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Provided are macrocyclic compounds and compounds with
two or more macrocyclic groups, iron coordinated macro-
cyclic compounds, and iron coordinated compounds with
two or more macrocyclic groups. The iron is high-spin
iron(IIT). The iron coordinated compounds may exhibit a
negative redox potential (e.g., relative to a normal hydrogen
electrode at a biologically relevant pH, for example, a pH of
6.5-7.5). The compounds can be used as MRI contrast
agents.
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COMPOUNDS FOR USE AS IRON(III) MRI
CONTRAST AGENTS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 16/615,024, filed Nov. 19, 2019, which
is the National Stage Entry of PCT/US2018/033759, filed on
May 21, 2018, which claims priority to U.S. Provisional
Application No. 62/508,548, filed on May 19, 2017, the
disclosures of which are hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under Grant No. CHE1310374 awarded from the National
Science Foundation and EB025369 from the National Insti-
tutes of Health. The government has certain rights in this
invention.

FIELD OF THE DISCLOSURE

[0003] This disclosure relates generally to iron(IIl) mac-
rocyclic compounds. More particularly, this disclosure
relates to iron(IIl) macrocyclic compounds that can be used
as MRI contrast agents.

BACKGROUND OF THE DISCLOSURE

[0004] Nearly all clinically-used contrast agents contain
gadolinium (Gd as trivalent Gd(III)), yet a substantial pro-
portion of patients in the US population (ca 10%) are
considered at risk for being given Gd(III) contrast agents
due to toxicity arising from long-term exposure. In addition,
there are new concerns that Gd(III) based MRI contrast
agents are leading to the deposition of Gd(III) into brain,
bone and skin of all patients. Alternatives to Gd(III) contrast
agents include biologically relevant transition metal ions
such as high-spin Fe(IIl) complexes.

[0005] An alternative approach in magnetic resonance
imaging (MRI) is the development of contrast agents that
utilize iron as an endogenous metal ion. Contrast agents
containing Fe(IIl), as trivalent iron, would provide an alter-
native to Gd(III) contrast agents that are problematic for
patients who cannot tolerate Gd(IIl). Most Fe(IIl) MRI
contrast agents that have been reported to date contain
simple linear chelates. There are three commonly used types
of complexes. The most heavily studied are the class which
contains an ethylene diamine backbone with a combination
of phenol and carboxylate pendents such as EHBG (NN'-
ethylenebis[(2-hydroxybenzyl)glycine). The second type
contains polyaminocarboxylate ligands, such as Fe(IIl) com-
plexes of EDTA. The third type contains the bacterial
siderophore, desferrioxamine (DFO). All of these complexes
have drawbacks including lack of exchangeable water
ligands, reduction potentials that are amenable for ROS
generation and/or difficulty of synthetic modification. Also,
the aqueous solution chemistry of Fe(Ill) complexes is
dominated by the formation of insoluble complexes with
hydroxides and bridging oxide ligands. Improvements are
needed to obtain Fe(Ill) complexes that are not effective
catalysts for the production of ROS by tuning redox poten-
tial to stabilize Fe(III), are water soluble and are desirable T,
relaxivity agents.
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[0006] Based on at least the foregoing, there is an ongoing
an unmet need in the art for Fe(Ill) Mill contrast agents with
improved properties.

SUMMARY OF THE DISCLOSURE

[0007] High-spin Fe(IIl) complexes were developed as T,
MRI contrast agents. High-spin Fe(Ill) has favorable para-
magnetic properties that can shorten T, relaxation times of
the protons of water for MRI contrast.

[0008] High-spin Fe(Ill) coordination complexes for use
as T, MRI contrast agents are disclosed. The disclosed
Fe(Ill) T, MRI contrast agents comprise macrocyclic
ligands for control of spin and oxidation state as well as
stability and solubility in water and biological media. The
Fe(IIl) complexes may also be used as T2 MRI contrast
agents.

[0009] It is an object of the present disclosure to provide
macrocyclic compounds, Fe(IIl) macrocyclic complexes,
compounds, and compositions and methods of making and
using same. In various examples, macrocyclic complexes
and compositions of the present disclosure are used as MRI
contrast agents.

[0010] The present disclosure provides a macrocyclic
compound having i) a macrocyclic core comprising at least
one heteroatom as a ligand donor and ii) at least one pendant
donor as a substituent of the macrocyclic core. A macrocy-
clic compound may be referred to as a ligand when the
macrocyclic compound is coordinated to an iron(IIl) ion.
The macrocyclic core has a ring structure comprising carbon
atoms and at least one heteroatom (e.g. N atom, O atom, or
S atom).

[0011] The macrocyclic compound may comprise one or
more ancillary pendant groups. The ancillary pendant group
(s) may be one or more coordinating ancillary pendant
groups and/or one or more non-coordinating ancillary pen-
dant groups.

[0012] Certain pendants may have more than one N or O
donor atom (e.g., pyrazole or imidazole. carboxylate or
carboxylic acid) although generally only one is coordinated
to metal ion.

[0013] A macrocyclic compound can have various pen-
dant groups and combinations of pendant groups. When
more than one pendant donor is present, they may be the
same or different.

[0014] In an embodiment, the compounds of the present
disclosure can have more than one macrocyclic core tethered
together (i.e., covalently bound) via a linker group (e.g.,
aromatic groups), one or more macrocyclic compound of the
present disclosure, a polymer, a dendrimer, or peptide.

[0015] In an aspect, the present disclosure provides imag-
ing methods using the macrocyclic complexes and com-
pounds described herein. The imaging methods use mag-
netic resonance imaging methods. Non-limiting examples of
such methods include, Magnetic Resonance Imaging (MRI).
Specifically, the macrocyclic compounds of the present
disclosure, which are complexed to Fe(IIl), can be used as
T, MRI contrast agents. The imaging methods of the present
disclosure can be used to image a cell, tissue, organ,
vasculature, or a part thereof. The cell, tissue, organ, vas-
culature can be a part of an individual.
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BRIEF DESCRIPTION OF THE FIGURES

[0016] FIG. 1 shows general synthesis of TACN (1,4,7-
triazacyclononane) derivatives. a) N,N-Dimethylformamide
Dimethylacetal, Toluene/Chloroform 4:1. b) R-X;
R=Benzyl, methyl, propargyl, methylphenyl, methyl-benzo-
ate, 2-(2-methoxy-ethoxy)ethane, 4-(methyl)-1,1'-biphenyl,
Benzyl methyl ether; Dry THF and X=chloro, bromo or iodo
¢) Reflux; 12M HCI/MeOH 1:1 OR KOH solution, then
extraction with chloroform. d) Addition of coordinating
pendents by addition of chloro or bromomethyl derivatives
of coordinating pendents such as bromomethyl-pyrazole, or
bromoacetamide. Addition of pendents by reductive amina-
tion by addition of aldehyde with reducing agent such as
imidazole-2-carboxaldehyde. Addition of pendents by addi-
tion of H,O/ethanol mixture and (S)-(-) propylene oxide or
(R)-(+)propylene oxide.

[0017] FIG. 2 general synthesis of TACN ligands with two
chiral propyl alcohol pendents. Either R or S propylene
oxide can be used to give pendents with opposite chirality.
The non-coordinate group, R, is typically benzyl, methyl or
biphenyl.

[0018] FIG. 3 shows synthesis of the TON ligand, a
synthetic precursor from the TOB ligand. The benzyl group
is removed by catalytic hydrogenation to produce TON.
[0019] FIG. 4 shows example synthesis of a ligand that
binds two Fe(Ill) ions. This figure shows the synthetic
scheme for DT-meta.

[0020] FIG. 5 shows synthesis of Fe(Ill) complex using
Fe(Il) salts. To 1,1'-7-benzyl-1,4,7-triazonane-1,4-diyl)bis
(propan-2-ol) (TOB) was added FeCl,-6H,O or
Fe(CF;80;), in ethanol and heated for 1 hr. Solution was
cooled to room temperature, and diethyl ether was added
until product precipitated followed by a diethyl ether wash.
This produces the Fe(Ill) complex that results from oxida-
tion of the Fe(Il) complex. Fe(TOB)CI, when dissolved in
water, loses the Cl ligand and binds water or hydroxide.
[0021] FIG. 6 shows synthesis of Fe(TOB) derivatives
from Fe(Ill) salts. The free base of TOB is mixed with
Fe(IIl) chloride in acetonitrile with two equivalents of
trimethylamine base.

[0022] FIG. 7 shows synthesis of the Fe(Ill) complex of
1,4,8,11-tetrakis(2-hydroxypropyl)-1,4,8,11-tetrazacyclotet-
radecane (STHC).

[0023] FIG. 8 shows bound water of Fe(TOB) may depro-
tonate to give a hydroxide ligand which is also a good T,
relaxivity agent.

[0024] FIG. 9 shows synthesis of Fe(Ill) complex of
2,2'-(1,7-dioxa-4,10-diazacyclododecane-4,10-diyl)  (NO-
DAC) proceeds with Fe(IIl) salt.

[0025] FIG. 10 shows a plot of data from variable tem-
perature 1O nuclear magnetic resonance (NMR) studies.
The natural log of the inverse of the transverse relaxivity of
the 'O NMR resonance as a function of temperature is
shown for an experiment containing 45 mM Fe(TOB) at pH
4. The k,, from this plot was determined to be 6.1x10°% s™*
by fitting to the Swift-Connick equations.

[0026] FIG. 11 shows Fe(Ill) contrast agents do not oxi-
dize benzoate in the presence of peroxide and ascorbate,
unlike Fe(Ill) complex of EDTA. Benzoate oxidation with
50 uM complex, 50 uM H,O, and 50 pM ascorbate at pH
7.2. [Fe(EDTA)]™ oxidation is set at 100%.

[0027] FIG. 12 shows pH-potentiometric titrations of
Fe(TACO) and Fe(TOB) and equilibrium ionization con-
stants from fitting the data. These data show that the
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Fe(TOB) has two pK, values at 3.8 and 7.2, supporting the
deprotonation of two donor groups such as the alcohol
pendents.

[0028] FIG. 13 shows plots of T, relaxation constants in
Hz as a function of iron complex concentration on a 4.7 T
MRI scanner at 37° C. The slope of the line is the T,
relaxivity.

[0029] FIG. 14 shows plots of T, relaxation constants in
Hz as a function of iron complex concentration on a 4.7 T
MRI scanner at 37° C. The slope of the line is the T,
relaxivity.

[0030] FIG. 15 shows MM scans of Mice: Balb/cAnNCr
(n=2); injected with a dose of 0.2 mL of 6.2 mM Fe-TOB-
HSA (10.5 mg of HSA). Scans are shown precontrast agent
and 30 minutes post contrast.

[0031] FIG. 16 shows plots of the change in T, relaxivity
in the mouse over time after injection of Fe-TOB-HAS for
various tissues including liver, muscle, renal vessel and
cortex.

[0032] FIG. 17 shows plots of the change in T, relaxivity
in the mouse over time after injection of Fe-TOB-HSA for
various tissues including liver, muscle, renal vessel, but with
kidney cortex data removed.

[0033] FIG. 18 shows (a-c) changes in T, rate constants
for kidneys, liver and blood for Gd-DTPA vs. Fe(TOB), 50
umol/kg each. Greater uptake of Fe(TOB) in kidneys and
liver (a, b) results in faster removal from the blood (c).
Elimination of Fe(TOB) by the biliary system is confirmed
by strong enhancement of the gall bladder at 30' and 4 h
post-injection (d).

[0034] FIG. 19 shows (a-c) changes in T, rate constants
for kidneys, liver and blood for Gd-DTPA vs. Fe(TOB) vs.
Fe(NOKA), at 50 pmol/kg each. Data shows that Fe(NOKA)
does not produce T, contrast as great of that of Fe(TOB) or
Gd(DTPA) in liver (a), kidneys(b) whereas Gd(DTPA) pro-
duces larger contrast in blood(c). Comparison shown in (d).
[0035] FIG. 20 shows MM scans of mice with brain
tumors (C57BL/6NCr mice) at about 75 weeks old. Mice
were dosed with Fe(TOB) at 0.05 mmol/kg Fe(TOB) com-
plex or 0.1 mmol/’kg Fe(TOB) complex.

[0036] FIG. 21 shows T, relaxivity data for Fe(IIl) com-
plexes on a 3 Tesla Toshiba clinical scanner at 25° C.
Complexes were prepared in standard phosphate buffered
saline (PBS) at pH 7.2.

[0037] FIG. 22 shows cyclic voltammetry scans of
Fe(TOTzB) in water versus NHE at two different pH values
including pH 3.1 (right) with E_ of about 200 mV and at pH
7.2 (left) with E, of about —-400 mV. Change in redox
potential at more basic pH is due to deprotonation of alcohol
pendents.

[0038] FIG. 23 shows X-band EPR spectrum of Fe(TOB)
in methanol at 77 K.

[0039] FIG. 24 shows X-band EPR spectrum of Fe(TOB)
in methanol at 10 K and Fe(TOB) in methanol with 1.5
equivalents of triethylamine at 10 K. The signal at approxi-
mately 3400 G is due to a Mn(Il) impurity.

[0040] FIG. 25 shows X-band EPR spectrum of Fe,
(TONO) in methanol at 10 K.

[0041] FIG. 26 shows X-band EPR
Fe(TACO) in methanol at 10 K.

