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Abstract

High-spin Fe(lll) complexes of 1,4,7-triazacyclononane (TACN) with mixed oxygen donor
pendants including hydroxypropyl, phenolate or amide groups are prepared for study as T1 MR
probes. Complexes with two hydroxypropyl pendants and either amide (Fe(TOAB)) or phenolate
(Fe(PTOB)) groups are compared to an analog with three hydroxypropyl groups (Fe(NOHP)), in
order to study the effect of the third pendant on the coordination sphere as probed by solution
chemistry, relaxivity and structural studies. Solution studies show that Fe(PTOB) has two
ionizations with the phenol pendant deprotonating with a pKs of 1.7 and a hydroxypropyl
pendent with pKs of 6.3. The x-ray crystal structure of [Fe(PTOB)]Br, features a six-coordinate
complex with two bound hydroxypropyl groups, and a phenolate in a distorted octahedral
geometry. The Fe(TOAB) complex has a single deprotonation, assigned to a hydroxypropyl group
with a pK; value of 7.0. Both complexes are stabilized as high-spin Fe(lll) in solution as shown by
their effective magnetic moments and Fe(lll)/Fe(ll) redox potentials of -390 mV and -780 mV
versus NHE at pH 7 and 25 °C for Fe(TOAB) and Fe(PTOB) respectively. Both Fe(PTOB) and
Fe(TOAB) are kinetically inert to dissociation under a variety of challenges including
phosphate/carbonate buffer, one equivalent of ZnCl,, two equivalents of transferrin or 100 mM
HCI, or at basic pH values over 24 h at 37 °C. The r; relaxivity of Fe(TOAB) at 1.4 T, pH 7.4 and 33
°C is relatively low at 0.6 mMs? whereas the r1 relaxivity of Fe(PTOB) is more substantial and
shows an increase of 2.5 fold to 2.5 mM-s! at acidic pH. The increase in relaxivity at acidic pH is
attributed to protonation of the phenolate group to provide an additional pathway for proton

relaxation.



Introduction

Coordination complexes of Mn(ll) and Fe(lll) are under development as examples of
transition metal-based T1 MRI probes to provide alternatives to clinically relevant Gd(lll) MRI
contrast agents. While good progress has been made with Mn(Il) complexes that have increased
stability and relaxivity,' 2 Fe(lll) complexes have been less studied. > However, the development
of Fe(lll) MRI probes has received more attention over the past few years.**! A motivation for
the development of iron MRI probes is to take advantage of the biochemical mechanisms in
animals as well as humans to sequester and store excess iron.*>* However, ligands designed for
Fe(lll) chelation need to take into account the unique chemistry of the highly Lewis acidic and
small-sized Fe(lll) ion.% > > The strong Lewis acidity of the Fe(lll) center promotes deprotonation
of bound waters at relatively low pKa values to form terminal hydroxides or bridging oxides.>18
Ready ionization of other ligand groups bound to Fe(lll) can further complicate solution
chemistry.'> 20 Further considerations as outlined in recent reviews involve controlling the
oxidation and spin state of iron complexes under biological conditions.> 8

Our development of Fe(lll) complexes of 1,4,7-triazacyclononane (TACN) as T1 MRI probes
has involved a search for pendant groups that produce a stabilized high spin Fe(lll) center under
physiological conditions.> 2923 Notably, the TACN macrocycle may stabilize either divalent or
trivalent Fe complexes, based on the type of pendant group.®?* When all three pendant groups
are neutral nitrogen donors such as pyridines or neutral oxygen donors such as amide groups, a
divalent Fe(ll) center is stabilized as shown by redox potentials that are >800 mV versus NHE.?>
TACN ligands with neutral five-membered nitrogen heterocyclic pendants such as imidazole
produce Fe complexes with intermediate potentials of approximately 330 mV at neutral pH.1% 26
In contrast, anionic oxygen donor groups such as phosphonates,?* 2’ hydroxyalkyls,?! or phenols?®
on TACN produce iron complexes with redox potentials that range from -330 mV to -1.2V versus
NHE, signifying stabilization of the trivalent state.

