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Abstract

Two macrocyclic complexes of 1,4,7-triazacyclononane (TACN), one with N-methyl imidazole
pendants, [Fe(Mim)]**, and one with unsubstituted NH imidazole pendants, [Fe(Tim)]**, were prepared
with a view towards biomedical imaging applications. These low spin Fe3* complexes produce
moderately paramagnetically shifted and relatively sharp *H NMR resonances for paraSHIFT and
paraCEST applications. The [Fe(Tim)]** complex undergoes pH-dependent changes in NMR spectra in
solution that are consistent with the consecutive deprotonation of all three imidazole pendant groups at
high pH values. N-Methylation of the imidazole pendants in [Fe(Mim)]** produces a complex that
dissociates more readily at high pH in comparison to [Fe(Tim)]**, which contains ionizable donor groups.
Cyclic voltammetry studies show that the redox potential of [Fe(Mim)]** is invariant with pH (E12 =328
3 mV vs. NHE) between pH 3.2 and 8.4, unlike the Fe(lll) complex of Tim which shows a 590 mV change
in redox potential over the pH range of 3.3 to 12.8. Magnetic susceptibility studies in solution give
magnetic moments of 0.91-1.3 cm3K mol™? (uess value = 2.7-3.2) for both complexes. Solid state
measurements show that the susceptibility is consistent with a S = state over the temperature range
of 0 to 300 K, with no cross-over to a high spin state under these conditions. The crystal structure of
[Fe(Mim)](OTf)s shows a six-coordinate all-nitrogen bound Fe(lll) in a distorted octahedral environment.
Relativistic ab-initio wavefunction and density functional theory (DFT) calculations on [Fe(Mim)]**, some
with spin orbit coupling, were used to predict the ground spin state. CASPT2 calculations were used to
probe dynamic correlation effects. Relative energies of the doublet, quartet and sextet spin states were
consistent with the doublet S= % state being the lowest in energy and suggested that excited states with
higher spin multiplicities are not thermally accessible. Calculations were consistent with the magnetic

susceptibility values determined in the solid state.



Introduction

There is renewed interest in the chemistry of paramagnetic macrocyclic complexes of Fe(ll) and
Fe(lll) for biomedical imaging applications,*” as well as for spin cross-over materials for temperature
responsive imaging agents.® Paramagnetic iron coordination complexes are of interest as magnetic

1011 3nd paraCEST (paramagnetic chemical

resonance imaging (MRI) contrast agents including T; agents
exchange saturation transfer) agents,»>*® and as paraSHIFT agents for magnetic resonance
spectroscopy (MRS).> 121 Macrocyclic ligands are especially important in this regard since they form
transition metal ion complexes which are robust towards dissociation of metal ion at neutral pH, 37 °C,
and in the presence of competing ligands found in biological systems, such as carbonate, phosphate and
serum proteins.’>'® Moreover, oxidation state and spin state must be controlled to produce a metal ion
complex with magnetic properties that are favorable for these applications. Macrocyclic ligands
facilitate the control of the inner coordination sphere of the metal ion center, especially if the metal ion
is encapsulated by the macrocycle.

Recent research efforts have been dedicated to stabilization of high spin divalent iron complexes
for paraCEST imaging and paramagnetic shift *H NMR spectroscopy (paraSHIFT) applications.!3 56 13-14.16
These Fe(ll) complexes have redox potentials as high as 0.8-1.0 V vs. NHE* > and encompass a variety of
macrocycle backbones including tetraaza- and triaza-macrocycles, as well as mixed oxa-aza macrocycles.
Pendant groups attached to the macrocycle to encapsulate the Fe?* ion for better control of
coordination chemistry include amides and alcohols to form six, 2 seven?® or eight® coordinate
complexes. Heterocyclic pendants have also been studied, including derivatives of pyridine groups that
stabilize divalent Fe(ll) complexes.’® Notably, 1,4,7-triazacyclononane (TACN) appended with three
heterocyclic donors that contain five-membered rings, such as benzimidazole, imidazole, or pyrazole,

produce a coordination sphere which stabilizes Fe(lll) relative to Fe(Il).}”*® The stabilization of Fe(lll) by

all nitrogen donors is not common. More typically, anionic oxygen pendants such as depronated
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pheno alcohol* or carboxylate pendants form stabilized Fe(lll) complexes as shown by more

negative redox potentials for the Fe3*/Fe?* redox couples. A rare example of an Fe(lll) complex with all
nitrogen donor pendants contains TACN with three deprotonated aminobenzyl pendants.?

