum to give 108.0 mg, 70.1% yield. ESI-MS m/z: 289.3 (100%), 290.3, (10%) [M+H+); 

311.3(40%), 312.3(<10%) [M+Na+]. 1H NMR (500 MHz, D2O): δ=3.51 (t, 8H, ring CH2 

adjacent to oxygen), 3.13 (s,4H, pendent CH2), 2.69 (s, 8H, ring CH2 adjacent to nitrogen). 13C 

NMR (300 MHz, D2O): δ=174.79 (amide carbon), 67.06 (ring C-O-), 58.89 (pendent CH2), 

55.07 (ring C-N). 
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Scheme 2.1: The synthetic schemes of macrocyclic ligands used in this chapter. 
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Synthesis of Metal Complexes. 

[Co(N3OA)](NO3)2: The N3OA ligand (0.11 mmol, 0.038 g) was dissolved in 2 mL 

acetonitrile under argon. Co(NO3)2·6H2O (0.11 mmol, 0.032 g) was added to the solution and 

stirred 16 hours forming a pink precipitate. The precipitate was collected by filtration, washed 

and dried to give 55 mg, 95 %. 1H NMR (D2O, 400 MHz,80 ⁰C): δ 13.0(2H), 26.5(2H), 

30.4(2H), 57.6(2H), 61.4(2H), 65.5(2H), 72.9(4H), 92.2(4H). Purity: 90% by 1H NMR 

integration against standard. ESI-MS m/z: 201.8 [M/2]2+
, 402.2 [M-H+]+ Expected Values: 

201.6, 402.1, where M = complex cation. 

[Co(DCMC)]Cl2: The DCMC ligand (0.0283 g) and CoCl2·6H2O (0.0235 g) were stirred 

in 2 mL of ethanol at 60⁰C for 12 hours. The solution was cooled, and a purple solid was collected 

by filtration and washed to give a yield of 0.0513 g, or 99%. ESI-MS m/z: 172.8 (100%)[M/2]2+, 

344.2(25%)[M-H+]+, 380.0 (20%)[M+Cl]+. Expected values: 172.6, 344.3, 380.1, where M = 

complex cation. Note: [Co(DCMC)]Cl2 was used for formation of crystals for X-ray 

crystallography studies; however, [Co(DCMC)](NO3)2 (synthesis described below) was used for 

solution studies. 

[Co(DCMC)](NO3)2: The DCMC ligand (0.2061g) was dissolved in water and stirred in a 

round bottom flask. The pH was adjusted to approximately 7 using 1 M NaOH, then 0.2073 grams 

of Co(NO3)2·6H2O were added to the stirring solution, and the pH was re-adjusted to 

approximately 7 using NaOH solution. After stirring for 2 hours, the solvent was removed by 

vacuum. The resulting solid was dissolved in a minimum amount of ethanol, then added to a 

centrifuge tube, and diethyl ether was added to induce precipitation. The solid was repeatedly 

centrifuged and washed with ether to obtain and light purple solid (Yield, 0.2425 g, 71.8 %). 1H 

NMR (D2O, 400MHz): δ 42.7(4H), 61.3(4H), 82.2(8H), 90.8(4H). Purity: 74% by 1H NMR 
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integration against standard. ESI-MS m/z: 172.8 (100%)[M/2]2+, 344.2(50%)[M-H+]+. Expected 

values: 172.6, 344.3, 380.1, where M = complex cation. Note: Low calculated purity may partly 

be a result of fluxtionality of CoDCMC in solution on the NMR, leading to less accurate integration 

compared to other complexes. 

[Co(NODA)]Cl2: The NODA ligand (0.0608g) and CoCl2·6H2O were dissolved in ethanol 

and stirred in a round bottom flask for 4 hours. A pink precipitate formed and was collected by 

filtration and washed. (Yield 0.0826 g, 95.0%). 1H NMR (D2O, 400MHz, 25⁰C): δ 32.9(4H), 

37.3(4H), 71.3(4H), 89.9(4H), 108.1(4H). Purity: 91% by 1H NMR integration against standard. 

ESI-MS m/z: 173.8 (100%)[M/2]2+, 346.2(25%)[M-H+]+. Expected values: 173.6, 346.3, where 

M = complex cation. 

[Fe(N3OA)]Cl2: The N3OA ligand (0.43 mmol, 150 mg) was dissolved in 3 mL of ethanol 

under argon atmosphere. FeCl2·4H2O (0.43 mmol, 86 mg) was added to the solution and stirred 

16 hours forming a light-yellow precipitate. The precipitate was collected by filtration (54 mg, 

27%). 1H NMR (D2O, 400MHz, 80⁰ C): δ 21.6(4H), 33.1(2H), 42.9(4H), 55.8(2H), 

57.7(2H),74.8(2H), 78.6(2H). Purity: 91% by 1H NMR integration against standard. ESI-MS m/z: 

200.2 (95%) [M/2]2+, 399.3 (20%) [M-H+]+, 435.0 (100%)[M+Cl]+. Expected values: 200.1, 399.1, 

435.1, where M = complex cation. 

[Fe(DCMC)](CF3SO3)2OH: The DCMC ligand (13.9mg) and Fe(CF3SO3)2 (18.0mg) were 

dissolved in water under Ar atmosphere. The solution was stirred for 16 hours. The solvent was 

removed by vacuum, and the solution was precipitated and centrifuged in a EtOH/Ether mixture 

to obtain an orange solid. ICPMS: Fe content analysis through ICPMS calculated for 

[Fe(DCMC)](CF3SO3)2OH : Calculated 54.6, found: 53.1, % purity: 97%. ESI-MS m/z: 170.7m/z 
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(80%)[(M-H)/2]2+, 186.5m/z (100%) [(M+MeO-)/2]2+. Expected values: 170.7, 186.6, where M = 

complex cation. 

[Fe(NODA)](CF3SO3)2: In round bottom flask, acetonitrile was bubbled with Argon gas. 

Then approximately equal molar amounts of the NODA ligand (45.0mg) and Fe(CF3SO3)2 salt 

(60.4mg) were added to the solution. The contents were bubbled with Ar gas for five minutes, 

then sealed and stirred together in dry acetonitrile for approximately twelve hours at 40 ̊ C. Solvent 

was removed under vacuum to obtain a light yellow solid (Yield, 80.1 mg, .79.9%). 1H NMR 

(D2O, 400MHz, 25⁰C): δ 35.2 (4H), 37.4(8H), 76.9(4H), 91.6(4H). Purity: 96% by 1H NMR 

integration against standard. ESI-MS m/z: 344.2 (100%) [M-H+]+, 493.1 (85%) [M+(CF3SO3)-]+. 

Expected values: 343.1, 493.1, where M = complex cation. 
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Scheme 2.2: The synthesis schemes of Fe and Co complexes of macrocyclic ligands discussed 

in this chapter. 
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Crystallization of complexes. 

Co(N3OA)(NO3)2 • 2.33H2O crystals were grown by slow evaporation in a 

water/methanol mixture, while [Co(DCMC)]Cl2 and [Co(NODA)(OH2)]Cl2 were dissolved in 

hot water, then allowed to crystallize by slow evaporation of water. Crystals of 

[Fe2(NODA)2(O)](CF3SO3)4 were grown by slow evaporation of a water methanol mixture. 

Collection of X-ray diffraction data. 

For Co(N3OA)(NO3)2 • 2.33H2O, the datum crystal (0.09 x 0.17 x 0.20 mm3) was 

suspended in N-Paratone oil and mounted on a MiTeGen Microloop (150 μm), and the crystal 

was cooled to 100 K. A series of φ and ω scans were used to cover reciprocal space. Data 

collection was performed routinely. The structure was solved in Olex264 using ShelXS65 via 

direct methods. Least-squares refinement proceeded routinely using ShelXL.66 The structure is 

available through the Cambridge Structural Database, CCDC number: 1577991. 

Single crystals of C12H26Br2CoN6O2, C12H30Cl2CoN4O7, and 

C26.5H48F7.5Fe2N8O16.5S2.5 were selected and mounted on a glass fiber with a minimal amount of 

oil on a Bruker SMART APEX-II CCD diffractometer installed at a rotating anode source (Mo 

Kα radiation, = 0.71073 Å) and equipped with an Oxford Cryosystems (Cryostream700) nitrogen 

gas-flow apparatus. The data were collected at 90 K by the rotation method with a 0.5° frame-

width (ω scan) with a 20 second and 2 second exposure per frame, respectively. Using Olex264, 

the structure was solved with the olex2.solve67 structure solution program using Charge Flipping 

and refined with the ShelXL66 refinement package using Least Squares minimization. 

Standardization of complexes by 1H NMR. 

The actual concentration vs. calculated concentration of new complexes used for solution 

study was determined on a Varian 400 MHz 1H NMR. Samples contained 25 mM metal complex 
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in D2O with a 3 mM sodium 3-trimethylsilyl-1-propanesulfonate (TMPS) internal standard. 

Experiments for the Fe and Co complexes of NODA were performed at 25 ⁰C, while the 

experiments for the complexes of Fe and Co complexes of N3OA, as well as 

[Co(DCMC)](NO3)2 were performed at 80 ⁰C, to minimize inaccuracy caused by peak 

fluxionality at room temperature. The average integration of paramagnetic peaks relative to the 

internal standard was used to determine that actual concentration of paramagnetic complex. The 

percent purity was calculated using the following formula: 

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 
% purity = •100 % 

𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

ICP-MS. 

For the iron complex of DCMC, ICP-MS was used to determine purity by comparing the 

observed concentration of Fe in a solution and comparing that to a calculated value. 

Magnetic Moment. 

The effective magnetic moments (µeff) of the complexes were determined by 1H NMR by 

using the Evans method described in literature.68 Samples were prepared using a coaxial NMR 

insert which contains paramagnetic complexes with fixed concentrations of 5 mM to 50 mM, 

buffered at approximately pH 7 using 20 mM HEPES buffer, in the presence of 5 % t-butanol. At 

least four independently measured values were averaged for determination of magnetic moment. 

The outer 5 mm NMR tube contained the diamagnetic standard of 5 % t-butanol in D2O. 

Chemical Exchange Saturation Transfer (CEST). 

The CEST data were acquired at 37 °C with a presaturation pulse power of 28 μT, 

applied for 2 s at 11.4 T, unless stated otherwise. All samples contained 20 mM (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer in 100 mM NaCl. The frequency 
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offset was varied in 1ppm (500 Hz) increments, and a CEST spectrum was obtained by plotting 

normalized water intensity against frequency offset. 

17O NMR. 

NMR samples were prepared in water with 1% H2
17O. The full width at half maximum 

(FWHM) of the water peak and frequency (chemical shift) of the water peak of standards and 

complex-containing samples were observed, samples were buffered between pH 6 and 7.4. The 

frequencies of the water peaks were used to calculate q-number. The FWHM of the signal in the 

absence and presence of metal complex at variable temperatures was used to calculate the 

transverse relaxation times using Swift-Connick69 equations (Eq. 1-5). The fits are from the 

simultaneous least-squares fit of the measured data. The model and derivations are similar to that 

reported by Van Eldik and co-workers.70 

)−1 2 )1 π 1 (𝑇2
−
m
2 +(𝑇2𝑚τm +Δω𝑚 1 

= (∆νobserved − ∆νsolvent) = ∗ 2 + (Equation 2.1) 
−1 −1) 2𝑇2𝑟 𝑃𝑀 τ𝑚 (𝑇2𝑚+τ𝑚 + Δω𝑚 𝑇2𝑜𝑠 

In Equation 2.1, the variables are defined as follows: Where 1/T2r is the reduced 

transverse relaxation rate constant, Pm is the mole fraction of water in the exchanging site 

compared to the bulk water, (∆νobserved - ∆νsolvent) is the difference in line widths of water peak in 

presence of complex and water standard, respectively, 𝜏𝑚 is the lifetime of the bound water 

molecules, 𝑇2𝑚
−1 is the transverse relaxation rate of the bound water, Δ𝜔𝑚 is the difference 

between the resonance frequency of oxygen-17 nuclei of solvent in the metal ion first 

coordination sphere and in the bulk, 1/𝑇2𝑜𝑠 represents transverse relaxation contributions from 

the outer sphere interactions. Note that 𝑇2𝑚 −1 and 1/𝑇2𝑜𝑠 can be neglected at lower temperature 

ranges and the Swift- Connick equation then is reduced to equation Equation 2.2. 
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1 π 1 Δω𝑚
2 

= (∆νobserved − ∆νsolvent) = ∗ 2 (Equation 2.2) 
𝑇2𝑟 𝑃𝑀 τ𝑚 τ𝑚

−2+ Δω𝑚 

For graphical representation of the data, the natural log of both sides of the equation was 

taken, as shown in Equation 2.3: 

1 1 Δω𝑚
2 

ln ( ) = ln ( ∗ 2 ) (Equation 2.3) 
𝑇2𝑟 τ𝑚 τ𝑚

−2+ Δω𝑚 

The bound water residence time, and the chemical shift difference between bound and 

bulk water are represented by Equations 2.4 and 2.5,71 respectively. 