The importance of maintaining the trivalent oxidation state under biological conditions
has been discussed in the development of MRI probes.># 24 In extracellular space, the most likely
one electron reductant for Fe(lll) is ascorbate with a standard redox potential of 0.28 V for the

Asc=, H+/HAsc- couple which is closer to 0.10 V under physiological conditions.?? Thus iron(lll)



complexes with negative redox potentials are desirable to avoid reduction to Fe(ll). In terms of
spin state, pendants containing oxygen donors including carboxylates, hydroxypropyls or
phosphonates generally produce high-spin Fe(lll) complexes?3, whereas heterocyclic groups
appended to TACN may produce low spin Fe(lll) complexes.?® 39 Fe(lll) complexes of TACN with
two pyridine pendants may also be low spin.®

Other considerations common to contrast agents include requirements of good solubility
(>5 mM) and kinetic inertness and/or thermodynamic stability towards loss of metal ion.3%32 For
example, the stability and kinetic inertness of Gd(lll) contrast agents have been the subject of
many reviews.3" 33 There are fewer examples of studies of the kinetic inertness and stability of
Fe(lll) MRI probes under physiological conditions.? Recent studies in our laboratory showed that
Fe(lll) complexes of linear pentadentate chelates have good stability but are much less kinetically
inert towards dissociation than analogous macrocyclic complexes such as those studied here3* as
well as recent examples with tetra-azamacrocyclic complexes.3> 36 However, Fe(lll) complexes of
hexadentate linear chelates are both thermodynamically stable and kinetically inert to loss of
iron.4

Another major challenge is to identify the most important contributions to proton
relaxivity in high-spin Fe(Ill) T1 MRI probes.®2 We have compared Fe(lll) macrocyclic complexes
containing an inner-sphere water to analogous Fe(lll) macrocyclic complexes that lack an inner-
sphere water. The former have pentadentate macrocycles whereas the latter have hexadentate
macrocyclic ligands with three pendants.?% 2! As expected, Fe(lll) complexes that lack an inner-
sphere water have lower relaxivity than analogous complexes that do contain an inner-sphere
water molecule, given the important role of an inner-sphere water in proton relaxation.?®
However, a comparison of Fe(lll) coordination complexes which lack an inner-sphere water but
have different coordinating pendants show that relaxivity ranges from 0.6 to 1.5 mM1s? at 1.4
T, 33 °C. The hydroxypropyl complex has the highest relaxivity, followed by the phosphonate, and
the carboxylate complex showed the lowest relaxivity of the three. These relaxivity differences
are based, in part, on distinct second-sphere water interactions as shown by pH-dependent

relaxivity studies and variable temperature 1’0 NMR spectroscopy.?3



Whereas Fe(lll) complexes that lack an inner-sphere water have lower ri1 relaxivity
compared to analogs that contain an inner-sphere water, such Fe(lll) complexes can still be
effective T1 probes if multiple Fe(lll) centers are linked together. Multicenter Fe(lll) probes may
be part of a dinuclear complex,?? or part of a self-assembled cage structure.3” The design of
multinuclear Fe(lll) complexes is one approach towards more effective T1 MRI probes.

Another challenge in the development of MRI probes is the incorporation of pendant
groups that can be readily functionalized. Pendant groups that can be modified for attachment
of the metal ion complex to recognition agents used for targeting tissue3® or for incorporation
into multinuclear complexes of nanoparticles would be useful.3® 4° Moreover, pendant groups
that can be easily modified to enhance relaxivity through modulating water or proton exchange,*
or to increase solubility or modulate pharmacokinetic clearance®? is important in MRI probe
development. Our choice of amide or phenolate groups reflects their potential as readily
functionalized pendants. Here we study the effect of an amide or a phenolate pendant on the
aqueous solution properties of Fe(lll)-based TACN complexes including ligand ionization,
solubility, redox potentials, and kinetic inertness. Also of interest is the modulation of the proton
relaxivity in the Fe(lll) complexes by the third pendant as mediated by second-sphere or proton

exchange. Fe(lll) complexes with mixed pendant groups are compared to the complex Fe(NOHP)
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that contains a single type of pendant (Scheme 1).
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Scheme 1: Fe(lll) complexes drawn in the expected protonation state at pH 7.4.



Results and Discussion

Ligand synthesis. The synthetic schemes for PTOB and TOAB differ by the order of
addition of the unique pendant group. If the unique pendant group can be added to protected
TACN first followed by deprotection and addition of hydroxypropyl groups, the synthesis is
considerably shortened. The PTOB ligand was prepared this way (Scheme 2). However, pendants
that are sensitive to the strongly acidic or basic conditions used in the deprotection strategy
cannot be added directly to the protected TACN. Sensitive pendant groups such as functionalized
amides are best added to a ligand with two hydroxypropyl groups on TACN (DACO), as shown in
Scheme S1.