Most Fe(lll) complexes of macrocycles based on TACN are in the high spin S = 5/2 state,
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including those that have oxygen pendants and nitrogen pendants that form six-membered rings.?
However, the small cavity size of TACN and strong ligand donor environment may promote the

formation of low spin Fe(lll). Studies showed that an Fe(lll) bis-TACN complex was low spin.?’ Recent



studies of iron complexes of TACN containing two pyridine pendant groups show a low spin S =% Fe(lll)
center.®

In our efforts to explore the different coordination environments for Fe(ll) and Fe(lll) MR
contrast agents and paraSHIFT agents, we discovered rare examples of highly water soluble and
kinetically inert complexes of Fe(lll) that contain all-nitrogen donors.?® These complexes provide
examples of low-spin Fe(lll) as shown by NMR data and magnetic susceptibility studies, both in solution
and solid state. The Fe(lll) complex of Tim is ionizable over a wide pH range, producing species with
several different protonation states. This complex demonstrated pH-dependent redox potential, while
being extremely stable under both acidic and basic conditions over prolonged times. These complexes
are proposed for application as electrolytes in redox-flow battery (RFB) applications.?® Here we report
further studies on the electrochemistry, NMR spectroscopy and magnetic measurements of these
complexes. These studies are supported by theoretical calculations that predict the predominance of
the S =% state in these complexes. Such low spin robust Fe(lll) complexes produce relatively sharp
proton resonances that suggest this new class of complexes will be useful for development as paraCEST
or paraSHIFT agents, which require hyperfine-shifted exchangeable or non-exchangeable proton

resonances, respectively.
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Results and Discussion

Fe(lll) complexes of two different macrocycles with appended imidazole groups, abbreviated as
Mim and Tim, were synthesized (Scheme 1). These two complexes were compared with the goal of
understanding the effects of the imine donor groups on stability, spin state, paramagnetic induced *H
NMR shifts and redox properties of the Fe(lll) center. In the case of Mim, the imidazole nitrogen is

capped with a methyl group, while Tim contains unsubstituted NH sites. This difference gives ionizable



protons on the pendants of Tim (Scheme 2), whereas [Fe(Mim)]3* does not have pendant groups which
ionize. Deprotonation of the NH groups of the imidazole heterocycles is of interest to stabilize the Fe(lll)
center through formation of anionic donor groups. In this regard, Fe(ll) and Fe(lll) complexes of tripodal
chelates with pendant imidazoles have been reported.>*3! Fe(ll) imidazole pK; values range from 8.5-9.5
for the tripodal ligands, whereas the large Lewis acidity of Fe* ion lowers the pK;, values of the tripodal
ligands to 7.0, 7.5 and 8.8 in the methanol-water mixtures.*°

Synthesis and structure. Acid-catalyzed reductive amination in the presence of sodium
triacetoxyborohydride was employed for the preparation of heterocycle-appended macrocyclic
ligands.3?33 The preparation of the Tim ligand from TACN and imidazole-2-carboxaldehyde required
prolonged reaction times (8-10 days), while affording the final product in good yield.?® The Mim ligand
was synthesized from 1-methylimidazole-2-carboxaldehyde in excellent yield using a similar procedure
with a shorter reaction time of two days (Scheme S1). Utilization of the acid-catalyzed reductive
amination allowed for higher yields of the final products compared to traditional alkylation with aryl
halides under basic conditions. Notably, the alkylation of TACN with acyl halides under basic conditions
often results in mixtures of di- and tri-substituted products. Thus, the acid-catalyzed reductive
amination has significant advantage over alkylation at basic conditions, giving higher overall yield of
tri-substituted product. The [Fe(Tim)]** and [Fe(Mim)]** complexes were synthesized from iron(lll)
trifluoromethanesulfonate and purified using a modification of a procedure that has been recently
developed.®

The complex cation of [Fe(Mim)](CFsSOs)s has a distorted octahedral geometry, with average
bite angles of 83.1(2)° (Table S4) and with twist angles of 47(1)° (Figure S23 ). The coordination
polyhedron deviates from the octahedron bite angle of 90°and twist angle of 60°. Planes of the lower
triangle consisting of the TACN nitrogens and the upper triangle are nearly parallel with the angle
between them of 1.2(1)°. The Fe—N average distances are 2.00(1) A for aliphatic nitrogen atoms and
1.93(1) A for imidazole nitrogen atoms (Table S4). These values are similar to those reported for the low
spin tris(1,10-phenathroline) Fe(lll) complex (1.97 A).3* However, these bond lengths are much shorter
than the ones reported for the Ni(ll) complex of Mim.3* The Fe—N bond distances and angles are similar
to those reported for [Fe(Tim)](OTf)s.° Metal ion complexes of TACN with three pendant groups have
two elements of chirality associated with the conformation of the macrocycle backbone (666 or AAL)
and the direction of the swirl of the pendent groups.® 2 In these complexes, the conformation of the
backbone of the TACN ring is the same for all ethylene units: (G*C*A’); or [333] in Boeyens notation. In

the Fe(lll) complex studied here, the pendent groups and macrocyclic backbone correspond to the



A(AAL) stereoisomer. Overall, the complex cations and triflate anions form an ionic crystal with no
usual hydrogen bonds but with numerous C—H...O and C—H...F short contacts that may stabilize the

crystal structure (Figure S22).

Figure 1. The ORTEP molecular structure of the [Fe(Mim)]3* cation, showing the atom-labeling scheme and
50% probability displacement ellipsoids.