1 𝑘𝑏𝑇 𝛥𝑆‡ 𝛥𝐻‡ 

= 𝑒𝑥𝑝 ( − ) (Equation 2.4) = 𝑘𝑒𝑥 ℎ 𝑅 𝑅𝑇 τ𝑚 

In equation Equation 2.4, kex is the water exchange rate at the coordination site and is the 

inverse of the water residence time (τm) , kb is Boltzmann’s constant, h is Planck’s constant, T 

represents absolute temperature, and Δ𝑆 ‡ and Δ𝐻 ‡ represent the activation entropy and 

enthalpy, respectively and R is the gas constant. 

𝑔𝐿µ𝑏𝑆(𝑆+1)𝐵 𝐴 
𝛥ω𝑚 = ( ) (Equation 2.5) 

𝑇 ℏ 

𝐶 
𝛥ω𝑚 = (Equation 2.6) 

𝑇 

In Equation 2.5, gL is the isentropic Lande factor, b is the magnetic moment, S 

represents the total spin state, and B represents the magnetic field. In Equation 2.6, the isentropic 

Lande factor, magnetic moment, spin state, magnetic field, and hyperfine coupling constant 

terms are consolidated into a single parameter which is solved for in the treatment of the data. 

This consolidation is represented by the constant C. Since activation enthalpy and entropy cannot 

be directly measured, they were treated as parameters and solved for in the least-squares fitting 
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of ln(1/𝑇2𝑟) vs. 1/𝑇. Uncertainties in the values of parameters were obtained using a statistics 

report generated within the program. 

Methods for monitoring dissociation of complexes. 

The dissociation of the complexes was measured against competing cations (Cu2+), in the 

presence of acid, and in the presence of biologically relevant anions, as described below. 

Samples contained 100 or 200 μM Co(II) or Fe(II) complex, 20 mM MES buffer, and 

either 1:1, 1:2, or 1:4 equivalents of Cu(NO3)2. Absorbance measurements of the formation of 

Cu(II) complexes were recorded by UV-vis spectroscopy at 271, 274, and 284 nm for N3OA, 

NODA, and DCMC complexes respectively, maintaining the samples at 25 ⁰C and monitoring the 

reactions over a period of three or more hours. 

1H NMR spectra of 20 mM [Co(N3OA)]2+, [Co(DCMC)]2+ and [Co(NODA)]2+ in D2O 

were collected after 12 h. All solutions were incubated at 37 ⁰C between the measurements. The 

3.0 mM TMPS internal standard was used for the monitoring of complex concentration by means 

of integration of 1H NMR resonances, which were used for the calculation of dissociation. A 

solution containing 0.4 mM Na2HPO4, 25 mM K2CO3 and 100 mM NaCl at pD 7-7.5 was used 

for anion stability studies for [Co(N3OA)]2+, [Co(DCMC)]2+ and [Co(NODA)]2+ complex. The 

stability to acid dissociation was determined at pD 3.5-4, 100 mM NaCl for [Co(N3OA)]2+ and 

[Co(NODA)]2+ using NMR methods. For [Co(DCMC)]2+, a 10 mM solution of Complex was 

monitored for 12 hours at pH 3 to 3.5 by UV-vis at 479 nm. 
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Results 

Synthesis and Solid State Structure of Complexes. 

Three new macrocyclic ligands with pendent amide groups were synthesized (NO3A, 

DCMC, NODA, shown in scheme 2.3) and metalated with divalent Fe(II) and Co(II) salts for 

comparison with the previously reported tetraaza-macrocycle TCMC and Co(TCMC)Cl2. 

Scheme 2.3: The ligands of interest with their corresponding abbreviations. 

Crystal structures of [Co(N3OA)](NO3)2·2.33H2O, Co(DCMC)Br2, 

[Co(NODA)(H2O)]Cl2, and [Fe2(NODA)2(O)](CF3SO3)4 dimer were obtained (Figure 2.1), and 

are illustrated along with structures of Fe(II) and Co(II) TCMC in Figure 2.2 for comparison. 

[Co(N3OA)](NO3)2 • 2.33 H2O features a 7-coordinate cobalt(II) metal center, with all four 

macrocycle donors bound to the Co(II) and all three pendent amides bound through carbonyl 

oxygen atoms. Two formula units were found in the asymmetric unit (Zʹ=2 with Z=4). Both 

enantiomers of the complex are found in the structure as it crystallizes in the centrosymmetric 

space groups P-1. The major component contributed 68% to the overall structure. The structure 

features multiple water molecules within the void space. These water molecules form a hydrogen 

bond network connected units of [Co(N3OA)](NO3)2• 2.33H2O, nitrate counter-ions, and other 

water molecules. There is also an instance of intermolecular H-bonding between two units of 

[Co(N3OA)](NO3)2 • 2.33H2O interacting through the amide arms. 
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Two similar enantiomers are found in the crystal structure, each possessing highly distorted 

coordination environments making it difficult to classify them within the typical coordination 

polyhedra. [Co(N3OA)]2+ can best be described as having a capped trigonal prismatic geometry, 

72analogous to, though distorted from, the geometry of TaF7. 

Figure 2.1. ORTEP plots of the crystal structure of (A) [Co(N3OA)](NO3)2·2.33H2O, (B) 

Co(DCMC)Br2, (C) [Co(NODA)(H2O)]Cl2, and (D) [Fe2(NODA)2(O)](CF3SO3)4 dimer (at the 

50% probability level). H atoms, counterions, and water molecules of crystallization have been 

omitted for the sake of clarity, with the exception of the bound water on (C). 
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Figure 2.2. ORTEP plot of the cations of [Fe(TCMC)]X2 ·H2O (left), [Co(TCMC)]X2 ·3H2O 

(center 6 coordinated structure), and [Co(TCMC)]X2 ·CH3OH, (right 7 coordinated 

structure). Ellipsoid set at 50%, while hydrogen atoms were removed for clarity (X 

represents a mixture of Cl and Br). Figure reprinted from literature18 with permission. 

The structure of [Co(DCMC)]2+ has four Co(II)-nitrogen bonds to the macrocycle 

backbone and two amide carbonyl groups. The six-coordinated complex has an average twist angle 

of 11.7° between the two trigonal planes, consistent with a distorted trigonal prismatic structure, 

as illustrated in the Figure 2.3. 

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. 

Crystallographic data are given in Table 2.1. 
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Figure 2.3. Twist angles of [Co(DCMC)]Br2. The average twist angle is 11.7⁰ 

which indicates a distorted trigonal prismatic structure. 
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Table 2.1. Crystal data and structural refinement of [Co(N3OA)](NO3)2·2.33H2O, 

Co(DCMC)Br2, [Co(NODA)(H2O)]Cl2, and [Fe2(NODA)2(O)](CF3SO3)4 . 

Identification [Co(N3OA)](NO3)2 

• 2.33H2O 

[Fe2(NODA)2O] 

(CF3SO3)4 

[Co(NODA)(OH2)] 

Cl2 

[Co(DCMC)]Br2 

Empirical formula C14H32.66CoN8O12.33 C26.5H48F7.5Fe2N8O 

16.5S2.5 

C12H30Cl2CoN4O7 C12H26Br2CoN6O2 

Formula weight 569.30 1077.08 472.23 505.14 

Temperature/K 99.99 90 90 90 

Crystal system triclinic triclinic monoclinic monoclinic 

Space group P-1 P-1 P21/n C2/c 

a/Å 11.0724(4) 11.1220(7) 7.6330(3) 9.368(6) 

b/Å 15.0615(6) 11.9539(8) 11.4788(4) 11.023(7) 

c/Å 15.6974(6) 20.5079(13) 23.0718(8) 18.036(11) 

α/° 106.849(1) 90.2940(10) 90 90 

β/° 100.345(1) 101.2320(10) 94.3032(8) 101.449(19) 

γ/° 105.642(1) 101.6090(10) 90 90 

Volume/Å3 2316.4(2) 2616.8(3) 2015.80(13) 1826(2) 

Z 4 2 4 4 
g/cm3ρcalc 1.632 1.367 1.556 1.838 

μ/mm-1 0.820 0.743 1.157 5.335 

F(000) 1193.0 1109 988 1012 

Crystal size/mm3 0.2 × 0.17 × 0.09 0.12 × 0.06 × 0.02 0.4 × 0.12 × 0.06 0.06 × 0.06 × 0.01 

Radiation 
MoKα (λ = 0.71073) 

MoKα (λ = 
0.71073) 

MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
5.658 to 52.892 

3.482 to 61.092 3.54 to 67.56 4.608 to 61.432 

Index ranges -13 ≤ h ≤ 13, -18 ≤ k 

≤ 18, -19 ≤ l ≤ 19 
-15 ≤ h ≤ 15, -17 ≤ 
k ≤ 17, -29 ≤ l ≤ 29 

-10 ≤ h ≤ 11, -17 ≤ k 

≤ 17, -36 ≤ l ≤ 35 
-10 ≤ h ≤ 13, -15 ≤ k 

≤ 9, -25 ≤ l ≤ 14 
Reflections 

collected 
60619 

61272 33091 6828 

Independent 

reflections 
9508 [Rint = 0.0416, 

Rsigma = 0.0265] 

15980 [Rint = 

0.0249, Rsigma = 

0.0241] 

8046 [Rint = 0.0270, 

Rsigma = 0.0244] 

2832 [Rint = 0.0807, 

Rsigma = 0.1062] 

Data/restraints/par 

ameters 
9508/1202/851 

15980/0/651 8046/0/242 2832/0/105 

Goodness-of-fit on 

F2 

1.017 1.018 1.061 1.045 

Final R indexes 

[I>=2σ (I)] 
R1 = 0.0387, wR2 = 

0.0861 

R1 = 0.0349, wR2 = 

0.0852 

R1 = 0.0336, wR2 = 

0.0925 

R1 = 0.0636, wR2 = 

0.1343 

Final R indexes 

[all data] 

R1 = 0.0528, wR2 = 

0.0926 

R1 = 0.0437, wR2 = 

0.0890 

R1 = 0.0404, wR2 = 

0.0965 

R1 = 0.0953, wR2 = 

0.1468 

Largest diff. 
peak/hole / e Å-3 0.97/-0.95 

0.65/-0.51 1.72/-0.92 0.94/-1.14 
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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. Crystals of 

these two complexes were not obtained. 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 2.1 D) upon standing for several 

days. The solid-state structure features two seven-coordinated Fe(III) centers bridged by a μ-oxide 

ligand, with a notably shorter bond length than other coordinating atoms (1.78 vs >2.1 Å). The Fe-

centers both display distorted pentagonal bipyramidal geometry with an average axial bond angle 

of 176.40°. 

Solution State Characterization of Complexes. 

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

susceptibility measurements and 1H NMR spectra. Magnetic moments, as determined using the 

Evans method, are tabulated in Table 2.2. The magnetic moments for the cobalt complexes, 

ranging from 4.1 to 4.4, are consistent with high-spin Co(II).1-2, 73 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 4.7,14, 26, 73 respectively, while a value of 5.2 was observed for the Fe DCMC 

solutoin, which is characteristic of Fe(III). 

Table 2.2. Magnetic Moment (μeff) Calculated with Samples Containing 5−50 mM 

Complex, 20 mM pH 7.0 HEPES Buffer in 5% (v/v) t-butanol at 25 °C. 
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In addition, the divalent complexes produced the sharp and highly paramagnetically shifted 

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

macrocyclic ligands. The 1H NMR spectra of the Co(II) and Fe(II) complexes of NODA had 

relatively sharp, paramagnetically shifted proton resonances at 25 °C. For [Co(NODA)]2+, 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 methylene groups of the pendent 

amides, as shown in 1H NMR spectrum in 

Figures 2.4. The fact that there are only five 

proton resonances suggests that the complex 

is dynamic on the NMR time scale. This may 

involve pendent group movement to 

interchange the H3 and H3′ protons. In H2O, 

the exchangeable amide NH proton peaks are 

observed. 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 time scale, as further supported below 
Figure 2.4. 1H NMR spectra of [Co(NODA)]2+ 

by variable-temperature 17O NMR 
in D2O (top) and in water (bottom). The 

experiments. 
bottom spectrum shows exchangeable amide 

For [Fe(NODA)]2+, the comparison of proton resonances, marked with (*). 

spectra in D2O and aprotic CD3CN reveals the 
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amide proton peaks at 60 ppm in Figure 

2.5. Overlapped resonances make this 

spectrum more difficult to interpret; 

however, it has the same characteristics and 

behavior as [Co(NODA)]2+ in solution. 

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 

previously attributed to a fluxional 

1-2process. Consistent with a dynamic 
Figure 2.5. 1H NMR spectra of [Fe(NODA)]2+ in 

process, increasing the temperature of the 
D2O(top) and CD3CN (bottom) at 25⁰C. Studies 

NMR experiments for these complexes were performed on a 500 MHz NMR 

produces notably sharper proton spectrometer. 

resonances. This is shown in Figures 2.6-2.8 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 more 

well-defined, as temperatures are increased from 25 °C to 80 °C. 

Similarly, at 25 °C, 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. The rapid 
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oxidation of the complex in aqueous solution results 1H NMR spectra with no discernible proton 

resonances at 25 °C (Figure 2.9). 