While the synthesis of DACO has been reported,?® a modified synthetic procedure that
adds the nitro-benzyl group instead of the benzyl group to TACN prior to catalytic hydrogenation
was developed and used in the synthesis of the ligands reported here. The newly reported
procedure takes three to four days less than the original procedure and has an increased yield of
59%. One adjustment that was necessary for using the nitro-benzyl group was the addition of
acetic acid to the hydrogenation solution to prevent reduction of the nitro group to an amino
group, rather than the nitro-benzyl group being removed from the macrocycle. For TOAB, the
dibenzylamide group was added to DACO via a single step alkylation reaction (Scheme 52).4°

To prepare PTOB, the coordinating pendant was added first and the hydroxypropyl groups
were added second. This route succeeds in part because the methylsulfonyl protecting group on
the phenol remains intact through the harsh acid deprotection of the TACN moiety. The

hydroxypropyl groups were added while the phenol was still protected to prevent the alkylation



of the phenol by the propylene oxide. After the hydroxypropyl pendants were added, the phenol

was deprotected using hydroxide.
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Scheme 2: Synthetic procedure for PTOB ligand.
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Fe(lll) complex synthesis. The two iron complexes were prepared by similar methods,

with slight variations for each. Fe(TOAB) was successfully synthesized in aqueous solution with

ferrous bromide while maintaining a pH of 5.5 to 6.5 and a temperature of 50 °C.*° Fe(PTOB) was

prepared by using either ferrous chloride or ferrous bromide in ethanol at 60 to 70 °C for 16 to

18 hours. Solutions were exposed to air to allow for oxidation of the ferrous center to ferric iron

once bound to the ligands.



Figure 1. Thermal ellipsoid plot of complex cation of [Fe(PTOB)]Br; at the 50% probability level.

H-atoms and outersphere Br~ counterions have been omitted for clarity.

Structural studies. The atomic connectivity of [Fe(PTOB)]Br, was determined by single-
crystal X-ray diffraction (Figure 1, Table S1). The iron center was found to be six-coordinate with
three nitrogen donors from the TACN ring, and three oxygen donors from the TACN pendant
groups. Additionally, there were two outersphere Br~ counterions which were positionally
disordered with CI" anions. Hydrogen atoms for 02 and O3 were located in the difference map
and placed at calculated positions. The iron center can therefore best be described as Fe(lll) with
disordered Br=/ClI~ counterions in a ratio of 1.5/0.5, respectively, and a single phenoxide (O1) arm
of the macrocyclic ligand maintain charge neutrality. Hydrogen bonding-type interactions were
observed between the hydroxy group protons (H2 and H3) and the nearby (~2.2 A) Br/Cl- groups
(see Figure S26). The coordination environment is distorted pseudo-octahedral, selected bond

lengths and angles are tabulated in Tables S2 and S3. Surveying the Fe(lll) coordination sphere



bond lengths reveals the Fe1—O01 distance is c.a. 0.2 A shorter than the Fe—O distances for the
protonated alcohols (02 and 03), further supporting that O1 is indeed deprotonated.

Fe(lll) complex characterization. The two Fe(lll) complexes were characterized by NMR
spectroscopy including by Evans method of susceptibility. Fe(TOAB) had an effective magnetic
moment of 6.1 £ 0.2 whereas Fe(PTOB) showed an effective magnetic moment of 6.2 £ 0.3. These
values are characteristic of high spin Fe(lll) complexes and are similar to previously reported high
spin Fe(lll) contrast agents.?> 2! However, high spin Fe(ll) centers in TACN ligands often have
magnetic moments in this range as well. 4> 4% In order to further differentiate between high spin
Fe(ll) and Fe(lll), the 'H NMR spectra were collected. High spin Fe(ll) complexes of TACN
macrocycles typically show relatively sharp paramagnetically shifted proton resonances,*?
whereas the 'H NMR spectra of Fe(lll) complexes have proton resonances broadened into the
baseline due to increased relaxivity properties. The 'H NMR spectra of Fe(TOAB) and Fe(PTOB)
showed an absence of proton resonances which, along with relaxivity properties described
below, further supports a high spin Fe(lll) oxidation state.