[0042] FIG. 27 shows a general synthesis of TACN deriva-
tives with two hydroxypropyl pendents and a third variable
pendent. Mass spectrometry data is given for each of the
new ligands: I(a): ESI-MS: m/z=260.3 [M+H]"; L(b): ESI-

spectrum of
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MS: m/z=612.3 [M+H]*; L(c): ESI-MS: m/z=366.3
[M+H]*; L(d): ESI-MS: m/z=303.2 [M+H]"; L(e): ESI-MS:
m/z=393.3 [M+H]*; L(): ESI-MS: m/7z=327.2 [M+H]";
L(g): ESI-MS: m/z=417.3 [M+H]*; L(h): ESI-MS:
m/7z=392.3 [M+H]"; and L(i): ESI-MS: m/z=566.4 [M+H]".
[0043] FIG. 28 shows a scheme for synthesis of triazole
pendent used to synthesize TOTO.

[0044] FIG. 29. Scheme for synthesis of triazole pendent
used to synthesize TOTBz.

[0045] FIG. 30 shows a scheme for the synthesis of
TOTO.
DETAILED DESCRIPTION OF THE
DISCLOSURE
[0046] Although claimed subject matter will be described

in terms of certain embodiments/examples, other embodi-
ments/examples, including embodiments/examples that do
not provide all of the benefits and features set forth herein,
are also within the scope of this disclosure. Various struc-
tural, logical, and process step may be made without depart-
ing from the scope of the disclosure.

[0047] Ranges of values are disclosed herein. The ranges
set out a lower limit value and an upper limit value. Unless
otherwise stated, the ranges include all values to the mag-
nitude of the smallest value (either lower limit value or
upper limit value) and ranges between the values of the
stated range. As an illustrative example, any range provided
herein includes all values that fall within the ranges to the
tenth decimal place, unless indicated otherwise.

[0048] As used herein, unless otherwise stated, the term
“group” refers to a chemical entity that has one terminus that
can be covalently bonded to other chemical species. Illus-
trative examples of groups include, but are not limited to:

CH; and

[0049] As used herein, unless otherwise stated, the term
“moiety” refers to a chemical entity that has two or more
termini that can be covalently bonded to other chemical
species. Illustrative examples of moieties include, but are
not limited to:

A
A moiety is also referred to herein as a segment.
[0050] As used herein, unless otherwise indicated, the
term “alkyl” refers to branched or unbranched saturated
hydrocarbon groups/moieties. Examples of alkyl groups/
moieties include, but are not limited to, methyl groups/
moieties, ethyl groups/moieties, propyl groups/moieties,
butyl groups/moieties, isopropyl groups/moieties, tert-butyl
groups/moieties, and the like. For example, the alkyl groups/
moieties is a Ci to Cu alkyl group/moiety, including all
integer numbers of carbons and ranges of numbers of
carbons therebetween (e.g., C,, C,, C;, C,, Cs, Cg, C,, Cq,
Cy, Cig, Cyj, or C;,). The alkyl group/moiety can be
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unsubstituted or substituted with one or more substituent.
Examples of substituents include, but are not limited to,
substituents such as, for example, halogens (—F, —Cl,
—Br, and —1I), aliphatic groups (e.g., alkyl groups, alkenyl
groups, alkynyl groups), aryl groups, alkoxide groups,
amine groups, carboxylate groups, carboxylic acids, ether
groups, alcohol groups, alkyne groups (e.g., acetylenyl
groups), and the like, and combinations thereof.

[0051] As used herein, unless otherwise indicated, the
term “aryl” refers to Cs to C ,, including all integer numbers
of carbons and ranges of numbers of carbons therebetween,
aromatic or partially aromatic carbocyclic groups/moieties.
The aryl groups/moieties can comprise polyaryl moieties
such as, for example, fused ring or biaryl moieties. The aryl
group/moiety can be unsubstituted or substituted with one or
more substituent. Examples of substituents include, but are
not limited to, substituents such as, for example, halogens
(—F, —Cl, —Br, and —1I), aliphatic groups (e.g., alkenes,
alkynes), aryl groups, alkoxides, carboxylates, carboxylic
acids, ether groups, and the like, and combinations thereof.
Examples of aryl gr groups/moieties groups include, but are
not limited to, phenyl groups/moieties, biaryl groups/moi-
eties (e.g., biphenyl groups/moieties), and fused ring groups/
moieties (e.g., naphthyl groups/moieties).

[0052] As used herein, unless otherwise indicated, the
term “heteroaryl” refers to a C to C,,, including all integer
numbers of carbons and ranges of numbers of carbons
therebetween, monocyclic, polycyclic, or bicyclic ring
groups/moieties (e.g., aryl groups) comprising one or two
aromatic rings containing at least one heteroatom (e.g.,
nitrogen, oxygen, and sulfur atom) in the aromatic ring(s).
The heteroaryl groups/moieties can be substituted or unsub-
stituted. Examples of heteroaromatic groups/moieties
include, but are not limited to, benzofuranyl groups/moi-
eties, thienyl groups/moieties, furyl groups/moieties, pyridyl

groups/moieties, pyrimidyl groups/moieties, oxazolyl
groups/moieties, quinolyl groups/moieties, thiophenyl
groups/moieties, isoquinolyl groups/moieties, indolyl

groups/moieties, triazinyl groups/moieties, triazolyl groups/
moieties, isothiazolyl groups/moieties, isoxazolyl groups/
moieties, imidazolyl groups/moieties, benzothiazolyl
groups/moieties, pyrazinyl groups/moieties, pyrimidinyl
groups/moieties, thiazolyl groups/moieties, and thiadiazolyl
groups/moieties.

[0053] It is an object of the present disclosure to provide
macrocyclic compounds, Fe(IIl) macrocyclic complexes,
compounds, and compositions and methods of making and
using same. In various examples, macrocyclic complexes
and compositions of the present disclosure are used as MRI
contrast agents.

[0054] The macrocyclic compounds of the present disclo-
sure as ligands have advantages towards accomplishing
control over spin and oxidation state of the Fe(Ill) com-
plexes and also interactions of the complex with innersphere
and outersphere water. The cavity of these macrocyclic
ligands can be suitable for stabilization of Fe(Ill) in high-
spin form. Also, control of the aqueous solution chemistry of
the Fe(Ill) complex can be accomplished with these mac-
rocyclic compounds. The macrocyclic complexes described
here nearly encapsulate the Fe(III), but in some cases, have
a coordination site for water ligands that enhances their
efficacy as T, MRI contrast agents. Without intending to be
bound to any particular theory, it is considered that the
iron-based MRI contrast agents described herein (as high-
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spin, trivalent Fe(IIl)) produce contrast by the same para-
magnetic mechanism as Gd(III) agents and are in small
molecule form as coordination complexes, i.c., they are not
nanoparticles.

[0055] In the present disclosure, the macrocyclic com-
pounds have a variety of macrocyclic core structures and a
variety of substituents (also referred to as “pendant donor
groups,” “pendant groups,” “pendant donors,” or “donor
groups”) on the macrocyclic core. Most typically, donor
groups contain amides, alcohols or phenols, but with at least
two alcohol groups or other groups that can deprotonate to
form anionic groups. The macrocyclic compounds are com-
plexed to Fe(IIl) to provide a stabilized trivalent state (e.g.,
E, <0 mV versus NHE).

[0056] The present disclosure provides a macrocyclic
compound having i) a macrocyclic core comprising at least
one heteroatom as a ligand donor and ii) at least one pendant
donor as a substituent of the macrocyclic core. A macrocy-
clic compound may be referred to as a ligand when the
macrocyclic compound is coordinated to an iron(IIl) ion.
The macrocyclic core has a ring structure comprising carbon
atoms and at least one heteroatom (e.g. N atom, O atom, or
S atom). As used herein, “macrocycle donor” refers to a
heteroatom with an available lone pair of electrons to donate
to the Fe(III) center when present in the macrocyclic core of
the macrocyclic compound. For example, the macrocycle
donor can be a nitrogen atom (e.g. a tertiary amine, a
secondary amine), or an oxygen atom (e.g., an ether). As
used herein, “pendant donor” refers to a heteroatom with an
available lone pair of electrons to donate to the Fe(IIl) center
when present in a substituent on the macrocyclic core of the
macrocyclic compound. For example, the pendant donor can
be a nitrogen-containing group (e.g., amino, benzimidazole,
imidazole, aniline, pyrazoyl, triazole, benzotriazole, and the
like), an oxygen-containing group (e.g., ketone, alcohol,
alkoxide, carboxylic acid, and the like). Some pendant
donors, such as, for example, carboxylic acid, alcohol,
imidazole or pyrazole may deprotonate when complexed
with Fe(Ill) or at certain pHs. Such protonated and depro-
tonated forms are within the scope of the disclosure. For
example, the pendant donor may be a carboxylate ion, an
imidazolate ion, a pyrazolate ion or an oxide (e.g., an
alkoxide or a phenoxide).

[0057] In certain embodiments, the macrocyclic com-
pounds have the following structure:

A
my
Yl/w LY,
X
) 4/
X3 X,—1]
m3 \ r /] "2
2
Y3
B

my
Yl/w "y,
Xj
n3<\ /4)3
X3 X,—1]
WO\
)
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wherein X, X,, X5, and X, are N; W,, W,, and W; are each
independently O or S; Y, Y,, Y, and Y, are each indepen-
dently pendant donors comprising N, wherein N has a lone
pair of electrons (e.g., amino, benzimidazole, imidazole,
aniline, pyrazoyl, triazole, benzotriazole, and the like), or a
pendant donor comprising O, wherein O has at least one lone
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pair of electrons but preferably two or three lone pairs (e.g.,
ketone, alcohol, alkoxide, carboxylic acid, amide, phenol or
phenoxide, or a deprotonated form of the foregoing, such as,
for example, a carboxylate ion, an imidazolate ion, a pyra-
zolate ion or an oxide, including an alkoxide or a phenoxide;
m,, m,, m,, and m, are each independently O, 1, or 2; n,, n,,
n;, and n, are each independently 1 or 2; and R, R,, and R,
are each independently substituted or unsubstituted aryl,
substituted or unsubstituted heteroaryl or substituted or
unsubstituted alkyl group, wherein R, R,, and R; are not
substituted by a pendant donor, wherein the alkyl segment of
the alkyl-Y chain (alkyl-Y,, alkyl-Y,, alkyl-Y; and/or alkyl-
Y,) may each independently be substituted (e.g., Structure a
or Structure b) or unsubstituted (Structure ¢ or Structure d).
For Structures a-f, the pendent may have either R or S
configuration at the chiral carbon:

OH
H;C
O,
OH
H;Cmmn
O,

NH,
H;C

Ny

NH,,
H3Cuy,y

"

Y

This paragraph is hereinafter referred to as “Scheme 1.”
[0058] In an embodiment, the disclosure provides macro-
cyclic compounds having the structures and definitions set
forth in Scheme I with the proviso that when the above
macrocyclic compounds have the structures labeled [-X VI in
Scheme II, one combination or any combination of the
provisos for Structures 1-XVI apply.
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[0059] In another embodiment, any or all of alkyl-Y,,
alkyl-Y,, alkyl-Y, and alkyl-Y, may each independently be
any of Structures 1-19 as defined in Scheme III.

[0060]
include:

Examples of suitable macrocyclic compounds

Scheme II
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where R, R,, and R; each independently is substituted or
unsubstituted aryl, substituted or unsubstituted heteroaryl or
substituted or unsubstituted alkyl group, where R,, R,, and
R; are not substituted by pendant donors; and when the
macrocyclic core has Structure 1, Z, is H or one of the
pendant groups in Scheme III and Z, and Z; each indepen-

dently is a pendant group (e.g., one of the pendant groups in
Scheme I11);

when the macrocyclic compound has Structure 11, 111, VII,
VIIL, IX or XV, Z, and Z, each independently is a pendant
group (e.g., one of the pendant groups in Scheme III);

when the macrocycle has Structure VI, XI or XIV, Z, and 7
each independently is a pendant group (e.g., one of the
pendant groups in Scheme I1I);

when the macrocycle has Structure XVI, Z, is a pendant
group (e.g., one of the pendant groups in Scheme III);

when the macrocycle has Structure IV, Z,, is a pendant group
(e.g., one of the pendant groups in Scheme III) and Z,, Z,
and Z; each independently is H or is a pendant group (e.g.,
one of the pendant groups in Scheme III), provided that at
most two of Z,, 7, and Z; is H;

when the macrocycle has Structure V, Z, and Z, each
independently is H or a pendant group (e.g., one of the
pendant groups in Scheme III) and Z; is a pendant group
(e.g., one of the pendant groups in Scheme III);

when the macrocycle has Structure X, Z, and Z, each
independently is a pendant group (e.g., one of the pendant
groups in Scheme III) and Z, is H or a pendant group (e.g.,
one of the pendant groups in Scheme III);

when the macrocycle has Structure XII, Z, is a pendant
group (e.g., one of the pendant groups in Scheme II1) and 7,
7, and 75 each independently is H or a pendant group (e.g.,
one of the pendant groups in Scheme III), provided that at
most two of Z,, Z,, and Z; is H;

when the macrocycle has Structure XIII, Z, and Z; each
independently is a pendant group (e.g., one of the pendant
groups in Scheme III) and Z, is H or a pendant group (e.g.,
one of the pendant groups in Scheme III);

wherein for all Structures I-XVI, each of Z, Z,, 75 and Z,,
as applicable, are selected independently of each other. This
paragraph is hereinafter referred to as “Scheme I1.”
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[0061]

The macrocyclic compound has at least one pen-

dant donor on the macrocyclic core. For example, the
pendant donor can have the following structure:

OH

O
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2
OH
H;C
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o
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wherein Q, and Q, are each independently —H, —OCH,4,
—CO,H, or —CH,CO,G,, G, is H, C, to C,, substituted or
unsubstituted alkyl groups of linear or branched structure or
PEG group (—CH,CH,0—),, (n=1-12, e.g., 1,2, 3,4, 5, 6,
7, 8,9, 10, 11, and 12), Q; is H, C, to C,, substituted or
unsubstituted alkyl groups of linear or branched structure or
PEG group (—CH,CH,0—),, (n=1-12, e.g., 1,2, 3,4, 5, 6,
7,8,9, 10, 11, and 12), Q, and Q are each independently
—H, —OCH;, —CO,H, or substituted or unsubstituted
alkyl groups of linear or branched structures, A is a substi-
tuted or unsubstituted alkyl group of linear or branched
structure with C, to C,, or is a substituted or unsubstituted
aryl group or naturally occurring (e.g., glycine) or synthetic
amino acid or analog thereof. Some pendant donors, such as,
for example, carboxylic acid, alcohol, imidazole or pyrazole,
may deprotonate when complexed with Fe(III) or at certain
pH values. Such protonated and deprotonated forms are
within the scope of the disclosure. For example, the pendant
donor is a carboxylate ion, an imidazolate ion, a pyrazolate
ion, or an oxide (e.g., an alkoxide or a phenoxide). This
paragraph is hereinafter referred to as “Scheme II1.”
[0062] The macrocyclic compound may comprise one or
more ancillary pendant groups. The ancillary pendant group
(s) may be one or more coordinating ancillary pendant
groups and/or one or more non-coordinating ancillary pen-
dant groups.