T1 measurements on solutions of the complex at 400 MHz produced a T1 relaxivity of 1.0 

mM−1 s −1 at 500 MHz (Figure 2.10), which is consistent with an Fe(III) complex.74 T1 values 

were collected from samples with approximately 0.0, 0.25, 0.50, 0.75 and 1.0 mM complex, and 

10 mM pH 7 HEPES buffer. 

Figure 2.6. 1H NMR spectra of [Co(N3OA)]2+ in D2O at 80, 60, 40 and 25 ⁰C (top 

to bottom). Resonances become more defined as temperature increases. Studies 

were performed on a 400 MHz NMR spectrometer. 
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Figure 2.7. 1H NMR spectra of [Fe(N3OA)]2+ in D2O at 80, 60, 40 and 25 ⁰C (top to bottom). 

Peaks appear more defined as temperature increases. Small peaks at roughly 70 to 80 ppm 

are amide protons. These amide resonances are diminished by D-exchange, but are still 

visible at high concentrations. Studies were performed on a 400 MHz NMR spectrometer. 
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Figure 2.8. 1H NMR spectra of [Co(DCMC)]2+ in D2O at 80, 60, 40 and 25 ⁰C (top to 

bottom). Resonances become more defined as temperature increases. Studies were 

performed on a 400 MHz NMR spectrometer. 
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Figure 2.9. 1H NMR spectrum of [Fe(DCMC)]3+ in D2O at 25⁰C. No 

discernable proton resonances are present as a result of high T1 relaxivity as 

is expected with an Fe(III) metal center (500 MHz NMR). 

Figure 2.10. A graph used to determine the T1 Relaxivity of [Fe(DCMC)]3+at 400 MHz. 

The T10 value was obtained from a standard with no added complex. The slope of the 

-1 -1graph determined a relaxivity of 1.0 mM s , expected for an Fe3+ complex. 
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The ultraviolet−visible (UV-vis) absorption spectra of the Co(II) complexes are shown in 

Figures 2.11 and 2.12. [Co(NODA)]2+ and [Co(N3OA)]2+ both produce two major barely resolved 

−1peaks at ∼510 and 480 nm, with extinction coefficients of 10 M−1 cm , consistent with d−d 

transitions that are Laporte-forbidden. The spectrum of [Co(TCMC)]2+ has three major bands with 

extinction coefficients of ∼10 M−1 cm−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-coordinated 

Figure 2.11 UV-vis absorbance spectrum of Co(II) complexes from 400 to 700 nm at 

concentrations between 10 and 100 mM, except [Co(DCMC)]2+ for which spectra were 

acquired at concentrations from 2.5 to 20 mM, due to a significantly higher extinction 

coefficient in that range. 
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Figure 2.12. A plot of absorbance vs. concentration of the Co(II) complexes and Co(II) 

nitrate and chloride salts. A wavelength with the most intense absorbance between 400-

700nm was selected for the plot for each complex. 

complexes in the solid state. [Co(DCMC)]2+ has slightly more intense peaks (ε = 65 M−1 cm−1 ) at 

470−560 nm, which are similar in position and intensity to distorted octahedral Co(II) macrocyclic 

complexes reported previously.45, 75 

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

electrochemical window accessible with water as a solvent (Figure 2.13). Typically, Co(II) 

macrocyclic complexes with pendent amide groups have high Co(II)/Co(III) redox potentials 

(800−1000 mV vs SHE), which signify stabilization of the Co(II) state.2 [Fe(N3OA)]2+ does not 

show an oxidation wave under these conditions, which is consistent with the redox potentials 

observed for similar complexes, such as [Fe(TCMC)]2+, that have a redox potential of 800 mV 

versus SHE in acetonitrile.14,15 [Fe(DCMC)]2+/3+ produces a cyclic voltammogram with two sets 

of waves between 40 mV and 240 mV vs Ag/AgCl (Figure 2.14), consistent with the presence of 

two different species in aqueous solution. In contrast, [Fe(NODA)]2+/3+ produces a cyclic 

voltammogram with a quasi-reversible wave with an E1/2 value of 426 mV versus Ag/AgCl (Figure 

39 
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2.15). A solution of K4[(Fe(CN)6] 4− was used under similar conditions as a standard (Figure 2.16), 

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

electrode (SHE) of 358 mV.76 From these data, we calculate a E1/2redox potential of 588 mV for 

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

40 
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Figure 2.13. Cyclic voltammograms for [Co(N3OA)]2+(A), [Co(DCMC)]2+(B), 

[Co(NODA)]2+(C), and [Fe(N3OA)]2+(D), from -1 to 1 Volts in water vs. Ag/AgCl reference 

electrode. Samples contained 1 mM complex, 20 mM HEPES, 100 mM KCl, and were run at 

200 mV/s. 



 

 

 

 

 

 

          

              

           

Figure 2.14. Cyclic voltammogram of [Fe(DCMC)]2+/3+. Sample was run with Ag/AgCl 

reference electrode and exhibited two sets of waves between 40 mV and 240 mV. Samples 

contained 1 mM complex, 20mM HEPES pH 5.74, 100 mM KCl. 
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Figure 2.15. Cyclic voltammogram of Fe[(NODA)]2+/3+, 1 mM Complex, 20mM 

HEPES, 100 mM KCl, pH 7.0 in water with 100 mV/s scan rate. Potential 

measured vs. Ag/ AgCl electrode, with glassy carbon and platinum wire used as 

working and counter electrodes respectively. E1/2= 0.426 V versus Ag/AgCl or 

0.588 V versus SHE. 
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Figure 2.16. A Cyclic voltammogram of a 1mM K4[Fe(CN)6] standard in 100 mM 

KCl(aq), recorded at 100 mV/s. E1/2= 0.196 V against Ag/AgCl electrode. 
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Variable Temperature 17O NMR Studies. 

All discussed Co(II) complexes and the Fe(II) complexes of N3OA and NODA, as well as 

CoCl2 and FeCl2 salts, were studied by 17O NMR spectroscopy using 17O water (1% v/v) to 

characterize water interactions (Figures 2.17-2.24). For complexes with an open coordination site 

to bind to water, variable-temperature experiments were used to study water ligand exchange for 

determination of exchange rate constants. In these experiments, the 17O NMR resonance of bulk 

water shifts and broadens or sharpens as a function of temperature of an aqueous solution. Samples 

containing 40-100 mM paramagnetic complex are compared with a standard (Figure 2.17 

illustrates the standard solutions) to interpret how the complexes are interacting with water. A 

typical closed coordination sphere complex will produce a 17O resonance that shifts up-field with 

an increase in temperature, because of the temperature dependence of the paramagnetic center. A 

complex with a bound water molecule that is averaged with bulk water typically displays a broader 

17O resonance, because of the direct interaction of water with the paramagnetic center. An increase 

in temperature leads to a more-rapid water exchange, and this will affect the 17O NMR shift and 

peak width. The variable-temperature spectra of FeN3OA complexes vs. FeNODA complexes 

illustrated in Figures 2.18 demonstrate these striking differences in behavior between complexes 

with a bound water and those without.45 The [Fe(N3OA)]2+ NMR spectra (Figure 2.18) show little 

broadening of the water resonance, compared to a water standard (Figure 2.17), indicating that 

there is no direct metal−water interaction, and only outer-sphere waters. The [Fe(NODA)]2+ 

spectra show significant shifting and broadening of the 17O resonance, indicative of an inner-

sphere metal−water interaction.59-60 The spectra of [Co(NODA)]2+ (Figure 2.21) mimic the 

behavior of [Fe(NODA)]2+, indicating it also has an inner-sphere water. The other Co(II) 

complexes display behavior indicative of only second and outer-sphere water interaction (Figures 

45 

https://without.45
https://2.17-2.24


 

 

               

            

 

               

                   

 

2.19,2.20, 2.22). Figures 2.23 and 2.24 show the effect of free Co(II) and Fe(II) ions on the 17O 

water resonance in solution, which are much broader and far shifted than the complexes. 

Figure 2.17. Variable temperature 17O NMR spectra of a standard sample of 1% H2
17O in 20 

mM pH 7 HEPES and 100 mM NaCl, from 25⁰˚C to 80 ⁰C (top) and from 5⁰C to 60 ⁰C 

(bottom). 
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Figure 2.18. Variable Temperature 17O NMR of 100 mM FeN3OA (top) from 25 ⁰C to 80 ⁰C 

and 50 mM [Fe(NODA)]2+ from 5 ⁰C to 60 ⁰C (bottom) in 5 degree increments; solutions 

were adjusted to approximately pH 6 and contained 100 mM NaCl. 
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Figure 2.19. Variable temperature 17O NMR spectra of a 50 mM [Co(N3OA)]2+ sample in 

1% H2
17O in 20 mM pH 7 HEPES and 100 mM NaCl, from 25 to 80 ⁰C. 
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Figure 2.20. Variable temperature 17O NMR spectra of a 40 mM [Co(DCMC)]2+ sample in 

1% H2
17O in 20 mM pH 7 HEPES and 100 mM NaCl, from 25 to 80 ⁰C. 
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Figure 2.21. Variable temperature 17O NMR spectra of a 100mM [Co(NODA)]2+ sample in 

1% H2
17O, 20mM pH 7 HEPES, and 100 mM NaCl, from 5 to 60 ⁰C. 
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Figure 2.22. Variable temperature 17O NMR spectra of a 50 mM [Co(TCMC)]2+ sample in 

1% H2
17O in 20 mM pH 7 HEPES and 100 mM NaCl, from 25 to 80 ⁰C. 
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Figure 2.23. Variable temperature 17O NMR spectra of a 25mM FeCl2 sample in 1% H2
17O, 

from 25 to 80 ⁰C. 

Figure 2.24. Variable temperature 17O NMR spectra of a 25mM CoCl2 sample in 1% 

H2
17O, from 25 to 80 ⁰C. 

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 2.25 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, because 

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 
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given for comparison in Figure 2.26. 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 performed at 60 °C for the hexa-aqua complexes, to ensure that 

water exchange was rapid on the NMR time scale. 

As shown in Figure 2.27 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 30.5−33.1 ppm/M metal complex, with the iron complexes [Fe(N3OA)]2+ and 

([Fe(NODA)]2+ having slightly larger values (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 plot77 of the natural log reduced chemical shift, as a function of inverse 

temperature, as described in the experimental section by equation 2.3, gives an almost-straight line 

for [Fe(NODA)]2+ (Figure 2.28,). The positive slope of the plotted data is consistent with a rapidly 

−1 59exchanging water molecule with kex > 107 s . 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 (see Figure 

2.29). A full description of how the equation and parameters are derived is described in the 

experimental section and with equations 2.1-2.6. 
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Figure 2.25. Plot of concentration dependence of 17O 

water shift of Co(II) and Fe(II) complexes. 
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NODA complexes and corresponding chloride salts at 60 °C 
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Figure 2.27. A plot of concentration dependence of 1H 

water shift of Co(II) and Fe(II) complexes. 
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Figure 2.28. The natural log of inverse transverse relaxation of [Fe(NODA)]2+ 

plotted against inverse temperature, to fit to the Swift-Connick equations. 

Corresponding values calculated for ΔH, ΔS, C, and kex298 derived from fitting 

of [Fe(NODA)]2+ data are shown. 
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Figure 2.29. The natural log of inverse transverse relaxation of [Co(NODA)]2+ plotted 

against inverse temperature, to fit to the Swift-Connick equations, with a 12 point fitting on 

the left, and a reduced 9 point fitting on the right to improve the fit. Corresponding values 

calculated for ΔH, ΔS, C, and kex298 for [Co(NODA)]2+ (12 point fitting on the left and 9 

point fitting on the right). 
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Comparison of CEST and Exchange Rate Constants. 

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 2.30). 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 a difference of ∼60 ppm, corresponding to the two magnetically inequivalent NH protons.1, 

This peak is observed as a shoulder on the bulk water peak for [Co(N3OA)]2+ and 

[Co(NODA)]2+, but it 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 bound to Co(II).1-2, 78 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 (Figure 2.31). The increase in intensity corresponds to an 

−1increase in rate constant for proton exchange in the same pH range, with values as low as 310 s 

at pH 6.9 to 2100 s−1 at pH 7.8. However, at very high pH values, the rapid exchange rates cause 

the CEST peaks to broaden and therefore decrease in intensity. Figures 2.33−2.37 show the Omega 

Plots, which are used to derive the exchange rate constants, which are shown below their respective 

omega plots in tables 2.3-2.7. 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, which 

would be exchanging far too quickly to be observed for CEST. 
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Figure 2.30. An overlay of [Co(N3OA)]2+, [Co(DCMC)]2+, [Co(NODA)]2+, [Fe(N3OA)]2+, 

and [Fe(NODA)]2+ Z-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. 
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Figure 2.31. The pH dependent Z-spectrum of [Co(N3OA)]2+, [Co(DCMC)]2+, 

[Co(NODA)]2+ and [Fe(NODA)]2+ complexes between pH values of 6.7 and 8.4, 37 ⁰C, 

10 mM complex, 20 mM HEPES buffer, 100 mM NaCl, 28 µT. 
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Figure 2.32. The Z-spectrum of Fe[(N3OA)]2+, 10 mM complex, 20 mM pH 7.0 HEPES, 

100 mM NaCl at 37 ⁰C, with full spectrum at 28μT (blue), and 22 μT (orange) to define 

two separate amide CEST peaks at 67 and 69 ppm. 