Agueous solubility is an important requirement in the design of contrast agents as MRI
studies in mice require solutions of at least 5 mM to deliver 50 umol/kg by tail vein. Many Gd(lIl)
based contrast agents have aqueous solubilities of 100 mM or greater.3* Whereas Fe(NOHP) has
barely sufficient solubility (6 mM) for animal studies,?® Fe(PTOB) was soluble to at least 15 mM.
At neutral pH, Fe(TOAB) was soluble up to 20 mM (with meglumine present), although some
precipitation was observed at neutral pH in the presence of HEPES buffer. However, the solubility

of this complex over a wide pH range was more limited.



A potential challenge of using amide pendants, such as in Fe(TOAB), is the hydrolysis of
the amide to a carboxylate group (Scheme S6). This is often acid catalyzed, and while most of the
intended studies will be done at neutral pH, Fe(lll) is a strong Lewis acid that may catalyze the
reaction. Since there is a 178 mass unit different between these two species, mass spectrometry
was used to determine if hydrolysis occurred over time when Fe(TOAB) was dissolved in water.
Fe(TOAB) was studied at pH 4, pH 7, and pH 9 over the course of two weeks. For all pH conditions,
no evidence of the hydrolysis product nor dissociation of complex to give free ligand was
observed after two weeks at room temperature (~ 25 °C). The studies carried out at pH 7 and 9
are shown in Figures S7 and S8. In comparison, metal catalyzed amide hydrolysis was examined
in a recent study of an analogous Ga(lll) based TACN complex. Ga(lll) is another highly Lewis
acidic metal ion with properties similar to those of Fe(lll).*> The Ga(lll) center was similarly unable
to catalyze the rapid hydrolysis of the amide pendant at room temperature over several hours,
although hydrolysis at higher temperatures was observed. However, this study featured a
monosubstituted amide with adjacent serine which was proposed to accelerate amide hydrolysis
through a N, O acyl shift mechanism.*

In order to determine the speciation of the Fe(lll) complexes as a function of pH,
spectrophotometric titrations were carried out. Fe(PTOB) showed changes in the LMCT band at
555 nm at acidic pH values (Figure 2 & S8). This change in absorbance is consistent with
deprotonation of the phenol group as the pH is increased. The pKa value of 1.7 is lower than that
of Fe(lll) complexes containing functionalized phenol or hydroxypyridine pendants of linear
chelates which were 2.3 and 3.7, respectively.3* In the Fe(PTOB) complex studied here, it is

interesting to note that even at very acidic pH values, the LMCT band is maintained, although



shifted by 140 nm from the LMCT which is present at pH 3.5 to pH 11. The presence of the LMCT
band suggests that the protonated phenol is coordinated even at these very acidic pH values. The
second ionization with a pK; value of 6.3 is assigned to one of the hydroxypropyl groups (Figure
S9). This value is slightly lower than that of other Fe(lll) complexes with two hydroxypropyl groups
and a water ligand, suggesting that the bound phenolate pendant facilitates ionization of a
hydroxypropy! group.?® 2! The Fe(TOAB) complex has a single ionization with a pKa value of 7.0
that is assigned to deprotonation of one of the hydroxypropyl groups (Scheme 3, Figure S10).

This pKa value is similar to that of the hydroxypropyl group of Fe(NOHP).2?
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Figure 2. Spectrophotometric titration of Fe(PTOB) as a function of pH (top). Titration showing
isosbestic point at 500 nm along with a plot of the change in absorbance and fit to a single pKa
value of 1.7 (bottom). All solutions contained 20 mM HEPES buffer, 100 mM NacCl, 200 uM

Fe(PTOB) and were adjusted to the indicated pH value using HCl or NaOH.
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Scheme 3. Fe(lll) complexes and their ionizations in aqueous solutions.

The electrochemistry of the two iron complexes was studied to determine the effect of
the phenolate or amide pendant group on the Fe(lll)/Fe(ll) reduction potential. Fe(TOAB) shows
a quasi-reversible wave at 260 mV versus NHE by cyclic voltammetry when recorded at pH 3.5.
This peak shifts to —390 versus NHE at neutral pH (Figure S11 & S12). The shift in the potential is
consistent with the ionization of a hydroxypropyl group to give an anionic pendant that stabilizes
the Fe(lll) center. The electrochemistry of Fe(PTOB) was studied in acetonitrile to accommodate
the more negative redox potential expected for this complex. For example, an Fe(lll) complex of
TACN with one phenolate and two carboxylate pendants has a redox potential of — 450 mV vs.
NHE*® whereas complexes with three phenolate groups have redox potentials of —=1.2 V vs NHE.#’