[0063] A non-coordinating ancillary pendant group does
not have a heteroatom that can bind to the Fe(IIl) metal ion
to form a five-membered or six-membered chelate. Non-
limiting examples of non-coordinating ancillary pendant
groups include benzyl groups, phenyl groups, and other
aromatic (e.g., aryl) groups that have one or more methylene
group attached to aromatic group or no methylene groups),
alkyl groups (both branched and linear groups), and the like.
Other non-limiting examples of non-coordinating ancillary
pendant groups include biphenyl, napthyl, anthracenyl,
pyridyl, quinolyl, methyl, ethyl, isopropyl, n-propyl, ethyl
methoxyether, PEG derivatives (polyethylene glycol), and
the like.

[0064] Non-limiting examples of coordinating ancillary
pendant groups (e.g., which is a third pendent group when
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two are already hydroxyl propyl) include oxygen or nitrogen
donors that form five or six-membered chelates such as, for
example, amides, carboxylates, alcohols or phenols, or
derivatives of triazole, imidazole, pyrazole, picolyl, pyri-
dine, alkylamines, aminopyridine, aminophenol, aniline,
and the like. Some of these groups may deprotonate when
bound to Fe(III).

[0065] A macrocyclic complex comprising one or more
non-coordinating ancillary pendant group may have an open
coordination site (have open coordination). A macrocyclic
complex comprising one or more coordinating ancillary
pendant group may not have an open coordination site (have
closed coordination).

[0066] In an embodiment, the subject disclosure provides
macrocyclic compounds having the structures and defini-
tions set forth in Schemes II-1V,

Scheme IV
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where any or all of the following provisos apply when the
macrocycle has structure II: when Z,=7,=Structure 1,
R,=methyl, ethyl, isopropyl, n-hexyl or Structure i, ii, iii, or
iv; when Z,=7,=Structure 7, R,=Structure v or vi; when
Z,=7,=Structure 9, R =ethyl; when Z,=7,=Structure 12,
R,=ethyl; when Z,=7,=Structure 16 when Q,=t-butyl and
Qs=0OCH; or when Q,=Qs=t-butyl, R, =ethyl or isopropyl;
when Z,=7,=Structure 15, R;=methyl;

xviii
2

AN

XX

H

where any or all of the following provisos apply when the
macrocycle has Structure III: when Z,=Structure 16 when
Q,=t-butyl and Q,=OCH, or when Q,=Q,=t-butyl,
Z =Structure 16 when Q,=t-butyl and Q;=OCH; or when
Q,=Qs=t-butyl;

where any or all of the following provisos apply when the
macrocycle has Structure V: when Z,=7,=7,=Structure 17,
R,=methyl, ethyl, n-propyl, n-butyl, n-dodecyl, or Structure
il, xiii, xv, iX, Xvi or Xix; when Z,=7,=7;=structure 2,
R, =Structure xvii or xx; when Z,=7,=7,=Structure 1,
R,=methyl, ethyl, n-propyl, n-butyl, n-pentyl, n-hexyl, n-oc-
tyl, n-decyl, n-octadecyl (C,,) or Structure ii, x, xi, Xii, xiii,
Xiv or Xvii;

where any or all of the following provisos apply when the
macrocycle has Structure VI: when Z,=Z,=Structure 1,
R,=R,=methyl, Structure ii, X, or xi; when Z,=7,=Structure
9, R;=R,zmethyl; when Z,=7Z,=Structure 18,
R,=R,#methyl; when Z,=Z,=Structure 16 when
Q,=Qs=methyl or t-butyl, R,=R,=methyl; when Q,=H and
Qs=Br, R,=R,zmethyl; when Z,=7,=Structure 15,
R,=R,=methyl; when Z,=7,=Structure 17, R,=R,=methyl;

where any or all of the following provisos apply when the
macrocycle has Structure XI: when Z,=7,=Structure 1,
R,=R,=methy];
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where any or all of the following provisos apply when the
macrocycle has Structure XIII: when Z,=7,=7.=Structure
7, R;=methyl;

where any or all of the following provisos apply when the
macrocycle has Structure XV: when Z,=7,=Structure 1, Rid
methyl; when 7Z,=7,=Structure 3, Rid methyl; when Z,=
[0067] Z,=Structure 4, R,=R,=methyl; when
Z,=7,=Structure 1, R,=R,=methyl; when Z,=7 =Structure
5, R,=R,=methyl; when Z.,=7,=Structure 7,
R,=R,=methyl; when Z,=Structure 3 and Z,=Structure 9,
R,=R,=methyl; when Z,=7,=Structure 9, R,=R,=methyl;
when Z,=7,=Structure 17, R,;=R,=methyl; when
Z,=7,=Structure 18, R ,=R,=methy];

where any or all of the following provisos apply when the
macrocycle has Structure XVI: when Z,=Structure 1,
R,=R,=R; methyl; when Z,=Structure 3, R,=R,=R; methyl;
when Z,=Structure 4, R,;=R,=R; methyl; when
Z,=Structure 5, R,;=R,=R; methyl; when Z =structure 7,
R,=R,=R; methyl; when Z =structure 15, R,=R,=R;
methyl.

[0068] Inone embodiment, the subject disclosure provides
macrocyclic compounds having the structures and defini-
tions set forth in Schemes II-IV, where any or all of the
following provisos apply when the macrocycle has Structure
I: when Z,=7Z,=Structure 1, Z;=Structure 1; when
Z.,=7,=Structure 2, 7. =Structure 2; when Z,=7,=Structure
3, Z =Structure 3; when Z,=7,=Structure 6, Z,=Structure 6;
when Z7,=7,=Structure 7, Z; =Structure 7; when
Z,=7,=Structure 9, Z,=Structure 9; when Z,=7,=Structure

11, Zs=Structure 11; when Z,=7,=Structure 12,
Z=Structure  12; when Z,=7,=Structure 13 when
Q,=Q,=H, Z,=Structure 13 when Qi =Q,=H; when

Z.,=7,=Structure 15, Z;=Structure 15; at most two of Z,, 7,
or Z,=Structure 16 when 1) Q,=Qs=t-butyl, 1ii)
Q,=Qs=0OCH,;, iii) Q,=t-butyl and Qs=OCH; or iv)
Q,=OCH,; and Q=t-butyl; when Z,=H, Z, Structure 1;
when Z,=H, 7, Structure 7; when Z,=H, Z, Structure 9;
when Z,=H, 7, Structure 13; when Z,=7,=Structure 1,
Z,=Structure 15; when Z,=Structure 1 and Z,=H,
Z;=Structure 16 when Q =t-butyl;

where any or all of the following provisos apply when the
macrocycle has Structure III: when Z,=Structure 1, Z,
Structure 1; when Z,=Structure 17, Z, Structure 17;

where any or all of the following provisos apply when the
macrocycle has Structure IV: when Z,=7,=7 =Structure 1,
7., Structure 1; when 7,=7,=7,=Structure 2, 7, Structure 2;

when 7,=7,=7,=Structure 3, 7, Structure 3; when
7,=7,=7,=Structure 6, 7 =Structure 6; when
7,=7,=7,=Structure 7, 7, Structure 7; when
Z1:Z2 =7Z,=Structure 9, Z, Structure 9; when
7,=7,=7,=Structure 11, 7, Structure 11; when
7,=7,=7,=Structure 12, 7, Structure 12; when
7,=7,=7,=Structure 15, 7, Structure 15; when
7,=7,=7,=Structure 16, 7, Structure 16; when
Z7,=7,=7,=Structure 17 , 7, 7,, Z,=Structure 17; when
Z,=7,=7,=Structure 1, Z H; when Z,=7,=7,=Structure 2,

Z,#2H; when Z,=7,=7.=Structure 3, 7, H; when
Z7.,=7,=7,=Structure 6, Z, H; when 7Z,=7,=7.,=Structure 7,
7, H; when 7,=7,=7,=Structure 17, Z, H; when Z,=7,=H
and Z,=Structure 1, Z, Structure 1; Z,=Z,=H and
Z,=structure 2, 7, structure 2; when Z,=7,=H and
Z,=Structure 3, 7, Structure 3; when Z,=Z,=H and
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Z,=Structure 6, 7, Structure 6; when 7Z,=7Z,=H and
Z,=Structure 7, Z, Structure 7; when Z,=7,=H and
Z,=Structure 17, Z, Structure 17; when Z,=7.=H and
Z,=Structure 1, 7Z, Structure 1; when 7Z,=7Z,=H and
Z,=Structure 2, 7, Structure 2; when 7Z,=7Z,=H and
Z,=Structure 3, 7, Structure 3; when 7Z,=7Z,=H and
Z,=Structure 6, Z, Structure 6; when Z,=7,=H and
Z,=Structure 7, Z, Structure 7; when Z,=7,=H and

N

Z,=Structure 17, Z, Structure 17; when Z,=7,=Structure 6
and Z,=Structure 3, Z, =7, when Z,=7;=Structure 7 and
Z,=Structure 3, 7, Z, when Z,=7,=Structure 1 and
Z,=Structure 3, 7, 7Z,; when Z,=7,=7.=Structure 1, 7,
Structure 3; when Z,=7,=7,=Structure 1, Z, Structure 17,
when Z7,=7,=7,=Structure 1, 7, Structure 6; when
Z7,=7,=7,=Structure 1, 7, Structure 7; when
Z7.,=7,=7,=Structure 1, 7, Structure 9; where any or all of
the following provisos apply when the macrocycle has
Structure V: when Z,=7,=Structure 1, Z,=Structure 1; when
Z.,=7,=Structure 3, Z;=Structure 3; when Z,=7,=Structure
6, Z5=Structure 6; when Z,=7,=Structure 9, Z,=Structure 9;

when Z,=7,=Structure 17, Z;=Structure 17; when
Z,=Structure 1 and Z,=H, Z =Structure 1; when
Z,=Structure 3 and Z,=H, Z =Structure 3; when

Z,=Structure 6 and Z,=H, Z,=Structure 6;

[0069] where any or all of the following provisos apply
when the macrocycle has Structure VII: when Z,=Structure
1, Z, Structure 1; when Z,=Structure 2, Z, Structure 2; when
Z,=Structure 6, Z, Structure 6;

where any or all of the following provisos apply when the
macrocycle has Structure 1X: when Z,=Structure 1, Z,
Structure 1; when Z,=Structure 6, Z, Structure 6;
Z,=Structure 7, Z, Structure 7;

where any or all of the following provisos apply when the
macrocycle has Structure X: when Z,=7,=Structure 1, 7Z,
Structure 1; when Z,=7,=Structure 3, Z, Structure 3; when
Z.,=7=Structure 7, Z, Structure 7; when Z,=7,=Structure
1,7, H;

where any or all of the following provisos apply when the
macrocycle has Structure XII: when Z,=7,=7,=Structure 1,
7., Structure 1; when Z,=7,=7,=Structure 3, Z ,=Structure
3; when Z,=7,=7,=Structure 6, 7, Structure 6; when
7,=7,=7,=Structure 7, 7, Structure 7; when
Z7,=7,=7,=Structure 9, 7, Structure 9; when
7,=7.=Structure 12, 7, Structure 12; when
=7 =Structure 15, 7, Structure 15; when
,=Z;=Structure 17, 7, Structure 17, when
=7 =Structure 7, Z, H; when 7Z,=7,=7,=Structure 3,

when Z,=7,=H and Z,=Structure 1, Z, Structure 1;
7,=7, H and zZ, Structure 7,7, Structure 7, When
s=H and 75 Structure 14, 7, Structure 14; when
,=H and Z =Structure 1, Z, Structure 1; when
=7=H, 7, Structure7 WhenZ =7,=7,=H, Z Struc-
ture 9; When 7,=7,=7,=H, 7, Structure 14; when
7,=7,=7,=H, 7, Structure 17.

[0070] In an embodiment, the subject disclosure provides
macrocyclic compounds having the structures and defini-
tions set forth in Scheme I with the proviso that when the
macromolecule has Structure A, at most two of Y, Y, and
Y, is

H
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it

it

NNNNN
I
N NN

=
g F
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NNN
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HO

OH.

[0071] In certain embodiments, Fe(Ill) cation is com-
plexed to the macrocyclic compound. In certain other
embodiments, Fe(III) cation is not complexed to the mac-
rocyclic compound. The Fe(Ill) may be complexed to the
macrocycle as shown herein.