61 



 

 

 

          

                  

 

 

 

 

 

 

  

    
 

   
   
   
   
   
   
   

              

               

    
  

    
  

    
  

    
  

    
  

    
  

    
  

 

       

0 

5 

10 

15 

20 

25 

30 

35 

40 

M
z/

(M
0

-M
z)
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Figure 2.33. Omega plots of [Co(N3OA)]2+ at pH values between 6.7 and 8.4, 10 mM complex, 

20 mM HEPES buffer, 100 mM NaCl, saturation power varied between 20 and 28 µT. 

Table 2.3. CEST (%) and amide exchange rate constants for [Co(N3OA)]2+, between pH 

values 6.7 and 8.4, at 37 ⁰C, 10 mM complex, 20 mM HEPES buffer, 100mM NaCl, 28 µT. 

2+ 
Complex: [Co(N3OA)] 

pH CEST % 
-1 

k (s )
ex310 

6.7 
7.0 
7.2 
7.4 
7.6 
7.7 
8.4 

8.6 
16.2 
34.6 
31.5 
35.1 
34.6 
22.3 

630 
670 
730 
900 
980 
1000 
3100 
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Figure 2.34. Omega plots of [Co(DCMC)]2+ at pH values between 6.88 and 7.84, 10 mM 

complex, 20 mM HEPES buffer, 100 mM NaCl, saturation power varied between 18 and 28 µT. 

Table 2.4. CEST (%) and amide exchange rate constants for [Co(DCMC)]2+, between pH 

values 6.88 and 7.84. Conditions: 37 ⁰C, 10 mM complex, 20 mM HEPES buffer, 100 mM 

NaCl, 28 µT. Error was calculated by taking the standard deviation of three runs. 

2+ 
Complex: [Co(DCMC)] 

pH CEST % Error 
-1 

k (s )
ex310 Error 

6.88 
7.0 
7.27 
7.4 
7.58 
7.84 

17.5 
22.1 
24.5 
26.4 
25.2 
22.5 

1.7 
1.1 
1.8 
<1 
1.4 
<1 

490 
670 
950 
1200 
1600 
2100 

10 
60 
110 
220 
150 
360 
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Figure 2.35. Omega plots of [Co(NODA)]2+ at pH values between 6.88 and 7.84, 10 mM complex, 

20 mM HEPES buffer, 100 mM NaCl, saturation power varied between 18 and 28 µT. 

Table 2.5. CEST (%) and amide exchange rate constants for [Co(NODA)]2+, between pH 

values 6.88 and 7.84. Conditions: 37 ⁰C, 10 mM complex, 20 mM HEPES buffer, 100 mM 

NaCl, 28 µT. Error was calculated by taking the standard deviation of three runs. 

2+ 
Complex: [Co(NODA)] 

pH CEST % Error 
-1 

k (s )
ex310 Error 

6.88 
7.0 
7.27 
7.4 
7.58 
7.84 

13.6 
18.9 
22.0 
24.4 
23.5 
19.3 

<1 
<1 
<1 
<1 
<1 
<1 

330 
510 
690 
1100 
1400 
2100 

10 
20 
20 

<50 
<50 
200 
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Figure 2.36. Omega plots of [Fe(NODA)]2+ at pH values between 6.88 and 7.84, 10 mM complex, 

20 mM HEPES buffer, 100 mM NaCl, saturation power varied between 18 and 28 µT. 

Table 2.6. CEST (%) and amide exchange rate constants for [Fe(NODA)]2+, between pH 

values 6.88 and 7.84. Conditions: 37 ⁰C, 10 mM complex, 20 mM HEPES buffer, 100 mM 

NaCl, 28 µT. Error was calculated by taking the standard deviation of three runs. 

2+ 
Complex:[Fe(NODA)] 

pH CEST % Error 
-1 

k (s )
ex310 Error 

6.88 
7.0 
7.27 
7.4 
7.58 
7.84 

8.8 
14.7 
18.1 
22.0 
22.1 
21.8 

<1 
<1 
<1 
<1 
<1 
1.6 

310 
370 
510 
780 
950 
1500 

20 
10 
40 
10 
10 

100 
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Figure 2.37. Omega plot of [Fe(N3OA)]2+ at pH value 7.4, 10 mM complex, 20 mM HEPES 

buffer, 100 mM NaCl, saturation power varied between 18 and 28 µT. 

Table 2.7. CEST (%) and amide exchange rate constants for [Fe(N3OA)]2+, at pH 7.4. 

Conditions: 37⁰C, 10 mM complex, 20 mM HEPES buffer, 100 mM NaCl, 28 µT. Values 

calculated at 67ppm. Error was calculated by taking the standard deviation of three runs. 

2+ 
Complex:[Fe(N3OA)] 

pH CEST % Error 
-1 

k (s )
ex310 

7.4 31.6 1.1 1100 
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Dissociation of complexes in the presence of competing cations, acid, and anions. 

Transmetalation studies of the divalent complexes were performed with competing Cu(II) 

ions. Solutions of complexes with 1:1, 2:1, or 4:1 ratios of Cu(II) to complex were monitored for 

three or more hours by observing the formation of Cu(II) complex. For the [Co(N3OA)]2+, 

[Fe(NO3A)]2+ and [Co(DCMC)]2+ complexes, no displacement was observed under these 

conditions (Figures 2.38, 2.39, 2.41). However, for [Fe(NODA)]2+ and [Co(NODA)]2+ complexes, 

significant transmetalation was observed. More than 70% of the Co(II) was displaced from the 

NODA complex after 7 h with a 4-fold excess of Cu(II), whereas 90% of the Fe(II) was displaced 

from NODA with a 4-fold excess of Cu(II) after 1 h (Figures 2.40 and 2.42). 
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Figure 2.38. A Cu2+ displacement assay of the [Co(N3OA)]2+ complex, 

monitored for 15 hours at 271 nm. Samples containing 200 µM [Co(N3OA)]2+ 

with a 1:1, 2:1, and 4:1 ratio of Cu(NO3)2 to [Co(N3OA)]2+ complex. A 200 µM 

[Cu(N3OA)]2+ sample is present to determine the absorbance corresponding to 

100% dissociation. 
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Figure 2.39. A Cu2+ displacement assay of the [Co(DCMC)]2+ complex, 

monitored for 7 h at 284 nm. Samples containing 200 µM [Co(DCMC)]2+ with a 

1:1, 2:1, and 4:1 ratio of Cu(NO3)2 to [Co(DCMC)]2+ complex. A 200 µM 

[Cu(DCMC)]2+ sample is present to determine the absorbance corresponding to 

100% dissociation. 
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Figure 2.40. A Cu2+ displacement assay of the [Co(NODA)]2+ complex, monitored 

for 15 h at 274 nm. Samples containing 200 µM [Co(NODA)]2+ with a 1:1, 2:1, and 

4:1 ratio of Cu(NO3)2 to [Co(NODA)]2+ complex. A 200 µM [Cu(NODA)]2+ sample 

is shown to determine the absorbance corresponding to 100% dissociation. 
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Figure 2.41. A Cu2+ displacement assay of the [Fe(N3OA)]2+ complex, 

monitored for 3.5 h at 271 nm. Samples containing 200 µM [Fe(N3OA)]2+ 

with a 1:1, 2:1, and 4:1 ratio of Cu(NO3)2 to [Fe(N3OA)]2+ complex. A 200 

µM [Cu(N3OA)]2+ sample is shown to determine the absorbance 

corresponding to 100% dissociation. 
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Figure 2.42. A Cu2+ displacement assay of the [Fe(NODA)]2+ complex, monitored for 3 h at 

274 nm. Samples containing 100 µM [Fe(NODA)]2+ with a 1:1, 2:1, and 4:1 ratio of 

Cu(NO3)2 to [Fe(NODA)]2+ complex. However, the assay is complicated by the fact that 

released Fe(II) ions also absorbs at 274nm. So, a plot of [FeCl2] vs. absorbance (274nm) 

was used determine the combined extinction coefficient of Fe2+ + [Cu(NODA)]2+ at 274 nm, 

and used to calculated % dissociation. A 100 µM [Cu(NODA)]2+ sample is shown to 

determine the absorbance corresponding to 100% dissociation (before factoring in Fe(II) 

absorbance). 

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

acidic conditions and in the presence of biological anions (Table 2.8 and Figures S36− S41). 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,1with no observable change to complexes in a 12-h 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 12 h, indicating again that the complexes are relatively 
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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, because the stability constants under these 

conditions are not known. 

Table 2.8. Dissociation in the presence of acid and anions summary. (a) Dissociation in the 

presence of acid, pD 3.5-4.0 after 12 h at 37˚C. (b) Dissociation in the presence of anions, 25 

mM Na2CO3, 0.4 mM K2HPO4 at pD 7-7.5 after 12 h at 37˚C. Error (±) was calculated by 

taking the standard deviation of three separate samples. *Data provided from literature for 

comparison.2 

Complex Dissociation 

a 
in Acid (%) 

Dissociation 

b 
in Anions (%) 

[Co(TCMC)]2+ 7* 2* 

[Co(N3OA)]2+ ~0 4.5±2.1 

[Co(DCMC)]2+ ~0 9.0±7.8 

[Co(NODA)]2+ ~0 8.8±2.3 
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Figure 2.43. Samples containing 10 mM [Co(DCMC)]2+ at pH 3-3.5 monitored at 

479 nm for 12 h, along with a sample at neutral pH. No change in absorbance 

indicates that there is no observable dissociation is taking place, as Co2+ has a 

much lower extinction coefficient at 479 nm, and the absorbance of the ligand is 

negligible. 
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Figure 2.44. The 1H NMR spectra of the diamagnetic region of 

[Co(N3OA)]2+ at pD 3.5 at 0 hour (top) and 12 hour (bottom) time periods 

with peaks integrated relative to the largest peak of TMPS standard 

(integration value of 27). 
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Figure 2.45. The 1H NMR spectra of the paramagnetic region of [Co(NODA)]2+ at 

pD 3.5-4.0 at 0 h (top) and 12 h (bottom) time periods with paramagnetic peaks 

integrated relative to the largest peak of TMPS standard (integration value of 

27). 
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Figure 2.46. The 1H NMR spectra of the paramagnetic region of [Co(DCMC)]2+ at pD 7-7.5 

at 0 h (top) and 12 h (bottom) time periods, with peaks integrated relative to the largest 

peak of TMPS standard (integration value of 27). 
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Figure 2.47. The 1H NMR spectra of the paramagnetic region of [Co(N3OA)]2+ at pD 7-7.5 

at 0 h (top) and 12 h (bottom) time periods, with peaks integrated relative to the largest 

peak of TMPS standard (integration value of 27). 
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Figure 2.48. The 1H NMR spectra of the paramagnetic region of [Co(NODA)]2+ at 

pD 7-7.5 at 0 h (top) and 12 h (bottom) time periods, with paramagnetic peaks 

integrated relative to the largest peak of TMPS standard (integration value of 27). 
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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.1-2, 14, 25-26, 57, 78 The position of the 

CEST peak, relative to bulk water, ranged from 60 ppm 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 those of the [Co(TCMC)]2+ or [Fe(TCMC)]2+ 

complexes25 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 therefore 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 a 14-membered tetrazamacrocycle with pendent amides 

produce a highly shifted CEST effect of 120 ppm.2 Nonmacrocyclic ligands with pendent amide 

79also show highly shifted CEST peaks at 100 ppm. 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 nanocarrier CEST agents.28, 48, 50 

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, which were 
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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 pH >8 for the Co(II) 

NODA complex.80 This result suggests that, at neutral pH, [Co(NODA)(OH2)]2+ is the 

predominant species. In other words, water rather than 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 value of the water 

ligand was >107 s −1 for the Fe(II) complex. A similar plot was observed for the Co(II) complex. 

In comparison, TACN-based six-coordinated Co(II) complexes have smaller rate constants for 

−1water exchange (on the order of 106 s ).45 A seven-coordinated complex of Fe(II) with 

−1polyaminocarboxylate ligand has a rate constant for water ligand exchange of 3 × 107 s .60 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 the 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.45 

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

water interaction of these complexes for applications as MRI agents.81-82 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 
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ones reported in the literature. For example, the Co(II) complex of TCMC shows both six-

coordinated and seven-coordinated structures that correspond quite closely to those of 

[Co(DCMC)]2+ and [Co(N3OA)]2+, respectively, with almost-identical coordination geometry.1 

Notably, the Mn(II) complex with the ligand 1,7-DO2A (the DCMC analogue with acetate 

pendants) is also six-coordinated with an absence of water ligands.54, 83 The Mn(II) and Fe(II) 

complexes of TCMC are both eight-coordinated, as shown by crystallography.1, 54 Yet, the Fe(II) 

complex of N3OA appears to be seven-coordinated 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-coordinated structure and are close to a 

distorted pentagonal bipyramidal geometry, with pseudoaxial bond angles of 176.4° and 168.23°, 

respectively, close to the ideal value of 180°. The iron complex structure is particularly interesting, 

because seven-coordinated Fe(III) structures are quite rare, although a few have been reported.84-

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-coordinated and is correspondingly very inert toward dissociation, 

because 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, 

which 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 toward trans-metalation and also 

toward oxidation. However, the removal of two pendent amide groups to give [Fe(DCMC)]2+ 

produces a complex that is very prone to oxidation. Notably, the seven-coordinated 
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[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). 