For Fe(PTOB) studies, the reduction potentials are referenced versus the ferrocene/ferrocenium
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couple (Fc/Fc*), and converted to versus NHE.* The cyclic voltammogram of FePTOB (Figure S13)
shows a quasi-reversible reduction potential of -1.4 V vs Fc/Fc* (-780 mV vs. NHE), which is
assigned to the Fe(lll)/Fe(ll) redox couple. The negative reduction potential of Fe(PTOB) suggests
stabilization of the trivalent state, and supports the fact that Fe(PTOB) is unlikely to be reduced
when injected in vivo. In addition, an oxidation wave at 0.5 V is assigned to a ligand-centered
redox process associated with the coordinated phenolate.*® >0

Fe(lll) complex dissociation studies. Kinetic inertness of metal complexes towards
dissociation is one of the most important characteristics to consider in the development of
contrast agents including those of Gd(l1l) and Mn(11).% 315 Notably, thermodynamic stability may
not be as important for a metal ion complex that is highly kinetically inert towards metal ion
dissociation. For example, previous studies have shown that Fe(lll) complexes of TACN with
hydroxypropyl pendants, such as Fe(NOHP), lack thermodynamic stability yet are highly resistant
to loss of metal ion even in strong acid or with competing ligands.?> 22 Since it is such an
important characteristic of MRI probes, kinetic inertness of these complexes was tested under a
few different conditions (Table 1).

Kinetic inertness in HEPES buffer is an important parameter to test for new MRI contrast
agents as HEPES buffer is frequently used for phantoms as well as in other solution studies with
the complexes. HEPES buffer is often used in initial studies as an example of a relatively weakly
binding buffer, prior to the use of phosphate buffered saline (PBS) of phosphate/carbonate
mixtures with physiologically relevant concentrations of these anions. Fe(TOAB) showed a slight
change in absorbance over 24 hours of 11-22% (Figure S15), that was attributed to precipitation

corresponding to the appearance of an orange solid upon addition of HEPES buffer. Due to this,
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meglumine was tested as an alternative to produce solutions that had a pH of 7 and remained
biologically compatible. Meglumine has been used to solubilize Fe(lll) complexes?! and is a
component of many gadolinium contrast agent formulations.3? Fe(TOAB) was found to be
kinetically inert in pH 7, meglumine adjusted solutions, therefore, meglumine was used in UV-
Vis, relaxivity, and cyclic voltammetry studies to adjust the pH of the solutions to 7. In the case
of Fe(PTOB), there was minimal change in absorbance over 24 hours in the presence of only
HEPES buffer and therefore HEPES buffer was used in all solution studies. Fe(TOAB) and Fe(PTOB)
were found to be kinetically inert in the presence of biologically relevant anions (carbonate and
phosphate) as well as in the presence of a molar equivalent of zinc(ll) chloride. However,
Fe(TOAB) dissociated up to 17.5% in the presence of 100 mM acid after 24 hours (Figure S14) and
Fe(PTOB) dissociated up to 10% in the same conditions (Figure S19). These data suggest that the
Fe(lll) macrocyclic complexes studied here are more inert towards trans-metalation by Zn(ll) than
Mn(ll) or Gd(lIl) contrast agents with linear chelates,*? but less inert than macrocyclic complexes
of Gd(lll) such as Gd(DOTA).>?

Further studies of the kinetic inertness of the Fe(PTOB) complex explored incubation at
basic pH, and 37 °C over a period of 24 hours. These studies showed no change in the intensity
of the LMCT band at 430 nm, suggesting that the complex was inert towards dissociation at pH 9
(Figure S24). Moreover, addition of an equivalent of the strongly chelating ligand, EDTA, at pH
7.4, 37 °C produced no discernable dissociation of Fe(PTOB) over 24 hours (Figure S25). Finally,
addition of 1-2 equivalents of ascorbate (50 -100 uM) as a potential reducing agent to solutions
of Fe(PTOB) followed by incubation for 24 hours at 37 °C produced no substantial change in the

intensity of the LMCT band of Fe(PTOB) (Figures S26-27). The inability of ascorbate anion to
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reduce Fe(PTOB) is consistent with the very negative redox potential of the complex which

signifies a highly stabilized Fe(lll) center.