NMR spectroscopy. The solution *H NMR spectra of both complexes are consistent with low
spin Fe(lll) complexes (Figure 2). The H resonances are relatively sharp, and moderately
paramagnetically shifted as typical of low spin Fe(lll) (Figures 2), whereas high spin Fe(lll) typically shows
broader H resonances.3® For [Fe(Mim)]**there are eight proton resonances of equal intensity and one
resonance of three-fold higher intensity, while [Fe(Tim)]** demonstrates a similar *H NMR spectrum with
eight proton resonances. The paramagnetically shifted proton resonances span from —45 to +45 ppm,
while two resonances of [Fe(Mim)]** and one of [Fe(Tim)]** are found within the diamagnetic region.
The proton resonance of [Fe(Mim)]** at 5 ppm that has a three-fold higher integration intensity is
assigned to the N-methyl groups.

The 'H NMR spectra of [Fe(Mim)]3* and [Fe(Tim)]** are consistent with a single diastereomer
predominating in solution. That the 'H NMR spectra of the two complexes resemble each other under
these conditions suggests that the two complexes have similar geometries in solution. The major

difference in the solution chemistry of the complexes is the presence of ionizable NH groups on the



imidazole pendants of [Fe(Tim)]**, but not [Fe(Mim)]3*. In fact, the [Fe(Tim)]** complex has been shown
to deprotonate at all three imidazole-pendants, with pK, values of 6.8 £ 0.1, 8.4+ 0.2 and 9.8 £ 0.2 as
determined by pH-potentiometric titrations (Scheme 2).% At high pH (>11), there is an additional
ionization which is assigned to the formation of [Fe(H-sTim)(OH)]". In this complex, the hydroxyl group is
most likely hydrogen bound in an outersphere interaction with the imidazole pendants, although we
cannot exclude an innersphere interaction.?3” The pD dependence of the proton NMR spectrum of the
Fe(lll) complex of Tim reflects these ionization events, if the expected difference of approximately 0.5
pH unit of ionization events in D,0 is taken into account (Figure S1). Under acidic conditions where
[Fe(Tim)]** is the predominant species present, the proton NMR spectrum shows the simple eight
resonances that are characteristic of a rigid complex of high symmetry. As the first pK,is approached at
pD 6.4, the proton resonances are substantially broadened and slightly shifted towards the diamagnetic
region. With further increase of pD to 7.6, which is more alkaline than the first ionization, the proton
resonances coalesce, and most of the resonances disappear into the baseline with only a few remaining.
In the pD range of 8.6-11.5 there are multiple species in solution that differ by protonation state. The
proton resonances become sharper at pD > 11.5, suggesting that another dominant protonation state is
present. At pD > 12.7, the predominant species is both [Fe(H.3Tim)] and [Fe(HsTim)(OH)]". The proton
resonances are less shifted at pD 12.7 compared to pD < 4.7, yet the paramagnetic shifts are observed
for the entire pD range from pD 1.9 to pD 12.7. These data confirm the deprotonation of the imidazole
groups as measured previously by pH-potentiometric titrations and by UV-vis spectroscopy (Figure 3).
This pronounced pH dependence of the hyperfine shifted proton resonances highlights the potential of
this complex for development as paraSHIFT agents based on Fe(lll).1#13

The temperature dependence of the *H NMR resonances of the two complexes was studied to
determine their suitability as paraSHIFT agents. Shown in supplementary Figures S2-S3 are the 'H NMR
spectra of the [Fe(Tim)]** complex at two different temperatures, including 25 °C and 55 °C at both pH
4.7 and 6.4. As anticipated for paramagnetic complexes, the proton resonances shift towards the origin
as the temperature is increased.®> However, a few of the resonances broaden and merge together at the
higher temperature, suggesting that there is a dynamic process in solution. Apparent coalescence of
certain resonances occurs in the spectra of this complex both at pH 4.7 and 6.4. At pH 6.4, all
resonances are broadened due to the presence of multiple ionization states. The lack of sharp highly
shifted proton resonances at higher temperatures suggests that [Fe(Tim)]** will not be useful for

application as a temperature dependent paraSHIFT probe.



The 'H NMR spectra of [Fe(Mim)]** at two temperatures are shown in Figure S4. The N-methyl
resonances of the pendents of this complex would normally be chosen for paraSHIFT applications due to
their larger integrated intensity compared to other protons in the complex. However in this case, the
proton resonances are found at approximately 5 ppm, and are thus not sufficiently highly shifted from
bulk water for an optimal paraSHIFT agent.® Instead, the proton at -45 ppm is monitored as a function
of temperature to give a temperature coefficient (CT) of 0.45 ppm °C? as shown in Figure S4. This value
shows that the low spin Fe(lll) center may produce substantial CT values that are similar to those