[0072] As previously noted, some pendant donors, such
as, for example, carboxylic acid, alcohol, imidazole or
pyrazole may deprotonate when complexed with Fe(IIl).
Their corresponding carboxylate ions, imidazolate ions,
pyrazolate ions, triazolate ions or oxides (e.g., alkoxide or
phenoxide) are within the scope of the disclosure.

[0073] In an embodiment, the subject disclosure provides
Fe(IIl) complex comprising Fe(II) complexed with a mac-
romolecule having a structure set forth in Schemes II-IV, as
defined in Schemes II-IV.

[0074] In another embodiment, the subject disclosure pro-
vides Fe(IIl) complexes comprising Fe(Ill) complexed with
a macromolecule having a structure set forth in Schemes
II-IV, as defined in Schemes II-IV, where any or all of the
following provisos apply when the macromolecule has
Structure I: when Z,=7,=Structure 1, Z,=Structure 1; when
Z.,=7,=Structure 2, 7. =Structure 2; when Z,=7,=Structure
3, Z =Structure 3; when Z,=7,=Structure 4, 7 =Structure 4;
when 7,=7,=Structure 6, Z;=Structure 6; when
Z.,=7,=Structure 7, Z;=Structure 7; when Z,=7,=Structure
11, Z,=Structure 11; when Z,=7,=Structure 12,
Zs=Structure 12; when Z,=7,=Structure 15, Z,=Structure
15; at most two of Z,, Z,, or Z,=Structure 16 when
Q,=Qs=t-butyl, ii) when Q,=Qs=0CHS,, iii) when Q,=t-
butyl and Q;=OCH; and iv) when Q,=OCH; and Qs =t-
butyl; Z =Structure 16 when Q,=Qs=t-butyl, ii) when
Q,=Qs=0CH;, iii) when Q,=t-butyl and Qs=OCH,; and iv)
when Q,=OCH; and Q,=t-butyl; when Z,=7,=Structure 17,
Z;=Structure 17; when Z,=7,=Structure 1, Z,=Structure 15;
when Z,=Structure 1 and Z,=H, Z,=Structure 16 when Q
=t-butyl; when Z,=7,=Structure 15, R methyl; where any or
all of the following provisos apply when the macromolecule
has Structure IV: when Z,=7,, _

[0075] Z,=Structure 1, Z, Structure 1; when
Z7,=7,=7,=Structure 7, 7, Structure 7; when
Z7,=7,=7,=Structure 1, 7, Structure 3; when
7,=7,=7,=Structure 1, 7, Structure 7; when
7,=7,=7,=Structure 1, 7, Structure 17; when
7,=7,=7,=Structure 1, Z, H; when Z,=Structure 7, Z,

Structure 7;

where any or all of the following provisos apply when the
macromolecule has Structure XII: when
7,=7,=7,=Structure 1, Z, Structure 1; when Z,=7,=7,=H,
Z, Structure 1; when Z,=7,=7,=H, 7, Structure 3; when
7,=7,=7,=H, 7, Structure 7; where when the macromol-
ecule has Structure XVI and 7Z,=7,=7. =methyl, Z, Struc-
ture 1.
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[0076] In an embodiment, Fe(Ill) complex comprising
Fe(IIl) complexed with a macromolecule having a structure
set forth in Scheme I with the proviso that when the
macromolecule has Structure A, at most two of Y, Y, and
Y, is

HO

OH.

[0077] The Fe(lll) complex may have a bound water,
hydroxide, or no bound water or hydroxide ligands. How-
ever, without being bound by any theory, it is believed that
desirable agents have an open coordination site for binding
water or anions.

[0078] In an embodiment, the subject disclosure provides
a macromolecule having a structure set forth in Schemes
II-IV, as defined in Schemes II-IV, with the proviso that
when the macromolecule has Structure IV and 7, Z, and
7 ,=Structure 1, Z,=Structure 6. In another embodiment, the
subject disclosure provides Fe(Ill) complex comprising
Fe(IIl) complexed with a macromolecule having a structure
set forth in Schemes II-1V, as defined in Schemes II-1V, with
the proviso that when the macromolecule has Structure IV
and Z,, 7, and Z,=deprotonated Structure 1, i.e.,

Zs=Structure 6. In still another embodiment, the subject
disclosure provides Fe(Ill) complex comprising Fe(IIl)
complexed with a macromolecule having a structure set
forth in Schemes I1-1V, as defined in Schemes II-IV, with the
proviso that when the macromolecule has Structure IV and
Z,, Z, and Z,=deprotonated Structure 1, Z, deprotonated
Structure 6, i.e.,

[0079] In yet another embodiment, the subject disclosure
provides a macromolecule having a structure set forth in
Schemes II-IV, as defined in Schemes II-INT, with the
proviso that when the macromolecule has Structure IV and
7.,=7,=7 =deprotonated Structure 1, Z,=7,.
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[0080] Certain pendants may have more than one N or O
donor atom (e.g., pyrazole or imidazole, carboxylate or
carboxylic acid) although generally only one is coordinated
to metal ion.

[0081] A macrocyclic compound can have various pen-
dant groups and combinations of pendant groups. When
more than one pendant donor is present, they may be the
same or different.

[0082] In various examples, the macrocyclic core has 1, 2,
3, or 4 nitrogen atoms, 1, or 2 oxygen atoms and/or 1, or 2
sulfur atoms. For example, the macrocyclic core has 6, 7, 8,
9, or 10 carbons. For example, the macrocyclic core has
from 9 to 16 atoms, including all ranges and integers there
between, where at least one of the atoms in the macrocyclic
core is a heteroatom, such as N. In another embodiment, at
least two of the atoms in the macrocyclic core are heteroa-
toms, such as, for example, N. In various examples, there are
2,3, 4, or 5 carbon atoms separating the heteroatoms in the
macrocyclic core. The one or more carbons in the macro-
cyclic core can be unsubstituted (e.g., —CH,—) or substi-
tuted (e.g., —CHR—, or —CR,—, where the R groups are,
for example, alkyl groups or aryl groups (e.g., benzyl
groups) as described herein), provided that at least one
carbon in the macrocyclic core is substituted with a pendant
donor. For example, they can be substituted with the sub-
stituents disclosed herein. In another embodiment, the mac-
rocyclic core comprises at least two heteroatoms, each of
which is independently N or O, which are separated from
each other by at least two carbon atoms.

[0083] The pendant groups can be covalently attached to
a macrocyclic core (e.g. at a nitrogen): especially for cyclen
(1), cyclam (VII), TACN (D).

[0084] Macrocyclic compounds can be macrocyclic
ligands. The macrocyclic ligands described herein stabilize
the trivalent iron (Fe(IIl)) state. The coordination geometry
is designed for desirable binding of Fe(III) in comparison to
Fe(Il) to maintain the Fe(Ill) oxidation state, for example,
under biologically relevant conditions. Stabilization of the
Fe(II) state (e.g., E_<0 mV vs. NHE) also serves to inhibit
the production of reactive oxygen species that occur through
reduction to the Fe(Il) state of the complex.

[0085] It is desirable that the Fe(Ill) center is stabilized
relative to Fe(Il) so that there is no reaction with biological
reductants to produce reactive oxygen species (ROS) (see,
e.g., FIG. 11). Such redox-inactive (under biological condi-
tions) Fe(IIl) centers have negative redox potentials versus
NHE. Examples of macrocyclic complexes of the present
with macrocyclic core and pendant groups that produce
stabilized Fe(Ill) include, but are not limited to, 1,4,9-
triazacyclononane macrocyclic core and alcohol pendent
groups that become deprotonated upon binding of Fe(IIl)
(see, e.g., FIG. 6).

[0086] In various examples, a macrocyclic compound or
compound of the present disclosure exhibits a reduction
potential (E,) of less than 0 mV vs. normal hydrogen
electrode (NHE) in aqueous solution at a biologically rel-
evant pH (e.g., a pH of 6.5-7.5 or 7.2-7.4, including all 0.1
pH values and ranges therebetween). In various other
examples, a macrocyclic compound or compound of the
present disclosure exhibits a reduction potential (E,) of at
least -100, at least —150, at least —200, at least =300, at least
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-400, at least -500, or at least —-600 mV vs. normal
hydrogen electrode (NHE) in aqueous solution at a biologi-
cally relevant pH (e.g., a pH of 6.5-7.5 or 7.2-7 4, including
all 0.1 pH values and ranges therebetween). In various other
examples, a macrocyclic compound or compound of the
present disclosure exhibits a reduction potential (E ) of less
than 0 to -600 mV vs. normal hydrogen electrode (NHE) in
aqueous solution at a biologically relevant pH (e.g., a pH of
6.5-7.5 or 7.2-7.4, including all 0.1 pH values and ranges
therebetween).

[0087] The shortening of the T, relaxation times of the
protons of water by the Fe(Ill) complexes, T, relaxivity, is
promoted by both innersphere water and outersphere water
interactions. Accordingly, in various examples, macrocyclic
complexes and compounds of the present disclosure com-
prise one or more pendant donor groups that can hydrogen
bond to water through heteroatoms such as, for example,
oxygen or nitrogen (see, e.g., FIG. 1).

[0088] Non-limiting examples of such pendant donor
groups are pendent alcohol groups that deprotonate to alkox-
ide groups (see, e.g., FIGS. 2, 3, 4, and 7). In addition, in
various examples, macrocyclic compounds and compounds
of'the present disclosure comprise an open coordination site,
which may bind water (see, e.g., FIGS. 5 and 6). These water
ligands may ionize to form hydroxide ligands at neutral pH
(see, e.g., FIGS. 8 and 9), for example, as shown by,
pH-potentiometric titrations (see, e.g., FIG. 12). It may
desirable that the water ligands are rapidly exchanging. Rate
constants for innersphere water exchange is dependent on
both the magnetic field strength of the scanner and also on
the rotational correlation time of the contrast agent which is
related to size. For clinical MRI scanners with field strengths
of 3 Tesla, the following is desirable. In various examples,
for a molecule with a rotational correlation time of about 1-4
nanoseconds, the exchange rate constant for the contrast
agents is from 10° s~! to 10° s™* or greater than 2x10°s™". In
various examples, for a molecule with a rotational correla-
tion time of about 0.1 to 0.2 nanoseconds, the exchange rate
constant for the contrast agents is from 10° s~ to 10° s7*.
Evidence for rapidly exchanging water ligands is shown by
variable temperature 'O NMR spectroscopy studies (see,
e.g., FIG. 10). The reduced transverse relaxation times (T,,)
is approximated by measurement of the linewidth of the 7O
resonance.

[0089] Coordination chemistry of Fe(Ill) is dependent on
the coordination number. The macrocyclic compounds of
the present disclosure have donor groups which can be part
of the macrocyclic core, also referred to as macrocycle
donors, and donor groups can be part of the substituents
(e.g., pendant groups) on the macrocyclic core, also referred
to as pendant donors. When Fe(Ill) is complexed to a
macrocyclic compound of the present disclosure, 4 to 7
donors are complexed to the metal ion center. In an embodi-
ment, the macrocyclic core can have from 2 to 4 donors and
from 2 to 4 pendant donors. In various embodiments, there
are 2 macrocycle donors and 3 pendant donors, 2 macro-
cycle donors and 4 pendant donors, 3 macrocycle donors and
2 pendant donors, 3 macrocycle donors and 3 pendant
donors, 3 macrocycle donors and 4 pendant donors, 4
macrocycle donors and 2 pendant donors, 4 macrocycle
donors and 3 pendant donors.
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[0090] Examples of suitable macrocyclic compounds
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[0091] In an embodiment, the compounds of the present
disclosure can have more than one macrocyclic core tethered
together (i.e., covalently bound) via a linker group (e.g.,
aromatic groups), one or more macrocyclic compound of the
present disclosure, a polymer, a dendrimer, or peptide.

[0092] It is desirable to produce an oligomeric molecule
with a rotational correlation time of approximately 1 to 4
nanoseconds for effective contrast agent at field strengths of
3 Tesla to 7 Tesla. For example, linking three macrocyclic
Fe(IIl) complexes together, e.g. through the functionalized
benzene by using click chemistry (shown below), is
expected to produce a compound (and produces a compound
for the compound shown below) that will have a rotational
correlation time which has a value which is intermediate
between a macrocyclic complex, such as, for example,
Fe(TACO) and a molecule linked or bound to a large protein.

[0093] Linkers may have multiple fused aromatic groups
such as, for example, anthracene, or carbazole or linked
through the nitrogens of triazacyclononane or tetraazacy-
clododecane. There may be a direct attachment to the
macrocyclic nitrogen donor of the contrast agent (e.g., as
shown below) or there may be an intervening methylene
group (e.g., as shown for Fe,(DT-meta)).
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Linkers may have one or more coordinating groups or be
non-coordinating.

[0094] One or more macrocyclic compound may be cova-
lently bound to a protein, such as, for example, human serum
albumin, which is the predominant protein in the blood. This
approach is considered to slow the rotational correlation
time and increase the relaxivity of the tethered macrocyclic
compound(s) (e.g., at field strengths of 3 Tesla) and to
increase the residency time of the contrast agent in the
blood.

[0095] Peptides may be used to link (tether) two or more
iron complexes together. In this approach, the complexes
are, for example, linked through the carboxy or amino
terminus of the peptide. A peptides may have one or more
sequences that allow for targeting to other biopolymers such
as, for example, fibrin targeting peptides.