Table 1: Kinetic Inertness Studies at 37 °C, 24 h as shown in Figures S14 —S25.

100 mM HClI = 25 mM NaHCOs 20 mM 1 equiv. transferrin
0.5 mM Na;HPO4 HEPES ZnCl;
Fe(TOAB) 17% Inert Precipitation = Inert = 6% transmetallation
dissociation 11%
Fe(PTOB) 10% Inert Inert inert | 7% transmetallation
dissociation
Fe(NOHP) 7.9% (48 h)? Inert? Inert? - 4.3%

transmetallation
a. Data from reference (*)

Although iron is the most abundant transition metal in the human body, maintaining the
homeostasis of the iron content in the body is extremely important,>3->> which is one reason why
kinetic inertness is a consideration when designing new iron-based contrast agents. Due to its
abundance in the human body, there are proteins to bind, transport, and store free iron.>> The
major protein carrier for iron throughout the body is transferrin,>®>° which has a strong affinity
for iron (log Kecond = 20.7 and 19.4 for the two Fe(lll) binding sites of human transferrin at pH
7.4).°% % Due to its abundance (30 uM in the blood plasma),>” 0 transferrin could sequester
dissociated iron from an injected iron complex if the affinity of the complex for iron is lower than
that of transferrin.'2 This can be studied by UV-Vis as the iron-transferrin complex has a strong
absorbance at 465 nm (€ = 4950 M1cm™).>% 60

Using a procedure based on transferrin competition studies with iron MRI contrast

agents,* 12 the kinetic inertness of our complexes to transferrin was tested (Table 1). Fe(NOHP),
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Fe(PTOB) and Fe(TOAB) were incubated with two molar equivalents of apo-transferrin at pH 7
and 37 °C and monitored for 24 hours. Fe(NOHP), Fe(TOAB), and Fe(PTOB) showed 4.3%, 6%, and
7% increase in the absorbance at 465 nm, respectively, consistent with very small amounts of
iron transchelation to transferrin over these 24 hours (Figure S28 —S30). This is comparable with
the previously reported Fe-PyC3A which showed < 3% transchelation under the same conditions.*
By contrast, an Fe(lll) complex with a linear triamine chelate and pendant phenolates lost iron
rapidly to transferrin with a half-life of 15-20 minutes.3* This data shows that the macrocyclic
ligands or ligands with rigid backbones are required to prevent loss of Fe(lll) to transferrin.
Variable temperature 170 NMR studies. The Fe(lll) complexes studied here are likely to
be coordinatively saturated and lack a coordination site for an inner-sphere water. Indeed,
Fe(NOHP) is six-coordinate with no inner-sphere water?! and the solid state structure of
Fe(PTOB), as studied here, shows no bound solvent molecules. However, we wondered whether
Fe(PTOB) would accommodate an inner-sphere water in solution. The most common method to
study whether a paramagnetic metal ion complex has a bound, rapidly exchanging inner-sphere
water is through 10 NMR spectroscopy.>? 1 62 Methods initially developed for Mn(ll) complexes,
have employed 'O water resonance line broadening (transverse r, relaxivity) studies as a
function of metal complex concentration and temperature to estimate the number of inner-
sphere waters.®® This method has been applied to Fe(lll) complexes as well.2> 2! The transverse
relaxation rate constants (1/T.° or R;°) estimated from 70 line broadening for our complexes
were compared to standard Fe(lll) complexes that have a bound water, such as Fe(CDTA), and
ones that lack a water, such as Fe(DTPA).%* The comparison aids in the assessment of whether

there is an inner-sphere water that undergoes exchange on the O NMR timescale. At neutral

15



pH, the data collected for Fe(PTOB) shows a transverse r;° (R2° normalized to concentration) that
is similar to that of Fe(DTPA) and much lower than that of Fe(CDTA) as shown in Figure 3. This is
similar to reports of Fe(NOTP) and Fe(NOHP)?3 and supports the lack of an inner-sphere water

ligand at neutral pH.
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Figure 3. Comparison of 17O NMR transverse relaxivity (r.°) for Fe(DTPA), Fe(CDTA), and

Fe(PTOB) at pH 6.5—-7.2, HEPES buffer, as a function of temperature.