Conclusion. 

These Co(II) and Fe(II) complexes of 12-membered macrocyclic ligands exhibit good 

CEST properties, with shifts between 60-70 ppm with CEST intensities up to 32% at pH 7.4, 37˚C. 

However, the complexes discussed in Chapter 3 exhibit multiple CEST peaks with even further 

shift peaks with similar intensities, so these complexes may be better used for water shifting 

applications. 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 the coordination number for Co(II) and Fe(II) complexes of ligands, 

based on the 12-memberedaza macrocycles with variable pendent groups. However, we found that 

Co(II) and Fe(II) complexes with pendent amides 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.50 Complexes that lack an 

innersphere water are remarkably stable toward dissociation and oxidation at neutral pH and are 

good candidates for further development. This also means that synthetic efforts can be focused on 

other aspects of agent design, such as pendent groups with negative charges for neutral complexes 

and large hydrocarbon chains so the agents can encorperate themselves into the liposome lipid 

bilayer. 
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Chapter 3 :Co(II) paraCEST agents as MRI probes of pH. 

Introduction 

The intricate coordination chemistry of paramagnetic first row transition metal complexes 

leads to new opportunities for the development of MRI contrast agents. For example, divalent 

Co(II), Ni(II) and Fe(II) complexes form paraCEST agents with temperature, pH, or redox 

responsive properties.1, 17, 51, 53 One particularly interesting series of macrocyclic complexes 

contains the 1,4,8,11-tetrakis(carbamoylmethyl)-1,4,8,11 tetraazacyclotetradecane (CCRM) 

ligand and either Fe(II), Co(II) or Ni(II).1 The Co(II) complex, [Co(CCRM)]2+, is a paraCEST 

agent that produces four distinct CEST peaks, all with strong intensity (20-32 % CEST), and 

with the furthest shifted CEST peak at an impressive 112 ppm at 37 ⁰C and pH 7.3 -7.5. When 

analyzed by X-ray crystallography, the cobalt center was shown to be bound to the four nitrogens 

of the macrocycle backbone, as well as to the oxygen atoms from two of the pendent amides, 

bound to the 1 and 4 position of the ring, producing the 1,4- coordination isomer of Co(CCRM) 

(I-1). However, further studies of this complex have shown that more than one conformation 

may be produced. Here, we show that this Co(II) complex isomerizes to a different geometry 

upon being heating for extended times, and permanently retains this new structure even when the 

solution returns to room temperature. We propose that this is the 1,8-CCRM coordination isomer 

(I-2) (scheme 1). That heating produces a new isomer is shown by characterization of solutions 

using 1H NMR, by mass spectrometry, and by X-ray crystallography. The Z-spectra recorded on 

the new complex (I-2) by NMR and MRI studies show that, similar to its I-1 counterpart, the 

complex has strong potential as a paraCEST MRI contrast agent. Kinetic inertness studies and 

competitive assays with metal ions and anions abundant in blood show pronounced difference in 
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the stability of the two isomers. Both isomers were studied in biological media to determine their 

appropriateness for imaging. 

Experimental Section 

Materials. 

Chemicals were purchased and used without further purification. 1,4,8,11-

tetraazacycltetradecane (CYCLAM,98%) was purchased from Strem Chemicals. 2-

Bromoacetamide (98%) was purchased from Acros organics. CoCl2•6H20 was purchased from 

Alfa Aesar. 

Scheme 3.1. Synthesis and isomerization of [Co(CCRM)]Cl2. 

Synthesis. 

The ligand, 1,4,8,11-tetrakis(carboamoylmethyl)-1,4,8,11-tetraazacyclotetradecane 

(CCRM), and I-1 were synthesized as reported.86 For example, 0.2336 g of CYCLAM and 

0.7921 grams of bromoacetamide were added to a round bottom flask and stirred in two mL of 

water along with three mL of 1.0 M NaOH. The mixture was heat to 80 °C for thirty minutes 

before being allowed to cool to room temperature while stirring. The pH was monitored every 
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five to ten minutes with pH paper, and when the pH dropped below 10, a 1 mL aliquot of 1.0 M 

NaOH was added until the pH no longer dropped below 10. Yield, 0.2293g, 45.9%. ESI m/z: 

215.3 (90%) [M+2H/2]2+, 429.5(80%)[M+H]+, 451.5(100%)[M+Na]+. 

Scheme 3.2. The synthesis of 1,4,8,11-tetrakis(carbamoylmethyl)-1,4,8,11-

tetraazacyclotetradecane (CCRM) from CYCLAM and bromoacetamide. 

[Co(CCRM)]Cl2 was synthesized as previously reported.86 To a flask was added 0.2130 

grams of CCRM and 0.1181 grams of CoCl2•6H2O and 3 mL of ethanol. The solution was 

stirred under argon for an hour. Solvent was removed under vacuum. A pink solid was obtained. 

Yield 0.1868 g, 77.2%. This complex is stable over a pH range up to 50 °C.1 The new isomer, I-

2, was formed from I-1 by heating in aqueous solution for two hours at 100 ⁰C. 

Crystal Structure Information. 

Single-crystal X-ray data of the complexes were collected on a Bruker VENTURE 

Photon-100 CMOS diffractometer at 173 K with APEX 2 software suite. The absorption 

correction was applied using multiscan SADABS2014/5 (Bruker,2014/5) and the structures were 

solved by the direct methods using SHELXT,85 and were refined using the SHELXL-2014 
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program package. Computer programs: SAINT v8.34A (Bruker, 2013), XT (Sheldrick, 2015), 

XL (Sheldrick, 2008), Olex2 (Dolomanov et al., 2009).64, 66, 87-88 

NMR spectra. 

1H NMR spectra were acquired on a Varian 500 MHz NMR at 25 ⁰C unless otherwise 

stated. Spectra were processed by using ACD lab software. 

CEST Experiments. 

CEST data were acquired on a Varian 500 MHz NMR spectrometer with a presaturation 

pulse power (B1) of (29 μT) applied for 2 s at 37 °C unless otherwise stated. Solutions contained 

10 mM complex, 20 mM HEPES buffer, and 100 mM NaCl, at pH values between 6.8 and 7.9. 

Data were acquired in 1 ppm increments and plotted as normalized water signal intensity (MZ/M0 

%) against frequency offset (ppm) to generate CEST spectra. Data were processed and plotted 

on Microsoft Excel. 

Determination of Exchange Rate Constants by Omega Plots and HW-QUESP method. 

The omega plot method89 was used for determination of exchange rate constants. 

Magnetization of the on (MZ) and off-resonance (M0) frequencies were acquired and compared 

over saturation powers 9-29 µT. The values of the Mz and M0 frequencies were collected with a 

presaturation pulse applied for 2 seconds at 37°C. The rate constant, kb, was determined by 

taking the x-intercept (-1 / kb
2 ) of the regression line generated from the plot of MZ /(M0 - MZ) 

against 1/ω2 (in rad/s) and converting to get a value in Hz. Samples used contained 10 mM 

complex, 20 mM HEPES buffer, and 100 mM NaCl. 

The HW-QUESP method90 was performed for comparison to the omega plot method. 

Both methods produced very similar exchange rate constant values. 
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Evan’s method determination of magnetic moments. 

Evan’s method was performed as described in literature.91-92 Three independently 

measured values were averaged. In a typical experiment, a solution of 10 mM Co(II) complex in 

water, neutral pH (6-8), containing 5% tert-butanol (v/v) was placed in an NMR tube insert, 

while a reference solution of 5% tert-butanol (v/v) in deuterium oxide was contained in the NMR 

tube. The mass susceptibility χg was calculated using Eq. 1, where Δf is the shift in frequency 

(Hz); 0 is the operating frequency of NMR spectrometer (Hz); m is the concentration of the 

substance (g/mL). The solvent correction was taken into account (Equation 3.1). The molar 

susceptibility was calculated by multiplying by the molar mass. Then the paramagnetic molar 

p
susceptibility χM was calculated from subtracting the diamagnetic susceptibility contribution 

(χM 
dia) in Equation 3.2. This was used to calculate the effective magnetic moment µeff (Equation 

3.3). 

3∆f 
χg = + χo (Equation 3.1)

4π0m 

Example calculation for Co(II) complex where: ∆f = X Hz, T=298, [complex]=0.0100 

mol/L, spectrometer frequency (vo) = 500 MHz, M.W. = 558.4 g/mol 

Mass susceptibility = [(3 x 197.5 Hz]/[(4π x 500,000,000 Hz x 0.005584 g/mL)] +(-6.5 x 

10-7 ) = 1.69*10-5 cm3/g 

1. (Measured) molar susceptibility (multiply by molar mass of 558.4 g/mol) 

χM = 0.00943 emu mol-1 

dia χ
p 

= χM − χM (Equation 3.2)M 

p
μeff = 2.83(χMT)1/2 (Equation 3.3) 
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dia -1where χM = -(M.W./2) x 10-6=-0.00024319 emu mol 

p
2. (χ ) = (0.00943) - (-0.00024319) = 0.00968emu mol-1 

M 

p
3. μeff = 2.83(χMT)1/2 = 2.83 [ 0.00941831x298]1/2 

= 4.77 Bohr magneton 

Dissociation studies in the presence of H+, anions, Zn2+, and Cu2+. 

1H NMR samples of 20 mM complex were incubated with 100 mM NaCl and 3 mM 3-

(trimethylsilyl)-1- propanesulfonic acid sodium salt as a standard. For experiments done under 

acidic conditions, the pD was adjusted to between 3.5 and 4.0. For studies with competing 

anions, 25 mM K2CO3 and 0.40 mM K2HPO4 were studied between pD 7.0 and 7.5. To study 

inertness to transmetalation, solutions were tested with 20 mM ZnCl2 at pD 6.5−7.0. All samples 

were incubated at 37 °C for a twelve-hour period, and dissociation was determined by measuring 

the relative intensities of diamagnetic peaks to the internal diamagnetic standard (TMPS), to 

calculate how much ligand had dissociated. Peaks appearing in the diamagnetic region during 

that time correspond with free CCRM ligand and their concentration were determined to 

calculate % dissociation. 

For dissociation resulting from Cu2+ transmetalation, solutions of 100 μM I-1 or I-2 and 

20 mM pH 6 MES buffer, had 1,2, or 4 equivalents of Cu(NO3)2 (aq) added, and the formation of 

[Cu(CCRM)]2+ was observed over time at one minute intervals by UV-vis at 304 nm. Percent 

dissociation was calculated using the difference in absorbance of [Co(CCRM)]2+ and Cu(NO3)2 

solution divided by the absorbance [Cu(CCRM)]2+ after 6 hours, multiplied by 100%. 
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CEST Studies in Chicken samples. 

Samples of 0.24-0.29 g of homogenized chicken thigh were soaked in 300 uL of solutions 

containing 55 mM Co(CCRM), 30 mM pH 7.4 HEPES buffer, for 48 h at 4 ˚C. During the first 

24 h, the pH of the samples was checked and adjusted with a 1 M NaOH solution until the pH of 

the sample was readjusted to approximately 7.4. CEST data were acquired on a Varian 400 and 

500 MHz NMR spectrometer with a presaturation pulse power (B1) of (29 μT, 19 μT, or 12 μT) 

applied for 2 s at 37 °C unless otherwise stated. Data were acquired in 1 ppm increments and 

plotted as normalized water signal intensity (MZ/M0 %) against frequency offset (ppm) to 

generate Z-spectra. CESTasymmetry was calculated by taking the difference between the (Mz/M0 ) 

at the frequency of the CEST effect minus (MZ/M0 ) at the corresponding negative frequency 

with bulk water set at 0 ppm. Data were processed and plotted on Microsoft Excel. 

Concentration of Complex in chicken samples. 

The amount of complex in the chicken sample can was calculated in several ways. The 

mass of complex absorbed by the chicken breast was calculated by the following: 

(Mass of complex in chicken) = (starting mass) – (complex recovered from soak & wash 

solution). 

The starting mass of complex was known from the volume and concentration of the stock 

solution. The complex from the soak solution and washes were recovered, then diluted to a 1.0 

mL volume. Since the magnetic moments of the complexes are known, Evan’s method was used 

to calculate the concentration of complex, which then could be used to calculate the mass of 

complex recovered from the soak solution. The mass of the complex was found to be 2.5g/100g 

chicken in the I-1 sample, and 2.8g/100g chicken in the I-2 sample. 
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The concentration of the chicken samples was roughly calculated by adding together the 

volume of the chicken (using the mass of chicken x density (1.15g/mL93)) and soak solution, and 

calculating the concentration of complex from that volume. If we assume the complex 

concentration was homogenous, then a maximum concentration of 30 mM was calculated for 

both samples. 