[0096] A compound may be a dendrimer with a plurality
of pendant macrocyclic complexes. For example, dendrim-
ers based on ethylenediamine cored PAMAM dendrimers
will be prepared where PAMAM is polyamidoamine with 4
up to 36 chelates. The iron complexes will be attached either
through click chemistry or by coupling of carboxylic acid
group to the terminal amines of the PAMAM.

[0097] Polymeric contrast agents may be made by, for
example, using click chemistry as described for the com-
plexes containing triazole linkers or, alternatively, by radical
polymerization (as shown below). In this approach, a styrene
functionality is put in place of a benzyl group and the
macrocyclic ligand is incorporated into the polymer. This
approach is also amenable with macrocyclic compounds
such as, for example, the TOB type TACN macrocyclic
compound.

S COoH
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CN +
S
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0

89
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In the above reaction, the resulting polymer may be reacted
with a source of Fe(Ill), such as, for example, FeCl;, to
provide a compound of the present disclosure that can be
used as an MRI contrast agent.

[0098] For tumor uptake and retention, the size of the
molecule containing the contrast agent is important. In
addition, given that the magnitude of the T, relaxivity
increases proportionally with the number of iron complexes
and also increase with the size of the molecule, or more
precisely the rotational correlation time (t,.), the use of
multiple tethered macrocyclic complexes should increase
contrast. This can be accomplished by the formation of
dimeric or oligomeric Fe(IIl) complexes with three macro-
cyclic compounds as shown below. For example, the com-
pound can have the following structures:

H;C
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Alternatively, the macrocyclic compounds may be linked in
the following manner to form dinuclear complexes in

scheme below.
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[0099] Alternatively, the complex can be attached to a
polymeric structure (e.g., water-soluble polymers such as,

for example, polyesters, polylactides, polylactide-polystry-

ene copolymers, and the like), for example, as shown below
by using click chemistry.
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[0100] The following are examples of Fe(IlI) complexes, -continued
and are within the scope of the disclosure.
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[0101] In various embodiments, the macrocyclic com-
pounds, macrocyclic complexes, or compounds of the dis-
closure are a salt, a partial salt, a hydrate, a polymorph, or
a stereoisomer, or a mixture thereof. For example, the
macrocyclic compound, macrocyclic complex, or compound
is present as a racemic mixture, a single enantiomer, a single
diastereomer, or mixture of diastereomers. In certain
embodiments, after complexation of the metal ion, the
macrocyclic complexes or compounds are present as mix-
tures of diastereomers and/or conformers which can be
determined by NMR. The diastereomers may arise from the
conformation of the macrocyclic core and the directionality
of the substituents on the macrocyclic core.

[0102] The compounds of the disclosure can have inner-
sphere water or alternatively, a hydroxide ligand. In an
embodiment the compounds have one innersphere ligand (q)
which contributes to relaxivity as in Eq. 1.

Ry = RSS L RIS Equation 1
RIS = M Equation 2
e Tim +Tm

[0103] Eg. 1 shows that relaxivity has contributions from
bound water (innersphere, IS) and second-sphere (SS) (out-
ersphere) water. Eq. 2 predicts that greater numbers of
bound water molecules and rapid ligand exchange rate
constants (short lifetimes for bound water (Tm)) are advan-
tageous. Notably r,, the parameter used to characterize
relaxivity, has units of mM™'s™", and is obtained from a plot
of T, (s™1) versus contrast agent concentration. There is
an analogous relationship for second-sphere waters although
the number and residence time is not well defined. The R,
and R, relaxivity (from T, and T, relaxation rate constants
at4.7 T at 37° C. is shown for several complexes in FIG. 13
and FIG. 14. Data on a 3 Tesla MRI scanner are shown in
FIG. 21. Table 1 summarizes R; and R, relaxivity data for
several Fe(IIl) complexes.

TABLE 1

T, Relaxivity of Fe(Ill) complexes at neutral pH, Hepes buffer, 37° C.

on a 4.7 Tesla MRI scanner. HSA is human serum albumin.

R, (mM's™")

Complex R, (mM's™") with HSA R, (mM's™!) R, with HSA
Fe(GUAC) 0.015 0.41 1.05 6.5
Fe(NOKA) 2.0 2.5 4.8 1.3
Fe(TACO) 1.3 1.4 1.7 2.0

Fe(TOB) 25 34 43 49
Fe(STHP) 0.074 0.53 1.2 3.9
Fe(TOM) 0.45 1.3 2.7 2.5

[0104] Structures of certain complexes in Table 1.
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[0105] Itis desirable that the ratio of the T, to T, relaxivity
(R,/R,) of a macrocyclic complex or compound of the
present disclosure are close to one (unity). R,, the transverse
relaxivity, is by definition always larger than R,, the longi-
tudinal relaxivity. In various examples, Fe(Ill) contrast
agents of the present disclosure have desirably low R, to
give R,/R, ratios close to one, for example, as shown in
Table 1. In various examples, a macrocyclic complex or
compound of the present disclosure have R,/R, ratios of 0.5
to 0.2 or 0.8 to 0.6. These data demonstrate the desirability
of the TACN ligand, alcohol pendents and an open coordi-
nation site, for example, in Fe(TOB) or Fe(MeOxyBz) in
comparison to certain complexes with no open coordination
site for the mononuclear complexes such as Fe(AmBz), or
Fe(TOTO). (see, e.g., Table 2).



US 2022/0259244 Al
21

TABLE 2

T, relaxivity at 4.7 T, 37° C., at pH 7.4, 100 mM NaCl, 37° C. with

6 mM human serum albumin (HSA).

Complex alone Complex + HSA

Fe(MeOxyBz) 2.3 3.13
Fe(AmBz) 0.80 1.23
Fe(TOTO) 0.56 1.13
Fe(ToTzB) 0.87 1.09
Fe(TON) — 0.93
Fe,(DT-meta) — 291
Fe,(DT-ortho) — 3.60
Fe,(TONO) — 1.10

[0106] Structures of certain complexes in Table 2.
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[0107] Tables 1 and 2 show that desirable interaction of
the Fe(Ill) complex with water molecules can enhance
relaxation of the protons of the water. Without being bound
by any particular theory, it is considered that exchange of
innersphere water with bulk water is an important mecha-
nism for proton relaxivity.

[0108] This shows that optimization of the interaction of
the Fe(IIl) complex with water molecules to enhance relax-
ation of the protons of the water is important. Without being
bound by any theory, exchange of innersphere water with
bulk water is thought to be a dominant mechanism for proton
relaxivity in Gd(IIT) complexes. However, Fe(Ill) is a much
smaller metal ion than Gd(III) (0.78 Avs. 125 A, respec-
tively). The shorter M-H distance in bound water of Fe(III)
compared to Gd(III) suggests that the relative efficiency of
the outersphere versus innersphere contributions may differ
for the two metal ion complexes.

[0109] There are three mechanisms that contribute to
paramagnetic relaxation of associated water (1/T,,,): the
scalar (contact) contributions, dipole-dipole contributions
and Curie spin relaxation. The most important of these for
the longitudinal relaxation considered here is the dipole-
dipole contribution (1/T,DD). At field strengths of 1.5 T or
greater, 1/T,DD is defined as shown in Eq. 3 where S is the
spin quantum number, ®,, is the Larmor frequency of the
proton, 1, is the metal ion-proton distance and 7,, is the
proton gyromagnetic ratio, ge is the electronic g factor, p, is
the Bohr magneton, and p,, is the permittivity of a vacuum.
Notably, the 1/T,DD term increases (higher relaxivity) with
larger total spin (S) which favors Gd(IIl) over Fe(IIl).
However, the shorter distance of the paramagnetic Fe(IIl)
center to water protons (r,,) favors Fe(Ill) proton relax-
ation, especially given the 1/t dependence.

22
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1 i(@ )vﬁgﬁuﬁS(S +D[ 3, ] Equation 3
PP 15\4x . 1+ w72
1 1 1 1 Equation 4
— = +—
Te TR Tie Tn

[0110] The correlation time (tc) for the dipolar relaxation
mechanism is influenced by different processes including the
lifetime of the bound water (1/1,,), the rotational motion of
the contrast agent (1/tz) and the longitudinal relaxation of
the unpaired electrons (1/T,,). Although any of these three
processes can contribute, their importance depends on the
strength of the magnetic field. Much of the literature is
focused on the importance of these processes at low field
strength (<1 T). Under these conditions, the rotational
processes or electronic relaxation times may be limiting, and
1, should be in a narrow range close to 10 ns (k,,=10% s™).
However at higher field strengths (=1.5 T), simulations show
that the optimal t,, has a larger range (1-100 ns) and
rotational motions should have values intermediate between
small molecules and proteins. An important parameter is
T,,. the electronic relaxation time. A long T,, for Fe(IIl)
may result from complexes that have a high degree of
symmetry, leading to little zero field splitting and slow
relaxation of the electronic state. Also, the coordination
sphere needs to favor high spin (§=5/2) and not low spin
S=V% Fe(IlII).

[0111] Studies to determine whether a metal complex has
a bound water can involve the collection of variable tem-
perature 7O NMR data. The data were obtained using a
Varian 400 MHz NMR spectrometer with a broad band
probe (FIG. 10). Since the 'O isotope has a low natural
abundance, each complex was dissolved into a solution of
water enriched with H,"’O such that the peak measured by
the NMR would be larger and therefore easier to detect
visually. NMR studies were performed at various tempera-
tures for each complex studied. The temperature ranges for
each compound tested were between 10° C. and 80° C., or
283K and 353K. In order to obtain the desired complex
solubility of 45 mM for these measurements, the pH range
studied was 3-5. The temperature dependent transverse
relaxation data were fit to various equations via a least
squares fit analysis using Scientist for Windows version 3.0.
First, it is known that complexes with an open coordination
site, obey the Swift-Connick equation, as shown in equation
Sa:

Equation 5a

1 Fid
o " P, #(AVobserved — AVsomen) =
1 (o + Toher,) +AG) 1 1
— ﬁ + T_ Where p—
T (Top + 71 ) + A}, 205 2

is the reduced transverse relaxation rate, P,, is the molar
fraction of bound water and (AV,, ..o AVeoren:) 1S the
difference in line widths between H,'’O with and without
complex present. Since the observed line widths can be
measured using NMR spectroscopy, and P,, can be calcu-
lated in advance, they are the measurable quantities in the
equation. In addition,
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is residence time of the bound water molecules, T,, ™" is the
transverse relaxation rate of the bound water and A®,, is the
chemical shift difference between bound and bulk water. The
T, 18 a term taking into account the hydrogen bonding of
ligand atoms to bulk water.

[0112] In the complexes studied at the temperature ranges
in which data were recorded and analyzed,

T3, and
205

can be neglected and the Swift-Connick equation is reduced
to equation 5b. In conjunction, since reduced transverse
relaxation rates are often quite large, taking the natural
logarithm of both sides of the equation allows for better
scaling and simpler representation of the data, as shown in
equation 5c:

Aw,zﬂ Equation 5b

# (AVobserved — AVsolvem) = —— % —5——.
Tm T, +Auw,

1 1 A,
ln(_) o |
Ty T T+ Awl

[0113] The inverse bound water residence time, and the
chemical shift difference between bound and bulk water are
each represented by equations 6a and 6b, respectively:

1 n
Iy P

Equation 5c

1 kp T ASt  AHE Equation 6a
— =ky = *exp| - —
Tm h R RT
A grisS(S + I)B(A) Equation 6b
Wy, = —————— | — |.
” T #

[0114] In equation 6a, k., is the water exchange rate
constant at the coordination site and is the inverse of the
bound water residence time. k,, is Boltzmann’s constant, h is
Planck’s constant, T represents absolute temperature, AS™
and AH™ represent the activation entropy and enthalpy,
respectively. In equation 6b, g, is the isentropic Lande
factor, p,, is the magnetic moment, S represents the total spin
state, B represents the applied magnetic field, and

represents the hyperfine coupling constant. In equation 6b,
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 reduces equa-
tion 6a to a simple inverse temperature dependence and the
simplified constant is represented by the constant C. This
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approach was used to determine the exchange rate constants
for the bound water of Fe(TOB) as shown in FIG. 10 of
2x10% 57,

[0115] The macrocyclic compounds of the present disclo-
sure are thermodynamically stable and/or kinetically inert
towards dissociation. In an embodiment, the macrocyclic
compounds are thermodynamically stable and kinetically
inert towards dissociation. In an embodiment, the kinetic
inertness of the macrocyclic compounds of the present
disclosure can be described using a rate constant for disso-
ciation. In an embodiment, the macrocyclic donors and
pendant donors do not dissociate appreciably from the metal
center (e.g.. 1% or less, 0.1% or less, or 0.01% or less
dissociation is observed) for up to 24 hours at neutral pH in
the presence of 1) 25 mM carbonate, 0.40 mM phosphate,
100 mM NaCl, pH 7.2; 2) pH 4, 100 mM NaCl; or 3) with
5-fold excess ZnCl,, 100 mM NaCl, pH 7.2.

[0116] In an embodiment, Fe(Ill) is high-spin S=%. For
effective T, (longitudinal) relaxation, a paramagnetic spin
state is needed. In order to keep Fe(III) in the high-spin state,
the ligand (or crystal) field splitting must not be too large. If
the crystal field splitting is larger than the pairing energy, a
low spin (S=Y2) state will result. Fe(IIl) is readily main-
tained in a high-spin paramagnetic state with a range of
ligand donor groups, especially containing anionic oxygen
donors.