Fe(lll) complex proton relaxivity. The mechanism of proton relaxation of paramagnetic
metal ion complexes has been described for Fe(lll) complexes.” & 8> Briefly, relaxivity is parsed
into contributions from inner-sphere or directly bound waters (ri*), second-sphere relaxivity
(r1%%) for water molecules in close proximity and perhaps bound to ligands, and outer-sphere
water (r1%°) for closely diffusing water. These are related to the number of water molecules

involved (q), the lifetime of the inner-sphere or second-sphere water interactions with the
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paramagnetic complex (tm), as well as the relaxation time of the bound water (T1m) as shown in
Equation 1. The outer-sphere contribution (r1°°) arises from water molecules that do not have a
specific lifetime and interaction associated with the contrast agent. Inner-sphere waters are
relatively well defined from the standpoint of number, distance, and orientation with respect to

the metal center, whereas second-sphere waters (g’ and t’) are more difficult to assess.

a/[H20] | q'/[Hz0] .
rn=rS+r>5+r2 = T1m+2rm + Tl'm+2T7'n +rPs (Equation 1)

The T1 and T, water proton relaxation times were measured in the absence and presence
of human serum albumin (HSA at 35 mg/mL) and the relaxivity values for the iron complexes,
Fe(TOAB) and Fe(PTOB) are given in Table 2 along with values for Fe(NOHP) for comparison.
Measurements were made at pH 7.2 by monitoring the T1 or T, water proton relaxation times of
solutions containing the complex over the concentration range of 50 uM to 1.00 mM for the
Fe(lll) complex. Fe(TOAB) solutions had meglumine present to adjust the pH and maintain
solubility, and did not contain HEPES buffer.

Table 2: Relaxivity of Fe(lll) complexes at pH 7.2 in 0.1 M NaCl at 1.4 T, 33 °C.
ri (mM3is?)  r,(mM3is?)  r; (mM3is?)  r, (mMis?)

14T 14T with HSA with HSA
Fe(NOHP)?*2 | 1.5+0.2 1.8+0.1 1.5+0.1 2.1+0.03

Fe(TOAB)ZJ'b 0.66+0.1 1.1+0.1 0.85+0.1 1.2+0.1
Fe(PTOB) 0.98+0.05 1.2+0.2 1.4 +0.07 1.6+0.2
a. From reference??® b. values from reference3®
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The macrocyclic Fe(lll) complexes studied here have proton relaxation values
characteristic of Fe(lll) complexes that lack an inner-sphere water.?% 21 22 However, Fe(TOAB) has
decreased relaxivity compared to Fe(NOHP) or Fe(PTOB). A rationale for the unexpected
decrease is a change in the second-sphere water contribution to relaxivity by disruption of the
coordination sphere by the hydrophobic benzyl amide group. Strong second-sphere water
interactions are thought to contribute to the relatively high proton relaxation values for
Fe(NOHP) in comparison to other closed coordination sphere complexes.?! The Fe(PTOB)
complex shows intermediate relaxivity, higher than that of Fe(TOAB) but lower than that of
Fe(NOHP). In comparison, analogous Fe(lll) complexes with the TACN framework, two
hydroxypropy! groups and a bound water show relaxivities of 2 — 2.3 mMs! at 37 °C and 4.7 T.
20,21 Other mononuclear Fe(lll) complexes with an exchangeable inner-sphere water ligands and
CDTA frameworks have values of 1.9 to 2.4 mMs! at intermediate field strengths (3-4.7 T).% 1
In comparison, Gd(DOTA) (DOTAREM) has a r1relaxivity of 2.8 mMstat 4.7 T, 37 °C as tabulated
in a review of the relaxivities of Gd(Ill) contrast agents.3 66

Relaxivity for the complexes was studied in the presence of 0.6 mM human serum
albumin (HSA), to simulate conditions in the blood. As previously noted, Fe(NOHP) shows little to
no change in relaxivity when HSA is in solution, consistent with little binding to the serum protein.
23 |n contrast, Fe(PTOB) shows a moderate 40% increase in the presence of HSA and Fe(TOAB)
exhibits an increase of 29% in the presence of HSA, consistent with weak binding to the serum
protein.

The r1 relaxivity was further examined as a function of pH for the Fe(PTOB) complex.