ICP-MS was used to determine the amount of Cobalt in the samples. The results indicated that 

4.1 and 3.9 mg of complex had been taken up respectively, giving both samples a final 

concentration of 14 mM ± 1mM complex, assuming there was no decomposition of the 

complexes in the samples. A chicken sample of similar mass that had not been exposed to 

complex was run, and had a negligible amount of Cobalt. 
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Results 

Synthesis and Crystallization. 

Two different isomers of [Co(CCRM)]2+ were identified in the solid state. We 

crystallized the complexes from two solutions, one that was at room temperature and one that 

was heated for two hours at 100°C in water, before being cooled and allowed to crystallize. The 

crystal structure in Figure 3.1 (left) was produced from the sample that was not exposed to heat, 

and matches 1,4-coordination (I-1) of the previously published structure of [Co(CCRM)]2+. The 

crystal structure in Figure 3.1 (right) was obtained from the solution exposed to heat, and 

displays a 1,8-coordination, (I-2) isomer. Both coordination isomers have structures where the 

coordinating amides have a trans-orientation. 

Figure 3.1. Crystals structures of I-1(left) and I-2 (right). Complex I-2 was heated prior to 

crystallization. Hydrogen atoms excluded for clarity. 
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Table 3.1. Crystal data, data collection and structure refinement details for (1) [Co(1,8-CCRM)] 

and (2) [Co(1,4-CCRM)]. 

(1) (2) 

Chemical formula C18H36CoN8O4·2(CNS) C18H36CoN8O4·3(H2O)·C4CoN4S4 

Mr 603.64 832.77 

Crystal system, space group Monoclinic, P21/n Triclinic, P¯1 

Temperature (K) 173 173 

a, b, c (Å) 8.7005 (6), 12.9672 (11), 11.9397 (11) 10.0766 (5), 10.7225 (6), 17.5231 (9) 

, ,  (°) 90, 104.610 (3), 90 75.030 (2), 74.215 (2), 82.412 (2) 

V (Å3) 1303.49 (19) 1756.18 (16) 

Z 2 2 

Radiation type Mo K Mo K 

 (mm-1) 0.87 1.24 

Crystal size (mm) 0.32 × 0.18 × 0.16 0.2 × 0.2 × 0.1 

Diffractometer Bruker Photon-100 CMOS Bruker Photon-100 CMOS 

Absorption correction Multi-scan 

SADABS2014/5 (Bruker,2014/5) was 

used for absorption correction. wR2(int) 
was 0.0527 before and 0.0486 after 

correction. The Ratio of minimum to 

maximum transmission is 0.8908. The 

/2 correction factor is 0.00150. 

Multi-scan 

SADABS2014/5 (Bruker,2014/5) was used 

for absorption correction. wR2(int) was 
0.0609 before and 0.0537 after correction. 

The Ratio of minimum to maximum 

transmission is 0.9064. The /2 correction 

factor is 0.00150. 

Tmin, Tmax 0.816, 0.916 0.826, 0.911 

No. of measured, 

independent and 

observed [I > 2(I)] 

reflections 

56822, 4540, 3978  76295, 7331, 5582  

Rint 0.032 0.057 

(sin /)max (Å
-1) 0.747 0.631 

R[F2 > 2(F2)], wR(F2), S 0.029, 0.077, 1.04 0.033, 0.078, 1.02 

No. of reflections 4540 7331 

No. of parameters 185 457 

No. of restraints 0 36 

H-atom treatment H atoms treated by a mixture of 

independent and constrained refinement 

H atoms treated by a mixture of 

independent and constrained refinement 

max, min (e Å-3) 0.54, -0.39 0.41, -0.49 
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Solution Studies and Characterization. 

Proton NMR studies are consistent with the formation of I-2 and the disappearance of I-1 

upon heating the solution (Figure 3.2). The 1H NMR spectrum of I-1 contained 25 peaks between 

roughly 260 and -75 ppm, with one peak having double the integration of the others, indicating a 

total of 26 inequivalent paramagnetically shifted protons, as expected for nonexchangeable 

protons of the CCRM complex, (Figure 3.3A). After heating the same sample, we observe 

approximately 20 new significant resonances between 290 and -140 ppm (Figure 3.3B). 

Figure 3.2. Overlaid 1H NMR spectra of [Co(CCRM)]2+ after 0, 5, 10, 20 and 60 

minutes of heating, to observe the conversion of I-1 peaks to I-2, by monitoring the 

appearance and disappearance of peaks associated with each isomer. 1H NMR 

spectra were performed at room temperature, 500 MHz NMR. 
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Figure 3.3. Paramagnetic NMR spectra of solutions of [Co(CCRM)]2+ in D2O; before 

heating(A), after heating(B), and a sample heated in H2O to prevent deuterium exchange 

(C). A corresponds with I-1, while B and C are correspond with I-2. Integrations show a 

relative 1:1 integration between most of the peaks, except where resonance overlap occurs. 
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The appearance of new paramagnetically shifted resonances is consistent with 

isomerization of the complex; however, the decrease in the number of total peaks was initially 

puzzling. We considered that, at high temperatures, methylene protons adjacent to amides 

exchange to become deuterated in D2O. Indeed, upon heating [Co(CCRM)]2+ in H2O, followed 

by removal of H2O and then dissolution of the residue in D2O, additional proton resonances were 

obtained. The 1H NMR spectrum resembled the previous post-heated sample, but with 6 extra 

resonances, for a total of 26 resonances (Figure 3.32C). Similarly to complex I-1, there were 26 

peaks, with two peaks having roughly double the integration of the others. The 1H NMR 

spectrum of the new complex was maintained over several days at room temperature with no 

sign of converting back the original isomer. These data are consistent with the temperature 

driven isomerization of the [Co(CCRM)]2+ complex from the 1,4-isomer to the 1,8 isomer. 

Mass spectra (Figure 3.4) of solutions containing complex before and after heating in 

water showed nearly identical spectra for I-1 and I-2 respectively, as one might expect for 

isomers. The peaks corresponded to the [Co(CCRM)]2+ and [Co(CCRM-H)]+ complex cations, 

respectively. 

The effective magnetic moment of samples, as determined by using Evans method at 25 

⁰C were similar (µeff = 4.6 and 4.7) for the complex before and after heating, respectively (Table 

3.2). 
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Figure 3.4. Mass spectra of [Co(CCRM)]2+, top is before heating (I-1), and the bottom is 

after heating (I-2). Peaks of 243.8 and 486.3 m/z appear and 243.9 and 486.3 appeared for 

I-1 and I-2 respectively, corresponding to the [Co(CCRM)]2+ and [Co(CCRM-H)]+ ions 

respectively. Minor peaks at 522 and 451 are [Co(CCRM+Cl)]+ and [Na(CCRM)]+ 
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Studies monitoring I-2 by NMR were carried out under acidic conditions, or in the 

2-presence of biological anions (CO3 , PO4
3-), and with competing Zn(II) ions, as well as UV 

studies with competing Cu(II) ions, and compared with studies performed on I-1 (Figures 3.5-

3.8, Tables 3.2-3.3). The NMR studies were carried out with samples of 20 mM complex were 

incubated with 100 mM NaCl and 3 mM 3-(trimethylsilyl)-1- propanesulfonic acid sodium salt 

as a standard. For experiments done under acidic conditions, the pD was adjusted to between 3.5 

and 4.0. For studies with competing anions, 25 mM K2CO3 and 0.40 mM K2HPO4 were studied 

between pD 7.0 and 7.5. To study inertness to transmetalation, solutions were tested with 20 mM 

ZnCl2 at pD 6.5−7.0. All samples were incubated at 37 °C for a twelve-hour period, and 

dissociation was determined by measuring the relative intensities of diamagnetic peaks to the 

internal diamagnetic standard (TMPS), to calculate how much ligand had dissociated. For 

dissociation resulting from Cu(II) transmetalation, solutions of 100 μM I-1 or I-2 and 20 mM pH 

6 MES buffer, had 1,2, or 4 equivalents of Cu(NO3)2 (aq) added, and the formation of 

[Cu(CCRM)]2+ was observed over time at one minute intervals by UV-vis at 304 nm. These 

Table 3.2. Solution studies on I-1 and I-2 determining magnetic moment(μeff) (a), complex 

2-dissociation in acidic solution (b), complex dissociation in the presence of 25 mM CO3 , 

0.4mM PO4
3- (c), dissociation in the presence of 20mM (1 eq) of ZnCl2(d), dissociation in 

the presence of Cu(II) (100uM I-1/I-2, pH 6 20 mM MES buffer(e). Values for a,b,c for I-1 

from literature.2 Note data for I-2 may be higher than true values due to I-1 impurity. 
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studies indicate that the I-2 isomer is either similarly inert or more inert than I-1 isomer. 

Significant difference in dissociation of I-1 and I-2 was observed when incubated in acid (pD 

3.5-4) for 12 hours at 37 ⁰C, with I-2 dissociating slightly (10.4%), as compared to I-1 which 

dissociated 95%. Both I-1 and I-2 were stable in the presence of competitive anions, dissociating 

only 5% and 2% respectively over a period of 12 hours. In the presence of equimolar Cu(II) ion, 

I-1 almost completely dissociated (93%) after 5 hours, but only 19.5% of I-2 dissociated over the 

same time period. It should be noted that the conversion from I-1 to I-2 is never 100%, so the 

observed dissociation of I-2, particularly in the presence of acid or Cu(II) is most likely the result 

of residual I-1 dissociation rather than I-2. For example, comparing the Cu(II) studies for I-1 and 

I-2, one observes that the formation of the copper complex occurs as a single exponential 

function that goes to completion at the same absorbance measured for the Cu(II) complex. 

However, for I-2, this only occurs to 20%, suggesting there was approximately 20% I-1 in that 

solution. Overall, that the I-2 complex is more resistant to dissociation is consistent with its 

assignment as thermodynamically favored isomer, whereas the I-1 complex is the kinetically 

favored isomer forming at lower temperatures. 
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Figure 3.5. The dissociation of 20 mM of I-2 (1,8-CoCCRM) in pD 3.5-4 solution was 

monitored at 0 and 12 hours in incubation at 37⁰C by NMR using 3 mM sodium 3-

(trimethylsilyl)-1-propanesulfonate as an internal standard. Peaks labeled (*) correspond 

with 3-(trimethylsilyl)-1-propanesulfonate and peaks labeled (+) correspond with slight 

ethanol impurity. 
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Figure 3.6. The dissociation of 20mM of 1,8-CoCCRM in 25 mM carbonate, 0.4 mM phosphate, 

pD 7.5 solution was monitored at 0 and 12 hours in incubation at 37⁰C by NMR using 3mM 

sodium 3-(trimethylsilyl)-1-propanesulfonate as an internal standard. Peaks labeled (*) 

correspond with 3-(trimethylsilyl)-1-propanesulfonate and peaks labeled (+) correspond with 

slight ethanol impurity. 
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Figure 3.7. The dissociation of 20 mM of 1,8-CoCCRM when an equivalent of ZnCl2 was added 

and the solution was monitored at 0 and 12 hours in incubation at 37⁰C by NMR using 3 mM 

sodium 3-(trimethylsilyl)-1-propanesulfonate as an internal standard. Peaks labeled * 

correspond with 3-(trimethylsilyl)-1-propanesulfonate and peaks labeled + correspond with 

slight ethanol impurity. 



 

 

 

          

                 

            

       

Figure 3.8. For dissociation resulting from Cu2+ transmetalation, solutions of 100 μM I-

1 or I-2 and 20 mM pH 6 MES buffer, had 1, 2, or 4 equivalents of Cu(NO3)2 (aq) 

added, and the formation of [Cu(CCRM)]2+ was observed over time at one minute 

intervals by UV-vis at 304 nm. 
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Table 3.3. Summary of Dissociation from Cu2+ transmetallation as shown in Figure 3.8. 

Solutions contained 100 μM I-1 or I-2 and 20mM pH 6 MES buffer, and had 1,2, or 4 

equivalents of Cu(NO3)2 (aq) added, and the formation of [Cu(CCRM)]2+ was observed over 

time at one minute intervals by UV-vis at 304 nm. 

Isomer 1:1 ratio 
Cu(NO3)2 to 
Complex 

error 2:1 ratio 
Cu(NO3)2 to 
Complex 

error 4:1 ratio 
Cu(NO3)2 to 
Complex 

error 

I-1 93.0% 2.6% 92.5% 2.7% 93.8% 2.9% 
I-2* 19.5% 1.5% 20.5% 0.4% 22.9% 2.7% 

*The conversion from I-1 to I-2 is never 100%, so the observed dissociation of I-2 is most likely 

the result of residual I-1 dissociation rather than I-2. Percent dissociation was calculated using 

the following: absorbance of [Co(CCRM)]2+ and Cu(NO3)2 solution divided by the absorbance 

[Cu(CCRM)]2+ after 6 hours, multiplied by 100%. 
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CEST Studies. 