observed for divalent transition metal complexes.>
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Figure 2. 'H NMR spectra of A) [Fe(Mim)]3* in D,0 at pD 6.5 with inset showing expanded diamagnetic
region, and B) [Fe(Tim)]** in D,O at pD 4.8, 25 °C. * —The intensity of this proton resonance of
[Fe(Mim)]3** demonstrates the difference in scales. The solvent peak is labeled “S”. C) CEST effect of 25
mM Fe(Tim) observed at pH 5.7, 25 °C. Conditions: 40 mM MES, 100 mM NaCl in H,0.
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CEST NMR spectroscopy. The [Fe(Tim)]3** complex was studied as a paramagnetic chemical
exchange saturation transfer (paraCEST) agent. In initial studies, the exchangeable imidazole NH proton
resonance was located at approximately 12 ppm in deuterated acetonitrile (Figure S5). CEST spectra,
which show the percent water magnetization as a function of presaturation pulse frequency, are shown
in Figure 2. There is a weak CEST peak at approximately 8 ppm versus bulk water at pH 5.7 and 25 °C
which is in a similar location to that identified in the proton NMR in acetonitrile. This CEST peak appears
as a shoulder at the higher temperature of 37°C at pH 5.7 (Figure S6). However, the CEST effect
disappears at a pH of 6.6, 25 °C (Figure 2). This disappearance is attributed to an increase in the proton
exchange due to base catalyzed exchange. At near neutral pH, the rate of exchange is likely too fast to
produce a CEST peak given that the resonance is not highly shifted from that of bulk water.*3° To
further characterize the [Fe(Tim)]** complex, the T; water proton relaxivity at pH 7.0 was measured at
4.6 Tesla over the concentration range of 0.50 to 8.0 mM complex. The relatively low value of 0.06 mM"
s that was obtained is well within the range observed for divalent transition metal ion paraCEST
agents under similar conditions and field strength. This result suggests that the lack of an strong CEST
effect is not attributable to a large T; relaxivity.®

UV-vis spectroscopy. Electronic absorption spectroscopy was used to probe the solution
speciation of the complexes as a function of pH. Both Fe(lll) complexes of Mim and Tim show UV-vis
absorbance peaks attributed to ligand electronic transitions (Figure 3). The Fe(lll) complex of Tim is
stable from pH 2.7 to 12.0 and shows isosbestic points over the pH 2.7 — 7.6 titration range with a
further shift in peak wavelength at pH > 7.6 that tracks the species present in solution as the imidazole
pendants completely ionize at strongly alkaline conditions.?® The pK, values determined from the fit of
the UV-vis data are 6.7, 8.4, and 9.7 (Figure S8), which matches the pH-potentiometric titration results.
The complex is remarkably stable over this large pH range, in part because the anionic imidazole
pendants stabilize the Fe(lll) complex at basic pH. In contrast, the [Fe(Mim)]** complex is stable only

over a narrower pH range. As the pH of the solution is increased above pH 9.2, the metal-to-ligand



(MLCT) charge-transfer band at A = 484 nm disappears, while the 7—rt* absorbance band at A =287 nm
for free ligand increases in intensity, suggesting that alkaline conditions promote dissociation of
[Fe(Mim)]3* (Figure 3 and S7). Moreover, UV-vis spectral changes observed at pH > 9.2 are only partially
reversible as the pH is brought back to acidic values. These UV-vis data together with the observation of
a precipitate at alkaline conditions suggest that the [Fe(Mim)]** complex partially dissociates at basic pH
with the formation of a free ligand and iron hydroxide precipitate.

1.8 4
pH7.2

16 4 " pH 10.6 A

PaN

144 |

Absorbance
o g =
00 o N

=4
o
s

14
kS
L

0.2

0.0 . —— . . . . :
250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

1.0 4

Absorbance
o
v

0.0 . . . . . .
250 300 350 400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Figure 3. The pH-dependence of the UV-vis spectra of A) 0.86 mM Fe(Mim) at pH < 10.6, where green
line represents pure Mim (black lines — titration from pH 6.2 to pH 10.6; red lines — titration from pH
10.6 to pH 5.5; and B) 0.34 mM Fe(Tim) at pH 2.7 — pH 12.0. Conditions: 20 mM MES, 100 mM NacCl in
H,0 at 37 °C. pKa1 6.7, pKaz 8.4, and pKa3 9.7 are obtained from the fit.

Electrochemistry. Solution speciation and stability towards dissociation was also monitored
through electrochemical studies. The cyclic voltammogram for [Fe(Mim)]**, shown in Figure 4,
demonstrates a quasi-reversible wave with an Eij; of 328 + 3 mV versus NHE at pH 5.6 with a slight
linear effect of the scan rate variation on the peak separation. Notably, the redox potential does not

change substantially over the pH range of 3.2 to 9.6 (Figures S9-S12). However, under basic conditions
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of pH 9.6, additional waves appear, consistent with dissociation of the complex. Return of the pH to
neutral shows that the new waves characteristic of the impurities remains (Figure S12). Comparison of
these experiments to the UV-vis spectra at high pH suggests that the [Fe(Mim)]** complex decomposes
at high pH. The [Fe(Tim)]** complex as reported previously,?® shows a reversible wave at £1, =315+ 6
mV vs. NHE in water, which is constant at acidic pH < 6.5, conditions under which the complex is fully
protonated. Higher pH values produce deprotonation at the imidazole pendants and shift the redox
potential to negative values of E1; =-270 £ 5 mV at pH 12.8 vs. NHE, consistent with stabilization of the
[Fe(H.sTim)] species at high pH. Notably, [Fe(Mim)]3* is stable towards dissociation at pH 3.6 to 8.4 over
several hours, but not at higher pH values of 9.6. In contrast, [Fe(Tim)]** showed no evidence of
dissociation at high pH (pH 12) or low pH (pH 3.3) over a period of hours as observed by cyclic

voltammetry or by UV-vis spectroscopy, even upon cycling back and forth between acidic and basic pH.*
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Figure 4. A) Cyclic voltammograms of 1.8 mM [Fe(Mim)]** at pH 5.6 in 1 M KCl solution (25 °C) at
various scan rates, Ei/>(Fe3*/Fe?) = 328 + 3 mV vs. NHE. B) Quasi-reversible AE variation with the scan

rate for the Fe3*/Fe?* redox couple of [Fe(Mim)]** recorded at a glassy carbon working electrode at pH
5.6.