These studies were enabled by the good solubility of the complex as well as large degree of
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inertness to loss of iron over a large pH range including highly acidic pH values. In contrast, Fe(lll)
complexes with phenolate pendants on a linear chelate dissociated at acidic pH and could not be
studied over the full pH range.?* The inertness to dissociation of the macrocyclic complex allowed
for the study of changes in water proton relaxation that might occur upon protonation of the
phenol group. As shown in Figure 4, the proton relaxivity stays nearly constant from pH 4 to 10.
This constancy is observed despite the ionization of one of the hydroxypropyl groups at near
neutral pH which might be expected to modulate the relaxivity through a change in second-
sphere water interactions or proton exchange. In comparison, Fe(NOHP) also shows a flat pH-
relaxivity profile despite a hydroxypropyl group deprotonation at near neutral pH.2*> However,
there is a dramatic increase in relaxivity at pH values less than 4. This increase is attributed to
the formation of a phenol group and the corresponding contribution of the OH phenol group to
proton relaxation. Notably, the UV-vis data suggest that the phenol group remains bound to the
Fe(lll) center even at very acidic pH values as shown by the presence of the LMCT band (Figure
2). We propose that the increase in relaxivity at acidic pH is due to a contribution from proton
exchange of the OH on the phenol pendent or, alternatively, to enhanced second-sphere water

interactions at acidic pH values.

19



pH

Figure 4. The pH dependence of relaxivity of Fe(PTOB) at 0.10 M NaCl, 50 mM HEPES, 33°C.
The solutions were adjusted to the reported pH using HCI and NaOH.

Conclusions

Macrocyclic complexes of Fe(lll) with mixed oxygen donor pendants show promise as MRI
probes. The amide or phenolate pendants on TACN in combination with hydroxypropyl pendants
support the formation of high-spin Fe(lll) complexes at neutral pH. While both complexes have
stabilized Fe(lll) centers, the redox potential of the Fe(PTOB) is more negative than that of
Fe(TOAB), consistent with highly stabilized trivalent iron found in Fe(lll) TACN complexes with
phenolate pendants.?® 46 Qur past studies showed that hydroxypropyl groups promote effective
second-sphere interactions resulting in higher relaxivity than other pendant groups as shown for
Fe(NOHP).22 However, replacing a single hydroxypropyl pendant with an amide or phenolate
resulted in complexes with lower ri relaxivity. The low relaxivity of Fe(TOAB) is attributed to the

disruption of the second-sphere coordination environment, possibly involving the hydrophobic
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aryl groups on the amide. Other factors that need to be further studied include changes in the
electronic relaxation time of the Fe(lll) center as might be attributed to a less highly symmetric
coordination sphere.® Still, it is quite surprising that a single substitution of a hydroxypropyl
group for an amide decreases the relaxivity to such an extent. Fe(PTOB) complex had r1 relaxivity,
at 1.0 mMst at 1.4 T, pH 7.4, 33 °C which is closer to that of Fe(NOHP) (Table 2). This data
suggests that the phenolate pendent does not disrupt the second-sphere water interactions as
effectively as does the amide. Interestingly, the relaxivity of the Fe(PTOB) complex increased by
2.5-fold as the phenolate pendant is protonated at acidic pH. A coordinated phenol group is
supported by the presence of a LMCT band at these acidic pH values. The protonated phenolate
may contribute to water proton relaxation through a proton exchange mechanism.*' This
suggests an approach to modulate the relaxivity of Fe(lll) complexes containing phenolate
pendants. However, the pK, of the bound phenol group must be closer to neutral pH for this to
have an effect in vivo.

Both Fe(TOAB) and Fe(PTOB) are promising complexes for further functionalization. For
example, we have reported Fe(lll) complexes with functionalized phenolate groups that show
modulated solubility in aqueous solution and affect the pKa of ancillary ligands.3* In another
example, an amphiphilic analog of Fe(TOAB) was incorporated into the bilayer of a liposome to
give a rp relaxivity that was increased by 4-fold per iron compared to the free small molecule
complex.*® Incorporation of the mononuclear small molecule iron complexes into a liposome or
micelle could be a means to increase the relaxivity of these highly inert, but low relaxivity TACN-
complexes that lack an inner-sphere water. Future efforts to increase the relaxivity of Fe(lll)

contrast agents will include scaffolds that link together multiple iron centers. Towards this goal,
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Fe(TOAB) and Fe(PTOB) are inert to transchelation in the presence of apo-transferrin, the major
iron binding protein in the blood. Thus, mixed pendant complexes of TACN that retain their high

degree of kinetic inertness show promise for the development of Fe(lll) MRI probes.
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