The Z-spectra of [Co(CCRM)]2+ before and after heating, under biologically relevant 

conditions (37 ⁰C and pH 7.4), are plotted below (Figure 3.9). Two intense CEST peaks were 

observed for I-2, shifted 124 ppm and 45 ppm away from bulk water, with intensities of 35.3 + 

2.0 % and 38.0 + 1.2 % CEST, respectively. Under the same conditions and at the same 

concentration, the I-2 CEST peaks are more intense and further shifted than the previously 

studied I-1. However, it should also be noted that I-2 has two major highly shifted CEST peaks, 

compared to four from I-1. This was unexpected considering that both structures were 

Figure 3.9. CEST spectra at 37 ⁰C of [Co(CCRM)]2+ before (I-1, blue) and after (I-2, red) 

heating. The sample contained 10 mM complex, 20 mM pH 7.40 HEPES buffer, and 100 

mM NaCl. 
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asymmetric in solution based on the number of proton resonances. Another Z-spectrum taken at 

pH 7 with reduced saturation power (15 µT) resulted in narrower CEST peaks, allowing for 

overlapping peaks to be distinguished for a total of four highly shifted CEST peaks (Figure 

3.10). Small peaks in the I-2 CEST spectra also indicate a small concentration of I-1, or other 

isomers in solution, just as we observed in the NMR spectra. In addition, there are four CEST 

peaks from 7-20 ppm versus water that are assigned to the amide NH protons of the 

uncoordinated pendent amides. 
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Z-spectrum of I-2, pH 7, 15µT 

Figure 3.10. A Z-spectrum of 10mM I-2, 20mM pH 7 HEPES buffer, and 100 mM NaCl. 

At lower power, 15 µT, the overlapping CEST peaks around 124 and 45ppm become 

distinguishable. 

The intensity and frequency of CEST peaks are temperature dependent, as increasing 

temperature increases the exchange rate of the exchanging protons, generally resulting in an 

increased CEST effect. The frequency or chemical shift of the CEST peaks decreases (moves 

upfield) as a result of inverse relationship of hyperfine shift with tempeature.94 The change in 

frequency of a proton resonance as a function of temperature can be expressed with a 
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temperature coefficient value (CT). Overlays of Z-spectra and plots determining the CT values of 

each CEST peaks for both [Co(CCRM)]2+ complexes are featured in Figures 3.11and 3.12. 
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Figure 3.11. Overlaid CEST spectra of I-1 [Co(1,4-CCRM)]2+ at 25, 33, 37, 41, 50 ˚C. 

Plots of temperature and frequency of the four CEST peaks are used to calculate CT 

values of -0.56, -0.44, -0.43, and -0.36 ˚C-1 respectively. Samples: 10 mM [Co(1,4-

CCRM)]2+, 20 mM HEPES, 100 mM NaCl, pH 7.4., B=24 µT. Adapted from literature. 

with permission.1 
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Figure 3.12. Overlaid Z-spectra of I-2 [Co(1,8-CCRM)]2+ at 25, 31, 34, 37, 40 ˚C. Plots 

of temperature and frequency of the 2 CEST peaks are used to calculate CT values of -

0.61 and -0.23 ˚C-1 respectively. Samples: 10 mM [Co(1,8-CCRM)]2+, 20 mM HEPES, 

100 mM NaCl, pH 7.2. 
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As shown with other amide-based CEST agents, the CEST peak intensities of [1,8-

Co(CCRM)]2+ are pH sensitive, increasing with pH until approximately pH 7.4, then decreasing 

and broadening as pH values are increased (at 37 ˚C, Figure 3.13). The exchange rate constants 

were calculated using the Omega Plot method (Figures 3.15-3.16), as well as the HW-Quesp 

method (Figure 3.18-3.19). As expected, an increase in exchange rate constants with pH was 

observed, as a result of base-catalyzed proton exchange (Figure 3.17 and Figure 3.20). The kex 

increases with respect to increasing pH values until the exchange rates becomes so fast that the 

peak signal begins to broaden and the overall intensity decreases. This is observed for CEST 

peaks with pH values higher than pH 7.5 in the case of I-2. The saturation transfer (ST) of each 

of the peaks can be plotted as a function of pH, as shown in Figure 3.13 (left). These data are 

used to calculate the ratio of the CEST intensity at each pH value and fit to a line for ratiometric 

analysis of pH in solution containing I-2, as shown in Figure 3.13 (right), where an unknown pH 

in a sample can be determined by comparing the ratio of the two CEST peaks. 

To demonstrate that I-2 CEST ratiometric properties can translate to a lower magnetic 

field MRI scanner, we performed phantom imaging on a 4.7 T MRI. Samples contained 10 mM 

I-2, with pH values between 6.6 and 7.8 at 37 ⁰C. CEST was recorded at 44 ppm and 124 ppm 

with intensities of 11.5 and 9.5 percent, respectively, at pH 7.4, 37 ⁰C as shown in Figure 3.21. 

This shows that the samples could be used for ratiometric analysis of pH, with the pH ratio 

showing linearity between pH values of 6.6 and 7.8. 
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Figure 3.13. The pH dependence of CEST for I-1 is shown at pH values between 6.8 and 

7.9, for peaks at 124 ppm and 45ppm (top). The Saturation transfer (ST= (1-MZ/M0) 

x100) is plotted as a function of pH (bottom left), and the ratio of the CEST peaks 

(45ppm/124ppm) at a given pH value is plotted at the bottom right. 
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1,8-[Co(CCRM)]

Omega Plot HW-Quesp

pH 124ppm Error 44ppm Error 124ppm Error 44ppm Error

6.88 930 ±50 550 ±30 940 ±50 590 ±30

7.00 1210 ±10 770 ±10 1220 ±20 800 ±10

7.27 1550 ±40 1000 ±50 1530 ±50 1030 ±50

7.40 1970 ±130 1520 ±60 1930 ±50 1400 ±90

7.58 3120 ±330 1850 ±40 2870 ±190 1920 ±60

7.84 6000 ±1140 2720 ±230 5710 ±460 2870 ±30

Table 3.4. Exchange rate constants for I-2 at 124 and 44 ppm calculated with both Omega 

Plot and HW-Quesp method. Solutions contained 10 mM complex, 20 mM HEPES buffer, 

and 100 mM NaCl, and at pH values between 6.8 and 7.9, with power varied from 9-29 µT. 
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Figure 3.14. The Omega plot at 124 ppm of (MZ/(M0 - MZ) vs. (1/ω2 ) of 10 mM I-2, 20 

mM HEPES buffer, and 100 mM NaCl, between pH values 6.8-7.9. Radiofrequency 

pulse applied for 2 seconds while varying B1 between 9-29µT. MZ is at the frequency 

of interest, and M0 was applied at (MZ+26 ppm). 
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Figure 3.15. The Omega plot at 44 ppm of (MZ/(M0 - MZ) vs. (1/ω2 ) of 10 mM I-2, 20 

mM HEPES buffer, and 100 mM NaCl, between pH values 6.8-7.9. Radiofrequency 

pulse applied for 2 seconds while varying B1 between 9-29µT. MZ is at the frequency of 

interest, and M0 was applied at (MZ+26 ppm). 

113 



 

 

 

 

 

 

 

 

 

           

         

Figure 3.16. A plot of kex obtained from the Omega plot method vs. [OH]-

for I-2 CEST peaks at 124 and 44 ppm. 
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Figure 3.17. The HW-Quesp plot at 124 ppm of (MZ/(M0 - MZ) vs. (1/ω2 ) of 10 mM 

I-2, 20 mM HEPES buffer, and 100 mM NaCl, between pH values 6.8-7.9. 

Radiofrequency pulse applied for 2 seconds while varying B1 between 9-29 µT. MZ 

is at the frequency of interest, and M0 was applied at (MZ+26ppm). 
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Figure 3.18. The HW-Quesp plot at 44 ppm of (MZ/(M0 - MZ) vs. (1/ω2 ) of 10 mM I-

2, 20 mM HEPES buffer, and 100 mM NaCl, between pH values 6.8-7.9. 

Radiofrequency pulse applied for 2 seconds while varying B1 between 9-29 µT. MZ 

is at the frequency of interest, and M0 was applied at (MZ+26ppm). 
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Figure 3.19. A plot of kex obtained from the HW-Quesp method vs. [OH]- for I-2 

CEST peaks at 124 and 44ppm. 
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Figure 3.20. MRI phantom images of solutions containing 10 mM I-2, 20 mM buffer, and 100 mM 

NaCl, with pH values of 6.6(MES buffer), 7,7.4, and 7.8 (HEPES buffer), with presaturation pulse 

applied at 44 ppm (A) and 124 ppm (B) away from bulk water. Note that there are two samples 

for each pH value, and a salt and buffer standard in the center of each image. From the images, 

percent CEST was calculated and used to produce a ratiometric plot (C). 

Z-spectra were recorded on I-1 and I-2 soaked tissue homogenate to study more realistic 

imaging conditions by simulating the MT-effect that is observed in the presence of tissue. 

Chicken thigh meat was ground up into fine pieces, then incubated for 48 hours with solutions 

containing 55 mM complex, then rinsed with buffered solution (100 mM, pH 7.4 HEPES). The 

Z-spectra show the most highly shifted CEST peaks are easily detectable, while the less highly 

shifted peaks appear obscured by the MT-effect. Next, magnetic field and power was lowered, 

to more closely simulate scan conditions. As expected, the MT effect becomes more problematic 

due to CEST peak overlap at lower magnetic fields and signal decreases with lower presaturation 

power22 highlighting the challenges of translating CEST to imaging on a MRI scanner. 

Calculated exchange rate constants also appeared lower under these conditions, perhaps also 

contributing to the lower observed signal. It should be noted however, that pH measurement of 
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the samples indicates that the sample pH values had decreased from 7.4 to an acidic range over 

several days while tests were being performed. However even for a lowered pH, the exchange 

rates appear to be low. Exchange rate constants for I-1 at 112 and 95 ppm were 240 s-1 and 350 

-1 -s , respectively, in tissue homogenate, compared to previously reported values of 300 and 540 s 

1 at pH 7.0 in solution.2 Moreover, I-2 values of 430 s-1 in chicken breast are much lower than 

the 930 s-1 recorded in table 3.3. Taking the CEST intensities from 3.23 for I-2, then applying 

the ratiometric formula to determine pH given in Figure 3.13, the resulting calculated pH is 6.1. 

Further experiments on pH measurements in tissue to correlate with these measured exchange 

rate constants are warranted. 
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Figure 3.21. Z-spectra and CEST of chicken samples soaked with [Co(CCRM)]2+ isomers, 

acquired at 3.6, 5.5, and 17.4 µT at 500 MHz for comparison. 
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Figure 3.22. Z-spectra and CEST of chicken samples soaked in 55 mM [Co(CCRM)]2+ 

solution of isomers, acquired at on 400 and 500 MHz NMR spectrometers for comparison. 

B1=17.4 µT. 
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Figure 3.23. The Omega plot at 113 and 95 ppm of (MZ/(M0 - MZ) vs. (1/ω2 ) of I-1 soaked 

chicken sample at acidic pH. Radiofrequency pulse applied for 2 seconds while varying B1 

between 5.5-17.4 µT. MZ is at the frequency of interest, and M0 was applied at 

(MZ+16ppm). Exchange rate constants of 240 s-1 and 350 s-1 respectively were calculated. 
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Figure 3.24. The Omega plot at 124 ppm of (MZ/(M0 - MZ) vs. (1/ω2 ) of I-2 soaked chicken 

sample, at acidic pH. Radiofrequency pulse applied for 2 seconds while varying B1 

between 5.5-17.4 µT. MZ is at the frequency of interest, and M0 was applied at 

-1(MZ+16ppm). An exchange rate constant of 430 s was calculated. 
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Discussion 

Identification of the two isomers was accomplished by analysis of the crystal structures. 

In both isomers, there are two pendent amides coordinated to the metal center in a trans-

configuration, but with different arrangements of bound pendent groups including 1,4 and 1,8-

isomers. This was supported by the paramagnetic NMR experiments, which show the sets of 

separate proton resonances for each isomer. NMR spectroscopy experiments showed that each 

isomer is stable at room temperature and that there is no observable interconversion between the 

two isomers unless heated to near boiling temperature in water. The mass spectrometry data 

were important to confirm that an isomerization occurred, and not decomposition or another type 

of reaction. 

What makes the 1,8-isomer interesting is its apparent increased stability relative to the 

other isomer, as determined by the acid, anion, and competing-cation studies. The nearly 

exclusive formation of the 1,4-isomer at room temperature during metalation indicates it is the 

kinetically favored isomer, while the stability studies indicate that the 1,8-isomer is 

thermodynamically favored. However, the 1,8-isomer has a higher kinetic barrier to formation; 

thus, it is only obtained at high temperatures. 