Magnetic properties of the complexes in solution and solid state. To characterize the oxidation

and spin states of [Fe(Tim)]** and [Fe(Mim)]** complexes in solution, the magnetic moments of these
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complexes were measured using the Evans method*® as compiled in Table S5. The [Fe(Tim)]3* complex
has a ymT value of 0.98 + 0.0 cm?® K mol™ (ues value = 2.8 + 0.1) at neutral conditions in D,0 at 25 °C. A
similar value of 1.1 + 0.0 cm3® K mol™? (pess value = 3.0 + 0.1) was found for [Fe(Mim)]**. The pH and
temperature effects on the magnetic moments of the Fe(lll) complex of Tim were further studied. Only
a slight change from 0.91 + 0.0 to 1.3 + 0.0 cm?® K mol™? (pefr value = 2.7 + 0.0 to 3.2 + 0.0) at 25° and 55°,
respectively, was obtained at pD 8.5. Moreover, while there is no obvious pH effect on the values of
magnetic moment, there is a slight increase observed at the elevated temperature under alkaline
conditions. These values at 25 °C and 55 °C are higher than expected for an S = % state based on a spin-
only contribution moment (ymT = 0.37 cm® K mol™?, per value = 1.7).** A substantial spin-orbit coupling

contribution that increases this value was confirmed by the theoretical calculations discussed below.
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To further understand magnetic properties of these complexes, and noting the increased

4244 we investigated the magnetic properties of the

interest in spin-cross over Fe(lll) complexes,
complexes over a broad temperature range. The temperature dependence of the magnetic
susceptibility for solid state samples of [Fe(Tim)](OTf)s; and [Fe(Mim)](OTf)s are presented in Figure 5. At
300 K, the ymT values are 0.70 cm?® K mol™ (pes value = 2.3) and 0.74 cm® K mol™ (s value = 2.4),
respectively, higher than what is expected for a low spin Fe(lll) for a spin-only contribution (0.38 cm? K
mol™ when g = 2.0, pef value = 1.7).% 41 A similar room temperature ywT value of 0.68 cm? K mol™ (s =
2.3) has been observed for a low-spin Fe(lll) complex with a 1H-pyrazol-3-methylene appended TACN
ligand,® and it is likely that unquenched orbital angular momenta contribute to these higher-than-
expected susceptibility values. Upon decreasing the temperature, the ymT values decrease gradually
until ~10 K, where the decrease becomes more pronounced until 2 K where the ymT values are 0.40 cm?
K mol? (pess value = 1.8) and 0.39 cm3 K mol™ (pest value = 1.8) for [Fe(HsTim)](OTf)s and [Fe(Mim)](OTf)s,
respectively. Assuming S =% ground states, based on saturation magnetization measurements showing
one unpaired electron per formula unit (Figures S13-S20), the downturns in magnetic susceptibilities at
low temperature are likely due to intermolecular antiferromagnetic coupling. The lack of linearity
shown in the 1/ yw data with increasing temperature (Figure S15, S17) confirms that the data do not
follow normal Curie law behavior. Both sets of data show slight curvature that cannot be attributed to
temperature independent paramagnetism (TIP). While the curvature could indicate that the complexes
are undergoing a prolonged spin state change, where Ty, is higher than the measured temperature
range, susceptibility measurements for [Fe(Tim)](OTf)s at higher temperatures (Figure S16), do not show
an upturn in ymT values as the temperature is increased up to 365 K, indicating that any solid-state spin
crossover event would require even higher temperatures.

Theoretical calculations. In order to gain further insight into the magnetic properties, first-
principles calculations were carried out for the [Fe(Mim)]** complex.* The relative energy of the lowest
sextet, quartet and doublet spin states were first investitaged at the scalar relativistic Kohn-Sham (KS)
density functionasl theory (DFT) level with single point calculations perfomed using the experimental
structure. The results are shown in Figure S24, with the corresponding numerical values given in Table
S6. The calculations were carried out for different percentages of exact echange (eX) with the functional
B3LYP (the standard parametrization of B3LYP has 20% eX). Without eX, the doublet spin state is
calculated to be more stable than the quartet and the sextet by 12087 and 20112 cm, respectively.
The increase of the percentage of eX leads to a strong energetic stabilization of the sextet spin state.

With 60% eX, the doublet and sextet spin states are found almost degenerate and the quartet is 5566
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cm™ higher. The relative energies of the spin states were also calculated for optimized structures and
the results are given in Table S7. For 15% eX, the sextet and the quartet are 1615 and 3709 cm™ above
the doublet ground state (GS). However, for 45% eX, the GS corresponds to the sextet spin state, with
the doublet and quartet being 7700 cm™ higher. A recommended value for the eX fraction in KS
calculations of relative spin-state energies is 15%. Therefore, the GS is almost certainly a spin-doublet

and excited states with higher spin multiplicity are not thermally accessible.***

Table 1. Relative energy (cm) of the lowest doublet, quartet and sextet spin states of [Fe(Mim)]**.
CAS(9, 12)SCF/PT2 results using X-ray structure.