[0117] Examples of desirable macrocyclic complexes and
compounds are shown below. These Fe(IIl) complexes may
have an open coordination site for a water ligand, two
alcohol pendants and a third pendant which is sterically
bulky. Ancillary pendant groups such as, for example, aryl
groups (e.g., benzyl groups and substituted benzyl groups,
such as, for example, methoxy-benzyl groups, and fused
ring aryl groups) or alkyl groups (e.g., branched alkyl
groups) are particularly effective. Some may have two or
more Fe(Ill) centers such as Fe,(DT-para). The coordina-
tively saturated complexes, Fe(ToTzB) and Fe(AmBz) have
relatively high relaxivity that may be enhanced by attach-
ment of larger ancillary pendants to slow rotational corre-
lation times.
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[0118] It is desirable that the electronic relaxation time of
the high-spin Fe(III) center is sufficiently long (e.g., greater
than 3x10' s), that it is not the limiting factor in the
correlation time constant as expressed in equation 4 at field
strengths of 1.5 Tesla or greater. This can be accomplished
by, for example, using macrocyclic ligands that produce
high symmetry at the Fe(Ill) center such as, for example,
Fe(TACO), Fe(NOKA), and Fe(TOB). It is desirable that the
zero field splitting factor (D) is small given that (T, )" is
directly proportional to D? for high-spin Fe(III) complexes
in an axially distorted complex.

[0119] Itis desirable that the Fe(III) complex remain in the
trivalent oxidation state and not be reduced by, for example,
peroxide, superoxide, ascorbate, or by glutathione at con-
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centrations present in the extracellular medium of cells such
as, for example, mammalian cells (e.g., human cells). Nor-
mally, a redox potential more negative than zero mV (<0
mV) versus NHE is sufficient. If the complex were to be
reduced to Fe(Il) and the Fe(Il) complex and the complex
has a positive redox potential versus NHE, reactive oxygen
species may be produced, for example, as shown in FIG. 8.
For example, [Fe(EDTA)]—has a redox potential of
approximately 300 mV and produces ROS as shown by the
assay in FIG. 11.

[0120] For use in methods of the disclosure, the com-
pounds described herein can be administered as pharmaceu-
tical preparations. Accordingly, they can be provided in a
variety of compositions, and can be combined with one or
more pharmaceutically acceptable carriers. Some examples
of pharmaceutically acceptable carriers can be found in:
Remington: The Science and Practice of Pharmacy (2005)
21st Edition, Philadelphia, Pa. Lippincott Williams &
Wilkins. The composition can be provided as a liquid, a
solution, or a solid, and may be provided in combination
with any suitable delivery form or vehicle, examples of
which include but are not limited to caplets, capsules,
tablets, an inhalant or aerosol, etc.

[0121] Various methods known to those skilled in the art
may be used to introduce the compositions of the disclosure
to an individual. These methods include but are not limited
to intravenous, intramuscular, intracranial, intrathecal, intra-
dermal, subcutaneous, and oral routes. In an embodiment,
the composition is administered intravenously.

[0122] The necessary solubility of the complexes depends
on their effectiveness in producing contrast. For Fe(III) T,
contrast agents that have good relaxivity, the complexes
need 100 pM-2 mM solubility. However, other additives
such as human serum albumin (has) or meglumine may be
used to increase solubility and/or increase relaxivity. Addi-
tion of HSA (e.g., 35 mg/ml) to some of the Iron(IIl)
complexes produces higher T, relaxivity as shown in Table
1 and 2). Solubility is generally measured in aqueous
solution at near neutral pH (e.g., 6.5 to 7.5, including all 0.1
pH values and ranges therebetween) in 100 mM NaCl with
25 mM carbonate and 0.4 mM phosphate. The dose of the
composition to be used will necessarily be dependent upon
the needs of the individual to whom the composition of the
disclosure is to be administered. These factors include, but
are not necessarily limited to the weight, age, sex, and
medical history of the individual. Shown in FIGS. 15, 16,
17, 18, 19, 20 are data from in vivo MRI studies done in
mice. The contrast agent, Fe(TOB) was injected at 0.20 mL
of 6.3 mM Fe-TOB-HSA (10.5 mg of HAS or two equiva-
lents of megluamine). T, relaxivity differences in tissue over
a 30 minute period show that the highest signal is observed
in the kidney cortex. A second in vivo study carried out with
Fe(NOKA) shows that a contrast agent that lacks a water
ligand does not perform as well in vivo. Fe(TOB) also
produces contrast of brain tumors in mice (FIG. 20).
[0123] In an aspect, the present disclosure provides imag-
ing methods using the macrocyclic complexes and com-
pounds described herein. The imaging methods use mag-
netic resonance imaging methods. Non-limiting examples of
such methods include, Magnetic Resonance Imaging (MRI).
[0124] Specifically, the macrocyclic compounds of the
present disclosure, which are complexed to Fe(Ill), can be
used as T; MRI contrast agents. These complexes may have
properties that change with alterations in pH. Such proper-
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ties make these complexes useful for mapping pH to enable
better therapeutic treatment of diseases such as, for example,
cancer, stroke and heart disease.

[0125] The imaging methods of the present disclosure can
be used to image a cell, tissue, organ, vasculature, or a part
thereof. The cell, tissue, organ, vasculature can be a part of
an individual. By “individual” it is meant a human or
non-human animal (e.g., cow, pig, mouse, rat, cat, dog, or
other agricultural, pet, or service animal, and the like). In an
embodiment, the disclosure provides a method to obtain an
image of at least a portion of a cell, tissue, organ, or
vasculature comprising the steps of: contacting a cell, tissue,
organ, or vasculature with the compounds of the present
disclosure, and imaging at least a portion of the cell, tissue,
organ, or vasculature to obtain an image of the portion of
cell, tissue, organ, or vasculature. At least part of a cell,
tissue, or organ can be alive or dead. Likewise, the indi-
vidual can also be alive or deceased.

[0126] In an embodiment, the macrocyclic complex com-
pound is used as a Fe(Ill) T, MRI contrast agent. This
contrast is produced by T, weighted imaging to give positive
contrast in the region where the iron complexes accumulate.
The complexes are high-spin Fe(Ill) under biologically
reducing conditions with either innersphere and/or outer-
sphere water interactions that give a decrease in the T,
relaxation times of bulk water protons.

[0127] In this application, the use of the singular form
encompasses the plural and vice versa.

[0128] The macrocyclic compounds of the present disclo-
sure can be prepared, for example, as described in the
Experimental Details. The following examples are presented
to illustrate the present disclosure. They are not intended to
be limiting in any manner. Those skilled in the art will
recognize that routine modifications to these embodiments
can be made which are intended to be within the scope of the
disclosure.

[0129] The following Statements describe various
examples of macrocyclic compounds, macrocyclic com-
plexes, compounds, and compositions of the present disclo-
sure, and uses thereof:

Statement 1. A macrocyclic compound of the present dis-
closure comprising: a macrocyclic core of the present dis-
closure (e.g., a macrocyclic core comprising from 9 to 15
atoms, where at least one of the atoms in the macrocyclic
core is a N atom, at least two carbon atoms separate a
heteroatom selected from the group consisting of: N atom,
O atom, or S atom) and one or more pendant groups of the
present disclosure, where the one or more pendant groups
are substituents on (e.g., covalently bound to) the macrocy-
clic core (e.g., one or more pendant groups having the
following structure:

OH
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19
N3

or an anionic (e.g., deprotonated) analog thereof or a ste-
reoisomer thereof, where Q, and Q, are each independently
H, OCH,;, CO,H, or CH,CO,G,, G, is H, C, to C,, substi-
tuted or unsubstituted alkyl groups of linear or branched
structure or PEG group (—CH,CH,0—), (n=1-12), Q, is H,
C, to C,, substituted or unsubstituted alkyl groups of linear
or branched structure or PEG group (—CH,CH,0—),, (n=1-
12), Q, and Q4 are each independently H, OCH;, CO,H, or
substituted or unsubstituted alkyl groups of linear or
branched structures, A is a substituted or unsubstituted alkyl
group of linear or branched structure with C, to C;, oris a
substituted or unsubstituted aryl group, or an amino acid, a
salt, a partial salt, a hydrate, a polymorph, or a stereoisomer
thereof.

Statement 2. A macrocyclic complex comprising a high-spin
Fe(II) cation complexed to a macrocyclic core is a macro-
cyclic compound of the present disclosure (e.g., a macro-
cyclic compound according to Statement 1), and/or at least
one pendant group substituent of the macrocyclic com-
pound, or a salt, a partial salt, a hydrate, a polymorph, or a
stereoisomer thereof, where the macrocyclic compound
exhibits a negative redox potential (e.g., a redox potential of
less than 0 vs. normal hydrogen electrode (NHE) in aqueous
(e.g., water) solution at a biologically relevant pH (e.g.,
6.5-7.5 or 7.2-7.4)).

Statement 3. A macrocyclic compound or complex accord-
ing to Statements 1 or 2, where at least one or all of the one
or more pendant groups is covalently bound to a N on the
macrocyclic core.

Statement 4. A macrocyclic complex according to State-
ments 2 or 3, where the macrocyclic complex has at least one
open coordination site.

Statement 5. A macrocyclic complex according to any one of
Statements 2-4, where the macrocyclic complex has at least
one water or at least one hydroxide complexed to the
high-spin Fe(III) cation.

Statement 6. A macrocyclic compound or macrocyclic com-
plex according to any one of Statements 1-5, where at least
one of the pendant groups is substituted at a benzylic
position or any carbon the alkyl group leading to the
heteroatom of the pendant group.

Statement 7. A macrocyclic compound or macrocyclic com-
plex according to any one of Statements 1-6, where the
macrocyclic core is a cyclen moiety, a cyclam moiety, or
TACN moiety.

Statement 8. A macrocyclic complex according to any one of
Statements 2-4, where the macrocyclic complex comprises
a TACN moiety and at least one (e.g., one or two) anionic
pendant groups.

Statement 9. A macrocyclic complex according to Statement
8, where the anionic pendants are individually chosen from
carboxylate pendants, imidazolate pendants, pyrazolate pen-
dants, alkoxide pendants, and phenoxide pendants.
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Statement 10. A macrocyclic complex according to State-
ment 8 or 9, where the macrocyclic complex further com-
prises a coordinating pendant group or a non-coordinating
pendant.

Statement 11. A macrocyclic compound or macrocyclic
complex according to any one of Statements 1-10, where the
macrocyclic core has one of the following structures:

Aug. 18,2022
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where X, X,, X5, and X, are N; W,, W,, and W are each
independently O or S; Y,, Y,, Y5, and Y, are each indepen-
dently pendant donors comprising N, where N has a lone
pair of electrons (e.g., amino, benzimidazole, imidazole,
aniline, pyrazoyl, triazole, benzotriazole), or a pendant
donor comprising O, where O has at least one lone pair of
electrons but preferably two or three lone pairs (e.g., ketone,
alcohol, alkoxide, carboxylic acid, amide, phenol or phe-
noxide, or a deprotonated form of the foregoing, such as a
carboxylate ion, an imidazolate ion, a pyrazolate ion or an
oxide, including, for example, an alkoxide or a phenoxide);
m,, m,, m,, and m, are each independently O, 1, or 2; n,, n,,
n;, and n, are each independently 1 or 2; and R, R,, and R,
are each independently substituted or unsubstituted aryl,
substituted or unsubstituted heteroaryl or substituted or
unsubstituted alkyl group, where R;, R,, and R; are not
substituted by a pendant donor, where the alkyl segment of
the alkyl-Y chain (alkyl-Y,, alkyl-Y,, alkyl-Y; and/or alkyl-
Y,) may each independently be substituted (e.g., Structure a
or Structure b) or unsubstituted (Structure ¢ or Structure d).
For Structures a-f, the pendent may have either R or S
configuration at the chiral carbon:
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Statement 12. A macrocyclic compound or complex accord-
ing to any one of Statements 2-11, where the macrocyclic

core has the following structure:

Scheme I1
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where R, R,, and R; each independently=substituted or
unsubstituted aryl, substituted or unsubstituted heteroaryl or
substituted or unsubstituted alkyl group, where R,, R,, and
R; are not substituted by pendant donors; and when the
macrocycle has Structure I, Z,=H or one of the pendant
groups in Scheme III and Z, and 7, each independently=one
of the pendant groups in Scheme III;

when the macrocycle has Structure 11, 111, VII, VIII, IX or
XV, Z, and 7, each independently=one of the pendant

XD
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(XIV)
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(XVI)

30

Aug. 18,2022

groups in Scheme III; when the macrocycle has Structure
VI, XI or XIV, Z, and Z; each independently=one of the
pendant groups in Scheme I11;

[0130] when the macrocycle has Structure XVI, Z,=one of
the pendant groups in Scheme I1I; when the macrocycle has
Structure 1V, Z,=one of the pendant groups in Scheme 111
and Z,, 7, and Z; each independently=H or one of the
pendant groups in Scheme 111, provided that at most two of
Z,,7,and Z,=H;

when the macrocycle has Structure V, Z, and Z, each
independently=H or one of the pendant groups in Scheme III
and Z;=one of the pendant groups in Scheme III;

when the macrocycle has Structure X, Z, and Z, each
independently=one of the pendant groups in Scheme III and
Z.,=H or one of the pendant groups in Scheme III; when the
macrocycle has Structure XII, Z,=one of the pendant groups
in Scheme III and Z,, Z, and Z; each independently=H or
one of the pendant groups in Scheme I1I, provided that at
most two of Z,, Z,, and Z,=H;

when the macrocycle has Structure XIII, Z, and Z; each
independently=one of the pendant groups in Scheme III and
Z.,=H or one of the pendant groups in Scheme III; where for
all Structures [-XV], eachof Z,, Z,, 75 and Z,, as applicable,
are selected independently of each other.