The CEST properties of I-2 are also desirable, as this complex produces two intense 

CEST peaks that are optimized at biological temperature and pH, but have sufficiently different 

exchange rates to be used as ratiometric probes. Our experiments on NMR and MRI 

undoubtedly demonstrate the ability of [Co(1,8-CCRM]2+ to accurately image pH in aqueous 

solution and remain stable under biological conditions. One interesting comparison between the 

ratiometric experiments on the NMR vs. MRI was the difference in the slope of the ratiometric 

plots, 0.48 for the NMR samples vs. 0.78 for the MRI phantoms. Upon examination of the 
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CEST intensity, one can observe that the pH of optimum CEST peak intensity on the NMR was 

close to 7.4 for both peaks (Figure 3.13). However for the MRI phantoms, the different CEST 

peaks reach their maximum intensity at significantly different pH values (Figure 3.20). The peak 

at 124 ppm appears maximized between pH 6.6 and 7.0, while the peak at 44 ppm maximizes 

close to pH 7.4, and this difference in optimum pH results in a steeper slope for the ratiometric 

comparison. The discrepancy in the CEST peak ratios as a function of pH is attributed to the 

differences in the static field strength and the pulse power of the NMR spectrometer versus MRI 

scanner. The lower field strength of the MRI scanner will result in a different shape of the CEST 

peak due to an overlap of the two different amide proton resonances at 4.7 T that are resolved on 

the NMR spectrometer at 11.7 T. Furthermore, the lower pulse power used on the MRI is better 

matched to a more slowly exchanging proton. This may contribute to the differences observed 

given the approximately two-fold higher exchange rate constant for the protons responsible for 

the CEST peak at 124 ppm compared to the protons contributing to the CEST peak at 45 ppm. 

For example, a kex of 6000 s-1 (Table 3.4) for the proton that gives rise to the 124 ppm CEST 

peak is measured at pH 7.8. The relationship between the optimal pulse power and the 

exchange rate constant is: 2πB1 = kex. This suggests that there is a mismatch in pulse power as 

CEST would be optimized for a proton exchanging with 6000 s-1 with a pulse of 1000 Hz or 24 

µT. This high pulse power is achieved on the NMR but not the MRI.22 

However, our experiments also highlight the challenges in translating these results to in 

vitro and in vivo imaging conditions. Our attempts at mouse imaging studies never yielded clear 

CEST contrast, although these experiments did show that high injection concentrations (30-50 

mM) could be tolerated by mice. 
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NMR CEST studies on the chicken samples highlight the effects of different factors on 

imaging, and how they can obscure the signal (Figures 3.22-3.23). The apparent broadness of 

the bulk water peak in all the Z-spectra is a result of the MT effect, which is present in biological 

media such as chicken breast. This can be corrected for by subtracting out the signal of the 

negative frequency to calculate CEST asymmetry, as shown in Figure 3.23, but it does appear 

that the signal is still somewhat decreased, as the peak at 124 ppm has a much greater CEST than 

that at 45 ppm. Thus, the MT background is not easily subtracted out. 

The studies presented in Figure 3.22 illustrate how decreased power of the 

radiofrequency presaturation pulse significantly lowers the CEST signal, as the MRI scanner 

currently employed can only use up to 12 µT. On a positive note, the reduced pulse power also 

significantly reduced the MT effect. 

The studies in Figure 3.23 illustrate how the strength of the static magnetic field of the 

instrument effects the detection of the CEST peak, as illustrated by Z-spectrum taken at 400 

MHz (9.4T) and 500 MHz (11.7T). The lower magnetic field results in a merging of the CEST 

peak with the tissue MT effect. This would be even more evident on a clinical MRI scanner, 

which is 1.5 Tesla. 

Finally, exchange rate studies seem to indicate a reduced exchange rate in tissue as 

compared to aqueous solution at the same measured pH values, indicating the pH experienced by 

the complex may be fairly acidic. Studies with a pH reporter, such as a phosphorous containing 

compound that has a pKa near neutral pH that can be monitored via 31P NMR will be used in 

future studies. 
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Conclusion 

While our studies have shown that I-2 has near ideal behavior for CEST MRI ratiometric 

pH imaging at biological pH and temperature in aqueous solutions, the transition to in vivo MRI 

imaging has been difficult. Even after many years of study, there are only a handful of 

successful examples of paraCEST imaging in vivo,95-97 indicating that all researchers in this field 

have struggled on this front. The effects of magnetic field, power, and MT effect are all 

variables that need to be considered when transferring to the MRI. For example, while in 

solution samples, the [Co(1,8-CCRM)]2+ performs better than the [Co(1,4-CCRM)]2+ isomer, in 

the chicken thigh samples, the [Co(1,4-CCRM)]2+ isomer has two peaks outside the range of the 

MT effect, while the[Co(1,8-CCRM)]2+ only has one, therefore the [Co(1,4-CCRM)]2+ is better 

for in vivo ratiometric pH imaging. 

We also need better understanding of complex biodistribution and tissue environments 

with be needed for molecules to correctly report pH. We will pursue T1 imaging of the 

complexes or their Ni(II) analogues to better understand where the complex goes during mice in 

vivo experiments, as well as using phosphorus extracellular reporters to help us better understand 

pH in tissue, and how our complexes will report those pH values. 
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Appendix 

Chapter 2. 

Table A2.1 Table of Δfrequency and Δpeak (FWHM) width for [Co(N3OA)]2+ , 
[Co(DCMC)]2+ and [Fe(N3OA)]2+ complexes. 

[Co(N3OA)]2+ 

50 mM 

[Co(DCMC)]2+ 

40 mM 

[Fe(N3OA)]2+ 

100 mM 

Temp 
(⁰C) 

Δfrequency 
(ppm) 

Δwidth 
(Hz) 

Δfrequency 
(ppm) 

Δwidth 
(Hz) 

Δfrequency 
(ppm) 

Δwidth 
(Hz) 

25 2.18 66.36 1.69 3.21 5.27 43.65 

30 2.37 71.10 1.62 3.98 5.34 49.33 

35 2.64 86.09 1.60 4.53 5.38 51.44 

40 2.77 90.57 1.56 6.65 5.43 47.35 

45 2.86 83.82 1.53 8.11 5.43 42.36 

50 3.00 76.85 1.51 9.66 5.38 35.44 

55 3.17 63.93 1.49 11.14 5.34 30.35 

60 2.99 51.56 1.51 12.75 5.29 25.66 

65 3.00 41.69 1.44 12.17 5.25 22.24 

70 2.95 34.14 1.42 11.58 5.19 19.63 

75 2.92 31.74 1.44 12.58 5.11 17.19 

80 2.79 26.94 1.41 12.86 5.04 15.16 
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Table A2.2 Data from the variable temperature 17O NMR spectra of 100 mM 
[Co(NODA)(OH2)]2+ in water. 

2+ 
[Co(NODA)] 100mM 

Δfrequency 
(ppm) 

FWHM 
(Hz) 

[Con] 
(M) 

p
m 1/T2r 

(x105) 
1/T 

-1 
(K ) 

ln(1/T2r) 

24.5 336.8 0.100 0.00180 5.87 0.003597 13.3 

24.3 259.4 0.100 0.00180 4.52 0.003534 13.0 

23.9 190.8 0.100 0.00180 3.33 0.003472 12.7 

23.3 148.8 0.100 0.00180 2.60 0.003413 12.5 

22.8 118.5 0.100 0.00180 2.07 0.003356 12.2 

22.4 95.1 0.100 0.00180 1.66 0.0033 12.0 

22.0 76.9 0.100 0.00180 1.34 0.003247 11.8 

21.5 64.1 0.100 0.00180 1.12 0.003195 11.6 

21.1 53.6 0.100 0.00180 0.934 0.003145 11.4 

20.7 47.5 0.100 0.00180 0.827 0.003096 11.3 

20.3 41.5 0.100 0.00180 0.724 0.003049 11.2 

19.8 38.5 0.100 0.00180 0.672 0.003003 11.1 
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Table A2.3 Data for the variable temperature 17O NMR study of 50 mM. 

2+ 
[Fe(NODA)(OH2)] 50mM 

Δfrequency 
(ppm) 

Δwidth 
(Hz) 

[Con] 
(M) 

p
m 1/T2r 

(x 105) 
1/T 

-1 
(K ) 

ln(1/T2r) 

12.4 796.8 0.0500 0.000901 27.8 0.003597 14.8 

14.7 675.3 0.0500 0.000901 23.5 0.003534 14.6 

15.2 497.1 0.0500 0.000901 17.3 0.003472 14.4 

16.7 339.3 0.0500 0.000901 11.8 0.003413 14.0 

15.6 231.3 0.0500 0.000901 8.07 0.003356 13.6 

15.4 175.4 0.0500 0.000901 6.11 0.0033 13.3 

15.2 125.5 0.0500 0.000901 4.38 0.003247 13.0 

14.9 93.6 0.0500 0.000901 3.27 0.003195 12.7 

14.6 70.8 0.0500 0.000901 2.47 0.003145 12.4 

14.4 54.1 0.0500 0.000901 1.89 0.003096 12.1 

14.1 43.1 0.0500 0.000901 1.50 0.003049 11.9 

13.9 35.0 0.0500 0.000901 1.22 0.003003 11.7 
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Table A2.4. Data for the variable temperature 17O NMR study [Co(OH2)6]2+. 

2+ 
[Co(OH ) ] 25mM 

2 6

Δfrequency 
(ppm) 

Δwidth 
(Hz) 

[Con] 
(M) 

p
m 

1/T2r 
(x105) 

1/T 
-1 

(K ) 
ln(1/T2r) 

8.17 1495 0.0250 0.002703 17.4 0.003356 14.4 

10.2 1463 0.0250 0.002703 17.0 0.0033 14.3 

18.3 1361 0.0250 0.002703 15.8 0.003247 14.3 

28.3 1493 0.0250 0.002703 17.4 0.003195 14.4 

28.7 1357 0.0250 0.002703 15.8 0.003145 14.3 

34.3 1467 0.0250 0.002703 17.0 0.003096 14.3 

35.3 1311 0.0250 0.002703 15.2 0.003049 14.2 

38.1 1077 0.0250 0.002703 12.5 0.003003 14.0 

37.0 947.3 0.0250 0.002703 11.0 0.002959 13.9 

37.1 744.6 0.0250 0.002703 8.65 0.002915 13.7 

37.3 580.4 0.0250 0.002703 6.75 0.002874 13.4 

37.4 513.3 0.0250 0.002703 5.97 0.002833 13.3 
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Table A2.5. Data for the variable temperature 17O NMR study [Fe(OH2)6]2+. 

2+ 
[Fe(OH ) ] 25mM 

2 6

Δfrequency 
(ppm) 

Δwidth 
(Hz) 

[Con] 
(M) 

p
m 

1/T2r 
(x105) 

1/T 
-1 

(K ) 
ln(1/T2r) 

26.2 1911 0.0250 0.00270 22.2 0.003356 14.6 

28.5 1919 0.0250 0.00270 22.3 0.0033 14.6 

34.2 1991 0.0250 0.00270 23.1 0.003247 14.7 

38.6 1652 0.0250 0.00270 19.2 0.003195 14.5 

39.4 1490 0.0250 0.00270 17.3 0.003145 14.4 

42.5 1187 0.0250 0.00270 13.8 0.003096 14.1 

43.1 852.2 0.0250 0.00270 9.91 0.003049 13.8 

42.7 754.2 0.0250 0.00270 8.77 0.003003 13.7 

43.1 603.8 0.0250 0.00270 7.02 0.002959 13.5 

41.6 485.8 0.0250 0.00270 5.65 0.002915 13.2 

41.7 383.7 0.0250 0.00270 4.46 0.002874 13.0 

41.1 311.1 0.0250 0.00270 3.62 0.002833 12.8 

Table A2.6. Values for ΔH, ΔS, C, and kex298 for [Co(OH2)6]2 (Figure S22). 

ΔH ΔS 
( (J/mol C k

ex298 

kJ/mol) K) 

value 30.4 -22.2 1.13E+09 1.99E+06 
error 3.7 12.1 8.59E+07 

Table A2.7. Values for ΔH, ΔS, C, and kex298 for [Fe(OH2)6]2 (Figure S23). 

ΔH ΔS C k
ex298 
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( (J/mol 
kJ/mol) K) 

value 37.4 5.9 1.39E+09 3.48E+06 
error 1.5 4.8 4.38E+07 

Figure A2.8. Transverse relaxivity (ln(1/T2r) obtained from 17O NMR plotted as a 
function of inverse temperature (1/K) and fitted to the Swift-Connick equation to infer 

values for ΔH, ΔS, C, and kex298 (Table S10). Sample contained 25 mM [Co(OH2)6]2+ . 

139 



 

 

 

           

            
                 

 

 

 

 

 

 

 

Figure A2.9. Transverse relaxivity (ln(1/T2r) obtained from 17O NMR plotted as a 

function of inverse temperature (1/K) and fitted to the Swift-Connick equation to infer 
values for ΔH, ΔS, C, and kex298 (Table S11). Sample contained 25 mM [Fe(OH2)6]2+ . 
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Figure A3.1. UV-vis profile of both [Co(CCRM)]2+ isomers I-1(blue) 

and I-2(orange) from 400 to 750 nm, 30 mM samples in water. 
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Figure A3.2. Absorbance at 493nm (I-1) and 487 nm (1-2) as a function of 

concentration (mM) of [Co(CCRM)]2+, I-1(blue) and I-2 (orange), 10 to 50 mM 

samples in water. 
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