CAS(9,12)SCF  CAS(9,12)PT2
States SR SO SR SO

Doublet 2160 1843 0 0
Quartet 7541 7592 5117 5160
Sextet 0 0 5531 5438

The electronic structure and the magnetic properties of the Fe(lll) complex were also
investigated using relativistic all-electron multireference wavefuntion theory, including spin-orbit (SO)
coupling. The energies of the scalar (SR) and spin-orbit states were calculated at the CASSCF and
CASPT2 level for the experimental structure. The main results are shown in Tables 1, S8-S9. The active
space CAS(9,12) corresponds to 9 electrons in the five 3d orbitals, two ligand-centered occupied orbitals
that can form bonding and antibonding combinations of local c symmetry with the “eg” orbitals of the
iron center, and a set of 3d’ (pseudo 4d) orbitals to take into account the so-called double-shell effect.
The presence of the ligand orbitals and of these 3d’ orbitals in the active space strongly stabilize the
excited states compared to a minimal active space of only the 3d orbitals (Table S10). With CASSCF, the
GS is a spin-sextet, with the excited doublet and quartet states 1843 and 7592 cm™* above the GS when
including SO coupling. The influence of dynamic correlation at the CASPT2 level on the relative energy of
the spin states is profound, as already indicated by the KS data (Table 1 and S6). The PT2 GS corresponds
to a spin-doublet, in agreement with the KS calculations for reasonable fractions of eX. At the SR level,
the GS corresponds formally to a °Ty state (t,g°eg° configuration) of the Oy parent symmetry point group,
with a triple orbital degeneracy. The deviation from the O, symmetry in [Fe(Mim)]** splits this °T, state
into 3 spin-doublets, with the two excited doublets at 192 and 1037 cm™ above the GS. The Ms
components of these SR doublets, along with spin-quartet state components, mix via the SO coupling to

give three Kramers doublets, one of them being the SO GS, with the excited doublets calculated at 654
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and 1415 cm™ above the GS. The lowest SO states with spin-quartet and- sextet parentage are

predicted 5160 and 5438 cm™ above the GS, respectively.
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Figure 6. Calculated magnetic susceptibility ymT(cm® K mol?) as a function of T (K) for [Fe(Mim)]*'.
CAS(9,12)PT2-SO Results. Orbital (m%) and spin (m%) magnetization densities and g-factors for the
ground-state doublet. Doublet components with <S,> > 0. Iso-surfaces values + 0.001 au.

The natural orbitals of the SO GS*° of [Fe(Mim)]3* are shown in Figure S25 and reveal that the
electronic configuration of the ground Kramers doublet is based on the formal tyz°e,° configuration
corresponding to an idealized octahedral coordination, but with crucial differences. The electron hole,
relative to a closed-shell non-magnetic tyee,’ configuration is not evenly distributed over the three 't2g'
3d orbitals. This is a result of the near - but not exact - degeneracy of these orbitals in
the [Fe(Mim)]** complex. The magnetic properties of the three Kramers doublets that arise from this
nearly degenerate set of 3d orbitals are therefore likely to be sensitive to minor perturbations affecting
the splitting, which may include static and dynamic solvent effects or molecular vibrations. The small
occupations in the formal “eg” orbitals are attributed to correlation effects with the corresponding o
bonding orbitals. The calculated electronic g-factors for this SO GS are given in Figure 6 and Table S10.
At our best level of calculation, i.e. SO-CAS(9,12)PT2, a large z component of the g tensor is calculated
with g, = 3.845, while gx and g, are 0.283 and 1.599. These calculated values are in good agreement
with the g-factors measured for related Fe(lll) complexes that are close to octahedral symmetry.®® The
large magnetic anisotropy arises here from a large unquenched orbital angular momentum ({L,) = 1.05),
while the spin angular momentum is close to the expected value of 0.5 for a spin-doublet ({S,) = 0.43).
The calculated magnetic susceptibility of [Fe(Mim)]** is also shown in Figure 6. The quite acceptable

agreement with the experimental curves confirm that [Fe(Mim)]3* has a spin-doublet GS, and that its

effective magnetic moment is higher than predicted for the spin only value because of a large orbital
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angular momentum component. From the calculated ym one gets a pess of 2.58 BM, which is only slightly

larger than the experimental value taken from the magnetic susceptibility (Les = 2.43 BM).

Summary

The two low spin Fe(lll) complexes reported here produce relatively sharp, paramagnetically
shifted resonances. We demonstrate the first examples, to the best of our knowledge, of low spin
mononuclear Fe(lll) complexes studied as paraCEST or paraSHIFT agents.’>?3 The macrocyclic nature of
the complexes imparts kinetic inertness of the complexes in agueous solution, even at acidic or alkaline
pH values that typically induce dissociation of Fe(lll) complexes. The [Fe(Tim)]** complex forms anionic
donor groups from the imidazole pendents at high pH that serve to stabilize the Fe(lll) center even at pH
>12 whereas the [Fe(Mim)]** complex is stable toward dissociation only from pH 3 to 8.