Statement 13. A macrocyclic compound or complex accord-
ing to any one of Statements 2-12, where the macrocyclic
core has the following structure:
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Statement 14. A macrocyclic compound or complex accord-

ing to any one of Statements 2-13, where the macrocyclic
compound has one of the following structures:

]
jus)

z,
o.i-.:‘.‘: o
-y

Aug

Z

/ N\ /\’/O
N\.’: ’.':__?_l_
PN

e}
Z,

I
AT

o

Fe(NODAC)

L

v
B

=

o
=

2%

Fe(STHP)

Fe(STHC)

Z,
Jas)

ag
e
. I sz

Z
Z

|/

Q-r-e-----

L

Fe(GUAC)

. 18,2022



US 2022/0259244 Al

contmued

Fe(TACO)

HO N

34

-continued

H;C

Fe(TOB)

Fe(TON)

Fe(ToTz)

&

2 i
o \/N\/ ye)

L_<

CH;

Fe(AmBz)

Aug. 18,2022



US 2022/0259244 Al
35

-continued

—~N

a4
AN

/_\

H,C NN
.Fe~ >

\/N\/ Mo

CH;, and

Fe(ToTzB)

/_\

- Fe?r

\
N\/o

\_<

CH;.

Fe(MeoxyBz)

Statement 15. A compound comprising one or more mac-
rocyclic groups (e.g., macrocyclic complex groups) tethered
together (e.g., covalently linked) by a linker group or a
polymer, a dendrimer, a protein, or a peptide, comprising
one or more pendant macrocyclic groups (e.g., macrocyclic
complex groups) covalently linked (e.g., bound) to the
polymer, the dendrimer, the protein, or the peptide, where
each of'the individual macrocyclic groups (e.g., macrocyclic
complex groups) are derived from a macrocyclic compound
of the present disclosure (e.g., a macrocyclic compound

according to any one of Statements 1-14).

Aug. 18,2022

Statement 16. A compound or polymer according to State-
ment 15, where the compound has the following structure:
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Statement 17. A compound or polymer according to State-
ment 15, where the polymer has the following structure:

Aug. 18,2022

[0133] TACN-Protection: N,N-Dimethylformamide dim-
ethylacetal (304 mg, 2.55 mmol, 1.1 equiv) was added to a

y

e

H,C o

Statement 18. A composition comprising one or more mac-
rocyclic compound and/or one or more macrocyclic com-
plex of the present disclosure (e.g., one or more macrocyclic
compound according to Statements 1 and/or one or more
macrocyclic complex according to any one of Statements
2-14) and/or one or more compound of the present disclo-
sure (e.g., a compound according to any one of Statements
15-17) and a pharmaceutically acceptable carrier.
Statement 19. A composition according to Statement 18,
where the composition further comprises human serum
albumin and/or meglumine.

Statement 20. A method to obtain an image of at least a
portion of a cell, organ, vasculature or tissue comprising:
contacting the cell, organ, vasculature, or tissue with one or
more macrocyclic compound and/or one or more macrocy-
clic complex of the present disclosure (e.g., one or more
macrocyclic compound according to Statement 1 and/or one
or more macrocyclic complex according to any one of
Statements 2-14) and/or one or more compound of the
present disclosure (e.g., a compound according to any one of
Statements 15-17), and imaging at least a portion of the cell,
organ, vasculature , or tissue to obtain an image of the
portion of a cell, organ, vasculature , or tissue, where the
image is obtained by using magnetic resonance.

Statement 21. A method according to Statement 20, where
the cell, organ, vasculature, or tissue is part of an individual.
Statement 22. A method according to Statement 20 or 21,
where the image is obtained using magnetic resonance
imaging (MM).

Statement 23. A method according to any one of Statements
20-22, where the macrocyclic compound(s) and/or com-
pound(s) is/are a T, agent or T, agents.

[0131] Experimental Details

[0132] General procedure for synthesis of disubstituted
TACN (1,4,7-triazacyclononane) ligands. Other synthetic
procedures are shown in FIGS. 27, 28, 29, 30.

NH*

.

solution of TACN (300 mg, 2.32 mmol) in chloroform (2
ml) and toluene (8 mL). The solution was stirred at room
temperature for 12 hours. The solvent was evaporated under
reduced pressure to yield an oily product. This crude product
was used in the next synthesis without further purification.
ESI-MS (m/z) of 1,4,7-triazatricyclo[5.2.1.04,10]decane
(tacn orthoamide), calculated: 140.1 [M +H+] (100%).

[0134] Protected TACN alkylations. The crude TACN-
orthoamide product isolated above was dissolved in dry
THF (5 mL) and Ar(g) was bubbled through this solution for
5 minutes to produce an inert atmosphere. Halogenated
reagents were added to this solution either directly or
pre-dissolved in 1 mL dry THF. These reagents may include
one of the following including: benzyl bromide, iodometh-
ane, propargyl bromide, 1-Bromo-2-(2-methoxy-ethoxy)
ethane, 4-(bromomethyl)-1,1' -biphenyl, ethyl 4-(bromom-
ethyl)-benzoate or benzyl chloromethyl ether. Solutions
were stirred for 1-7 days depending on the chosen reagent.
The product precipitated from solution, which was then
filtered and washed with diethyl ether (3x15mlL). If the
product did not precipitate, such as is the case with
1-Bromo-2-(2-methoxy-ethoxy)ethane, solvent was
removed under pressure to yield a crude product which can
be utilized in the next synthesis without further purification.

[0135] Deprotection of alkylated protected TACN deriva-
tives. Products of the previous synthesis were dissolved in
12 M HCI/MeOH 1:1 solution or KOH solution. The solu-
tion was refluxed overnight. After the solution was allowed
to cool to room temperature, purification of products was
carried out by one of two methods. To isolate the free-base
form of the product, the pH of the solution was adjusted to
12 (in the case of KOH deprotection, no adjustment is
needed) and product was extracted using chloroform (3x10
ml). Chloroform layers were combined and solvent
removed under pressure. To isolate the product as HCl salt,
solvent was evaporated under pressure and crude HCI salt
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was dissolved in ethanol (5 mL). 12 M HCI was added to the
solution (1-2 mL) and solvent was evaporated under pres-
sure to yield product.

[0136] Propyl alcohol donor group addition. One of the
monoalkylated products (free base form) described in the
paragraph above was dissolved in ethanol, water, or an
ethanol/water mixture. (S)-(-) propylene oxide was added to
the solution and stirred for 12 hours. Solvent was removed
under pressure to yield the crude product. Purification of
final ligands was performed using column chromatography,
chloroform/methanol 100/0 to 50/50. Alternatively, (R)-(+)
propylene oxide may be used instead of (S)-(-) propylene
oxide to give the macrocycle with pendent groups of an
opposite chirality.

[0137] General Procedure for forming Fe(Ill) TACN
derivatives. The ligand described immediately above was
dissolved in ethanol and FeCl,-4H,O was added to the
solution. The solution was heated to 40° C. and allowed to
stir for 1 hour. After the solution was allowed to cool to RT,
diethyl ether was added until product precipitates. The
product was filtered and washed with diethyl ether (3 x 20
mL). Alternatively, an equivalent of FeCl;, was added to a
stirred solution of the ligand in acetonitrile along with two
equivalents of trimethylamine. Diethyl ether was added until
the product precipitated.

Specific Examples

[0138] Synthesis of TOB ligand. Synthesis of 1,1'-(7-
benzyl-1,4,7-triazonane-1,4-diyl)bis(propan-2-ol). In a 10
ml round-bottom flask, 1-Benzyl[1,4,7]-triazacyclononane
(0.127 g, 0.5795 mmol) was dissolved in 5.0 mL absolute
ethanol. To this solution was added (S)-(-)-propylene oxide
(2.9 mmol, 5.0 eq). After the solution was stirred at RT for
2 days the solvent was removed under pressure to yield an
oily crude product. The crude product was then dissolved in
diethyl ether and precipitate removed through filtration. The
filtrate was dried under pressure to yield 1,1'-(7-benzyl-1.4,
7-triazonane-1,4-diyl)bis(propan-2-0l) as a clear oil
(0.1657g, 0.4942mmol, 85%). ESI-MS: m/z=336.3
[M+H]+. 'H NMR (400 MHz,

[0139] CD30D); d 1.09 (d, 6H, J=6), 2.25-2.94 (m, 16H),
3.55-3.83 (m, 4H), 7.15-7.44 (m, 5H). *C NMR (75 MHz,
CDCI13): 8 19.9, 54.4, 55.2, 62.7, 63.8, 66.4, 127.1, 128.2,
129.6, 139. To the TOB ligand in acetonitrile was added one
equivalent of FeC13, two equivalents of triethylylamine and
the reaction was stirred overnight. Diethyl ether was added
until the product precipitated. The precipitate was isolated
and washed with diethyl ether and dried under vacuum.
Yield 35%. ESI-MS: m/z =389.2 [M]*, 425.0 [M+H+CI]".
Wash with diethyl ether. Dry under vacuum. Yield 35%.
ESI-MS: m/z=389.2 [M]*, 425.0 [M+H+CI]".

[0140] Synthesis of TON ligand. Benzyl deprotection was
performed by Pd/C (10%) catalyst. 30 mg Pd/C (10%) in 5
ml methanol 1 mL water was added into the ligand solution.
The air was removed from the solution under argon gas for
30 minutes. Catalytic hydrogenation was performed for 3
days with vigorous shaking on a Parr hydrogenator at room
temperature under hydrogen atmosphere. The mixture was
filtrated over celite to remove the catalyst from the reaction
solution and (1,4,7-triazonane-1,4-diyl)bis(propan-2-ol)
(TON ligand) was obtained. ESI-MS (m/z), calculated:
246.3 [M+H?° | (100%). The solution was dried by placing
flask on a rotoevaporator.
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[0141] Synthesis of NODAC (2,2'-(1,7-dioxa-4,10-diaza-
cyclododecane-4,10-diyl) diacetic acid). A mass of 0.122
grams (0.701 mmol) of 4,10-Diaza-12-crown 4-ether and
0.0987 grams (0.714 mmol) of potassium carbonate were
added into 5 mL of acetonitrile and stirred a round bottom
flask at room temperature. To the stirring mixture, 0.2848
grams (1.46 mmol) of tert-butyl bromoacetate was slowly
added by pipette. The solution continued to stir for four
hours. Next the solution was filtered, removing any undis-
solved potassium carbonate and the filtrate was put under
vacuum to remove the solvent, leaving behind a yellow oil.
The oil was dissolved in 3 mL of dichloromethane and 1 mL
of trifluoroacetic acid and allowed to stir at room tempera-
ture overnight. Next, the solvent was removed by vacuum,
and the remaining white solid was washed in a 50:50
ether-methanol mixture, and filtered for collection. The yield
of the product was 0.1822 grams (0.628 mmol, 89.5%). 'H
NMR (300MHz) ppm: 4.004(s, pendent CH,, 4H), 3.760(t,
O—CH,, 8H), 3.535(s, ring N—CH,, 8H). ESI-MS:n/
7=347.2 [M+2Na—H)]*, 375.0 [M+2Na+K—2H+]").
[0142] Synthesis of Fe(IIH)NODAC complex. A mass of
0.1108 grams (0.381 mmol) of 2,2'-(1,7-dioxa-4,10-diaza-
cyclododecane-4,10-diyl) diacetic acid was dissolved in 3
ml of water and stirred into solution, adding small aliquots
of 'a 1 M NaOH until a pH of 6 was reached. Next, 0.1028
grams (0.380 mmol) of iron(Ill)chloride hexahydrate was
added to the solution and stirred overnight. Acetonitrile was
added into the solution and centrifuged to form a precipitate.
The precipitate was repeatedly washed and centrifuged with
ether to remove water, then allowed to dry under vacuum. A
red solid was obtained. Yield, 0.0601 grams of [Fe(Ill)
{NODAC)OH] was obtained (0.139 mmol, 36.6%). ESI-
MS: m/z =384.1 ((M+NaOH—2H]*).

[0143] Synthesis of NODOH (2,2'-(1,7-dioxa-4,10-diaza-
cyclododecane-4,10-diyl) bis(propan-2-ol). A mass of 102.6
mg (0.589 mmol) of 4,10-Diaza-12-crown 4-ether was dis-
solved in 4 mL ethanol and stirred in a round bottom flask.
A large excess of S-propylene oxide (0.400 mL, 0.332 g,
5.716 mmol) was added to the solution and stirred for three
days at room temperature. Solvent was removed under
vacuum to yield a yellow oil product (0.0603g, 0.207mmol,
35.1%). 'H NMR (300 MHz) ppm: 3.75(m, CH, 2H), 3.48
and 3.33(t, O—CH,, 8H), 2.69 and 2.49(t, N-CH2 (ring),
8H), 2.34 and 3.24 (t, N-CH, pendent, 4H), 1.00 (d, CH3,
6H). ESI-MS:m/z=291.3 [M+H]+, 313.3 [M+Na]+.

[0144] Synthesis of Fe(NODOH). A mass of 0.0796 grams
of NODOH was dissolved in ethanol and added to a round
bottom flask. Next 0.0548 grams of FeCl, tetrahydrate was
added to the flask and stirred in solution overnight. The
solvent was removed under vacuum, then the complex was
allowed to oxidize by exposure to air.