The compact coordination environment with six nitrogen donors produced by the Mim and Tim
ligands strongly stabilizes Fe(lll) versus Fe(ll). Redox potentials range from 328 mV vs. NHE for the
[Fe(Mim)]** complexes whereas the Fe(lll) complex of Tim has redox potentials of 320 to -270 mV vs.
NHE depending on protonation state. In contrast, TACN ligands with three pendant pyridine derivatives
produce complexes that stabilize divalent Fe(ll) centers with redox potentials close to 1 V versus NHE,
regardless of whether the Fe(ll) center is high spin or low spin.*>>! Thus the Fe(lll) complexes here with
appended imidazoles might be paired with their Fe(ll) analogs as examples of redox activated paraCEST
or paraSHIFT agents.

Both [Fe(Mim)]** and [Fe(Tim)]** have low spin Fe(lll) centers as shown by magnetic
susceptibility measurements in solution and in the solid state. Magnetic susceptibility measurements in
the solid state give perr = 2.3 and 2.4 respectively for [Fe(Tim)]** and [Fe(Mim)]3* at 300 K. In solution,
the experimental magnetic moments are pess = 2.8 or 3.0 for [Fe(Tim)]** and [Fe(Mim)]**, respectively at
neutral pH and 298 K in solution. These large magnetic moments are supported by theoretical
calculations for the ground state of S = % parentage. Calculated magnetic susceptibilities confirm that
there is a substantial orbital angular momentum present that produces magnetic moments much higher
than the spin-only value. The magnetic moments of the complexes in solution are slightly higher than
those in the solid state, which may be due to interactions with solvent that affect the geometry of the
complexes and magnetic susceptibility compared to that in the solid state. For example, there is only
one diastereomeric form of [Fe(Mim)](OTf)s in the solid state as shown by the crystal structure. The *H
resonances of [Fe(Mim)]3* are consistent with a single diastereomeric form in solution. [Fe(Tim)]** also

has a 'H NMR spectrum at acidic pH which is consistent with a single predominant diastereomeric form.
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However, we cannot rule out the presence of a small proportion of a second diastereomeric form in
solution as is often the case for this type of macrocyclic complex.* 5253 Indeed the broadening of the
proton resonances of the complexes at higher temperatures suggests that a second diastereromeric
form is energetically accessible in solution. Improvements in the rigidity of the complexes will be
important for these complexes to be further developed for biomedical applications as paramagnetic
probes. For example, strategically placed methyl groups in the pendent arms have been shown to
produce rigid complexes for transition metal complexes with the TACN macrocycle framework.> 3’

As shown here, the [Fe(Tim)]*>* complex is not an effective paraCEST agent. The Fe(lll) center
does not produce a significant paramagnetic shift of the imidazole pendent NH proton, and the CEST
peak is only discernable at acidic pH (5.7) at 25 °C and broadens as the temperature is increased to 37
°C. These observations suggest that the exchange rate constant is too large for the modest shift of the
CEST peak. Furthermore, the large Lewis acidity of the Fe(lll) center increases the acidity of the
imidazole NH protons such that one of the imidazole pendents is ionized at neutral pH. This result
highlights the challenges associated with using low spin Fe(lll) complexes as paraCEST agents. The
donor groups that produce CEST must be chosen with care to take into account the more facile
ionization of the exchangeable NH proton in trivalent iron complexes compared to divalent transition
metal ion complexes. The more modest paramagnetic induced shifts of the proton resonances of the
low spin Fe(lll) center in comparison to high spin Fe(ll) also present a challenge to the development of
these complexes as paraCEST agents, as it is important to substantially shift the CEST peak to avoid

interference from magnetization transfer effects.>*

EXPERIMENTAL

Instrumentation. A Varian Inova 500 MHz NMR spectrometer equipped with FTS Systems TC-84
Kinetics Air Jet Temperature Controller was used to collect 'H NMR spectra. 3C NMR spectra were
acquired using a Varian Mercury 300 MHz NMR spectrometer operating at 75 MHz. A 4.7 Tesla MRI
scanner (ParaVision 3.0.2, Bruker Biospin, Billerica MA) using a 60 cm (1.D.) gradient insert and a 35 mm
(1.D.) quadrature radiofrequency coil (m2m imaging, Cleveland, OH) was used for T; measurements on
[Fe(Tim)]**. Temperature was maintained at 37 °C during imaging using an MR-compatible heating
system (SA Instruments, Stony Brook, NY). A Fisher Scientific™ accumet™ micro glass mercury-free
combination pH electrode connected to a Thermo Scientific™ Orion Star™ A211 pH benchtop meter was

used for pH measurements. ThermoFinnigan LCQ Advantage lonTrap LC/MS equipped with a Surveyor
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HPLC system was used to collect mass spectral data. Absorbance spectra were collected using Beckman-
Coulter DU 800 UV-vis Spectrophotometer equipped with a Peltier Temperature Controller. The
HypSpec software was used to fit pK, values as described in the ESI. Cyclic voltammograms were
obtained by using a Princeton Applied Research VersaSTAT 3 Potentiostat/Galvanostat operated with
VersaStudio software. CHI 104 Glassy Carbon Disk (3 mm) Working Electrode, CHI 111 Ag/AgCl
Reference Electrode with porous Teflon Tip and CHI 115 Platinum Wire Counter Electrode from CH
Instruments, Inc. (Austin, TX) were used.

Magnetic susceptibility data were collected using a Quantum Design MPMS XL SQUID
magnetometer. Finely ground samples were loaded into polyethylene or polypropylene bags and sealed
on the benchtop, and then the bags were inserted into drinking straws. Ferromagnetic impurity checks
were performed for each sample by sweeping the field (0 — 10 kOe) at 100 K: linearity in all plots
(Figures S13, S18) indicated lack of significant ferromagnetic impurities. Static (dc) magnetic
susceptibility data were collected at temperatures ranging from 2 K to 365 K and 330 K for [Fe(Tim)]**
and [Fe(Mim)]?*, respectively, at applied fields of 1 and 10 kOe. Magnetization measurements were
collected at 1.8 K while varying the applied field up to 50 kOe. Data were corrected for the
magnetization of the sample holder by subtracting the susceptibility of an empty container, and for
diamagnetic contributions of the sample by using Pascal’s constants.>®

Computational details

Relativistic ab-initio wavefunction calculations were carried out with a developer’s pre-release 8
version of Molcas.*® The second-order Douglas-Kroll-Hess scalar relativistic Hamiltonian®® was employed
in the calculations without spin-orbit (SO) coupling. The all electron ANO-RCC Gaussian-type orbital
(GTO) basis sets from the Molcas library were used for the ligand atoms. The ANO-RCC basis sets were
contracted to TZP quality for the metal center and for the surrounding nitrogen atoms (Fe =
21s515p10d6f4g2h/6s5p3d2flg ; N = 14s9p4d3f2g/ 4s3p2d1f). A DZP contraction was used for the carbon
atoms (C = 14s9p4d3f2g/3s2pld ; H = 8s4p3d1f/2s1p). The computations used state averaged CASSCF
(Complete Active Space Self Consistent Field).>” SO coupling was treated by state interactions between
the CASSCF wave functions, using the Restricted Active Space State Interaction (RASSI) program.*® For
brevity, the scalar relativistic spin-free (SR, i.e. non SO) and SO CASSCF calculations are referred to as
SCF-SR and SCF-SO. The influence of dynamic correlation effects were investigated by using CASPT2
(Complete Active Space Perturbation Theory at 2nd order).>® The CASPT2 calculations were performed
using the multi-state approach with a real shift of 0.2 in order to avoid intruder states. A local

modification of Molcas was used to generate electron density natural orbitals (NOs), and the spin
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48-49, 80 |so-surfaces of the orbitals were created and

magnetizations from the SO wave functions.
visualized with the graphical user interface of the Amsterdam Density Functional (ADF) suite.552
Additional all-electron scalar relativistic Kohn-Sham (KS) Density Functional Theory (DFT) calculations
were carried out with ADF, using the zeroth-order regular approximation (ZORA) Hamiltonian and triple-
zeta doubly-polarized (TZ2P) Slater-type orbital basis sets along with the B3LYP hybrid functional.®*®¢ For
these KS calculations, different values of the exact Hartree-Fock exchange percentage were investigated
(B3LYP proper has 20%).46

The CAS calculations were performed first using an active space CAS(5,5) which corresponds to
the 5 electrons of the Fe3* ion spanning the the five 3d orbitals. This active space was then augmented
with two doubly occupied ligand orbitals to form CAS(9,7). Finaly, CAS(9,7) was then augmented with
the addition of five 3d’orbitals to form CAS(9,12) in oder to take into account the double-shell effect.®’
The orbitals included in the active space are shown in Figure S25. Notably, such a computational
strategy has been succesfully applied recently to describe the magnetic anisotropy of Iron(lll)
complexes.®® The state-average calculations were performed for several scalar spin-states, i.e. one
sextet, six quartets and twelve doublets.

Crystallization and X-ray Diffraction Data Collection. The crystals of [Fe(Mim)](OTf); were
obtained by slow evaporation of acetonitrile solution at -4 °C. A clear intense purple-orange plate-like
specimen of Cy4H33F9FeNsOsSs, approximate dimensions 0.160 x 0.540 x 0.600 mm, was used for the X-
ray crystallographic analysis. Single-crystal X-ray data of were collected on a Bruker VENTURE Photon-
100 CMOS diffractometer at 173 K with APEX 2 software suite; absorption correction was applied using
SADABS,® the structures were solved by the direct methods using SHELXT® and was refined using the
SHELXL-20147° program package. In crystal structures reported in this work, all non-hydrogen atoms
were refined anisotropically; hydrogen atoms were refined with riding coordinates with Uiso = 1.5 Uiso(C)
for methyl groups and Uis, = 1.2 Uiso(C) for methylene groups. Structure was refined as an inversion twin
with absolute structure parameter of 0.100(12). One of triflate ions shows significant disorder which
was modeled using enhanced rigid-bond restraints (RIGU) for the disordered fragment. OLEX2 GUI™

was employed for all calculations and molecular graphics.
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