[0145] Synthesis of TOBA ligand. TON ligand was dis-
solved in 12 mL acetonitrile in the 25 mL round bottom
flask. Then, 0.189 g ethyl-4-(bromomethyl) benzoate (0.776
mmol) and 0.100 g N, N-Diisopropylethylamine (DIEA)
(0.774 mmol) was added to the flask. The solution was
stirred for 3 days at room temperature. ESI-MS (m/z),
calculated: 408.3 [M+H"] (100%). Ester deprotection was
accomplished in 0.150 M NaOH ethanol solution. HC1 was
added for pH adjustment to 7. The resulting NaCl salt was
filtered off. Chloroform solvent was used to wash the ligand
(TOBA). ESI-MS (m/z), calculated: 380. 3 [M+H*] (100%).
[0146] Synthesis of the Fe(TOBA) complex. In a 25 mL
round bottom flask with a stir bar, TOBA ligand (0.1 g, 0.263
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mmol) and 10 mL ethanol were added. FeCl,-4H20 (0.0523
g, 0.263 mmol) was dissolved in 5 mL ethanol and added
into the flask. The solution was stirred at room temperature
for 2 days. A yellow precipitate was obtained after addition
of diethylether. The solution was filtered and washed with
diethyl ether. The yellow powder was obtained by removing
the solvent through rotary evaporation. ESI-MS (m/z), cal-
culated: 433.2 [M+H"] (100%).

[0147] Synthesis of the TOPID ligand. TON ligand was
dissolved in 12 mL acetonitrile in the 25 mL round bottom
flask. 0.118 g 3-bromopropionamide (0.776 mmol) and
0.100 g N, N-Diisopropylethylamine (DIEA) (0.776 mmol)
was added to the flask. The solution was stirred for 3 days
at room temperature. ESI-MS (m/z), calculated: 317.3
[M+H"] (40%), 339.2 [M +Na*] (100%). Purification was
applied by using basic alumina column and dichloromethane
and methanol solvents.

[0148] DT-Meta. To a 25 mL round bottom flask with gas
inlet and stir bar was added 0.100 g TACN (0.774 mmol) in
4 mL toluene 1 mL chloroform solution. 0.0920 g N,N-
dimethylformamide dimethylacetal (0.774 mmol) was
added to the flask. The solution was stirred for 24 hours at
room temperature. ESI-MS (m/z) of 1,4,7-triazatricyclol5.
2.1.0*'%decane (tacn orthoamide), calculated: 140.1
[M+H"] (100%). The solution was dried by placing flask on
a rotary evaporator. The dried tacn orthoamide and 15 mL
dry acetonitrile was added in 50 mL 3-necked round bottom
flask equipped with a magnet stir bar, reflux condenser, gas
inlet tube and addition funnel. 0.100 g a, a'-Dibromo-m-
xylene (0.384 mmol) in 10 ml dry acetonitrile solution was
added into the flask by dropwise addition with an addition
funnel for 30 min. The solution was heated to reflux for 2
hours and was stirred overnight at room temperature. A
white-beige color precipitate was collected by suction fil-
tration method and washed with dry acetonitrile (5 mL) and
diethyl ether (5 mL). 6 mL. methanol and 6 mL. 12 M HCl
was added to the precipitate in the flask for the deprotection
process. The solution was heated to reflux for 4 hours. After
the solution was cooled to room temperature, NaOH pellets
were added to bring the pH of the solution to 8. Then the
solution was filtered to remove NaCl salt precipitate and
extracted with chloroform (3x60 mL). ESI-MS (m/z), cal-
culated: 361.4 [M+H*] (100%). The solution was subjected
to rotoevaporation and dissolved in 15 mL ethanol in 25 mL
round bottom flask with 0.202 g S-propylene oxide (3.483
mmol) and stirred for 24 hours at room temperature. The
solvent was removed from the final solution and the sample
was dried on a Schlenk line under vacuum. The yield was
calculated as 58%. ESI-MS (m/z), calculated: 593.6 [M+H>°
1 (45%), 615.6 [M+Na*] (100%) and 297.5 [(M+Na']
(45%). '"H NMR (CDCl,, 25 ° C., 500 MHz): 8 1.20 (12H,
CH,), 2.30/2.82 (8H, NCH,CH), 2.60 (24H, CH,CH,), 3.60
(4H, CHOH), 3.75 (4H, NCH2C) and 7.28 (4H, CH in
benzene ring).

[0149] Fe(lll) complexes of DT-ortho, DT-meta, DT-para.
In a 25 mL round bottom flask with a stir bar the ligand (DT)
(0.1 g, 0.168 mmol) and 10 ml ethanol were added.
FeCl2-4H20 (0.0334 g, 0.168 mmol) was dissolved in 2 ml
ethanol and added into the flask. The solution was heated to
60 ° C. for 1 hour and cooled to room temperature. A yellow
precipitate was obtained after addition of diethylether. The
solution was filtered and washed with diethyl ether. The
yellow powder was obtained by removing the solvent
through rotoevaporation. ESI-MS (m/z), calculated: 350.4
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[M/2] (100%). Effective magnetic moments measured in
aqueous solution by using Evans method gave a p ;of 6.4
BM for the Fe,(DT-meta) complex and 8.2 BM for the
Fe2(DT-ortho) complex.

[0150] TON macrocyclic compound. To a 25 mL round
bottom flask with gas inlet and stir bar was added 0.100 g
TACN (0.774 mmol) in 4 mL toluene 1 mL chloroform
solution. 0.0920 g N,N-dimethylformamide dimethylacetal
(0.774 mmol) was added to the flask. The solution was
stirred for 24 hours at room temperature. ESI-MS (m/z) of
1,4,7-triazatricyclo[5.2.1.04,10]decane (tacn orthoamide),
calculated: 140.1 [M+H+] (100%). The solution was dried
by placing flask on a rotoevaporator. The dried tacn ortho-
amide and 15 mL dry tetrahydrofuran (THF) was added in
50 mL 3-necked round bottom flask equipped with a magnet
stir bar, reflux condenser, gas inlet tube and addition funnel.
92.2 L, benzyl bromide (0.774 mmol) was added into the
flask. the solution was stirred overnight at room temperature.
A white-beige color precipitate was collected by suction
filtration method and washed with dry THF (10 mL) and
diethyl ether (10 mL). 7 mL. methanol and 7 mLL 12 M HCl
was added to the precipitate in the flask for the deprotection
process. The solution was heated to reflux for 4 hours. After
the solution was cooled to room temperature, NaOH pellets
were added to bring the pH of the solution to 8. Then the
solution was filtered to remove NaCl salt precipitate and
extracted with chloroform (3x60 mL). ESI-MS (m/z), cal-
culated: 220.3[M+H*](100%). The solution was subjected to
rotoevaporation and dissolved in 15 mL ethanol in 25 mL
round bottom flask with 0.225 g S-propylene oxide (3.870
mmol) and stirred for 24 hours at room temperature. The
solution was rotoevaporated and dried on a

[0151] Schlenk line under vacuum and dissolved in 10 mL
methanol. %. ESI-MS (m/z), calculated: 336.3 [M+H"]
(100%). Benzyl deprotection was performed by Pd/C (10%)
catalyst. 30 mg Pd/C (10%) in 5 mL methanol 1 mL water
was added into the ligand solution. The air was removed
from the solution under argon gas for 30 minutes. Catalytic
hydrogenation was performed for 3 days with vigorously
stirring at room temperature under hydrogen atmosphere.
The mixture was filtrated over celite to remove the catalyst
from the reaction solution and (1,4,7-triazonane-1,4-diyl)bis
(propan-2-ol) (TON ligand) was obtained. ESI-MS (m/z),
calculated: 246.3 [M+H"] (100%). The solution was dried
by placing flask on a rotoevaporator.

[0152] TONO. The TON ligand was dissolved in 12 mL
acetonitrile in the 25 ml round bottom flask. 0.0499 ¢
1,3-Dichloro-2-propanol (0.387 mmol) and 0.100 g N,
N-Diisopropylethylamine (DIEA) (0.774 mmol) was added
to the flask. The solution was stirred for 2 days at 50° C.
TONO ligand was purified by using basic alumina column
with dichloromethane and methanol solvents. ESI-MS
(m/z), calculated: 547.5 [M+H"] (18%), 569.5 [M+Na™]
(100%), 274.5[(M+H*)/2](10%).

[0153] ICP-MS. Iron concentration was determined using
Thermo X-Series 2 ICP-MS. All samples were diluted (1
uM) with 2% nitric acid in 10 mL total water solution and
were decomposed by heating (90° C.) for 24 hours. A linear
calibration curve for iron metal ranging from 0.1 ppb to 250
ppb was generated daily for the quantification. Samples
were digested in nitric acid over a period of four days and
the iron concentration determined.

[0154] Magnetic moments. Samples for studies of mag-
netic moment by using the Evans method were prepared
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using a coaxial NMR insert which contained the diamag-
netic standard of 5% t-butanol in D,O. The outer 5 mm
NMR tube contained 5 mM paramagnetic complex with
fixed concentrations; 4 mM, 8 mM, 40 mM, and 70 mM in
presence of 5% t-butanol. The effective magnetic moment
(.2 BM) was calculated by using a modified Evans method
for small molecules at 298 K (T).

[0155] pH Potentiometric Titrations. Solutions containing
1-1.5 mM Fe(Ill) complex in 100 mM NaCl were titrated
with NaOH under Ar at 25° C. HYPERQUAD 2013 Version
6.0.1 program was used to determine the protonation states
and the pK, values of the complex from the pH data. A
speciation diagram was obtained by using the HySS Version
4.0.31 program.

[0156] Preparation of Samples for Phantom MR Imaging:
Samples for phantom imaging experiments contained
50-500 uM complex, 20 mM HEPES and 100 mM NaCl. For
samples containing Human Serum Albumin (HSA), 35 mg
of HSA was added to these solutions. The pH of all solutions
was adjusted to 7.0.

[0157] Phantom (in vitro) imaging at 4.7 T. MRI acquisi-
tions were performed using a General Electric 4.7T/33 cm
horizontal bore magnet (GE NMR instruments, Fremont,
Calif.) incorporating AVANCE digital electronics (Bruker
BioSpec platform with ParaVision v 3.0.2 acquisition soft-
ware, Bruker Medical, Billerica, Mass.). Each complex was
diluted with HEPES in 100 mM NaCl (pH 7.4) to a
concentration ranging from 0.0.5 mM to 400 mM and
imaged at 25° C. T, relaxation rates (R;) were acquired
utilizing a saturation recovery, spin-echo (SE) sequence with
a fixed echo time (TE), 10 ms and repetition times (TR)
ranging from 75 to 8000 ms. Signal intensities at each
repetition time were sampled by taking the mean intensity
within regions of interest (ROI’s) using commercially avail-
able image processing software (Analyze 7.0, AnalyzeDi-
rect, Overland, Kans.), and R, and SMAX were calculated
by nonlinear fitting of the equation using Matlab’s Curve
Fitting Toolbox (Matlab 7.0, MathWorks Inc., Natick,
Mass.). The T, relaxivity for each complex was then deter-
mined by obtaining the slope of the compound’s molar
concentration vs R, via linear regression fitting of the data.
Similarly, T, relaxation rates (R,) were acquired using a
multiecho, Carr-Purcell-Meiboom Gill (CPMG) SE
sequence with a fixed TR of 2500 ms and TE times ranging
from 15 to 300 ms, NEX) 2. R, and SMAX were calculated
as described above using the equation As before, the T,
relaxivity was determined by obtaining the slope of concen-
tration vs R, via linear regression fitting of the data.
[0158] In vivo imaging in mice. Efficacy of the Fe(IIl)
complexes for in vivo contrast enhancement was studied on
at 4.7 T Bruker preclinical MRI in a mouse model (BABC/
cJ, Jackson Laboratory). Sealed phantoms were included for
imaging sessions for signal normalization. Prior to admin-
istration of contrast agents, scans were acquired to serve as
baseline values of enhancement. Two scan protocols were
used: (1) a T,-weighted, 3D, spoiled-gradient echo scan
covering the mouse from thorax to tail to determine signal
enhancement and (2) inversion-recovery, steady state free
precession scans (IR-SSFP) to measure T, rates in the blood
(inferior vena cava), kidneys, liver, gall bladder and back
muscle. Compounds were injected intravenously via tail
vein ata dose of 50 umol [Fe]/kg and MR data were acquired
continvously for up to 1 hour after injection to study
distribution and clearance kinetics. Thus, 0.2 mL of a 6 mM
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stock solution was injected into the mouse or 0.05 mmol/Kg.
Additional scans were acquired at 3 and 6 hours post-
injection to characterize slower clearance rates by the biliary
system. The FDA-approved MM contrast agent gadopen-
tetate dimeglumine (Gd-DTPA, Magnevist®) was injected
into a separate cohort of mice at 50 pmol [Gd]/kg for
comparison. Data is shown in FIGS. 15, 16, 17, 18, and 19.
For SPGR datasets, signal intensities were normalized to the
phantoms and signal increase for each organ was measured,
as well as an increase in contrast-to-noise ratios as compared
to back muscle. Fe(Ill) concentrations were estimated by
calculating the increase in T, rates and dividing by the
compound’s relaxivity value as determined in vitro. The data
showed that Fe(TOB) had greater contrast than Gd(DTPA)
in kidney and liver over 30 minutes. Fe(NOKA) showed less
contrast than either GA(DTPA) or Fe(TOB) in kidneys and
was roughly equivalent contrast to that of Gd(DTPA) in liver
(FIG. 18).

1. A macrocyclic complex comprising:

a macrocyclic core, wherein the macrocyclic core is a
TACN group, an S-substituted TACN, an O-substituted
TACN, or a cyclam group having the following struc-
ture:
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or a deprotonated analog thereof or a stereoisomer
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wherein R is methyl, R, R,, and R; are each indepen-
dently a substituted or unsubstituted aryl, substituted or
unsubstituted heteroaryl, or substituted or unsubstituted
alkyl group, and

R,, R,, and R; are not pendant donors;

Q, and Q, are each independently H, OCH,, CO,H, or
CH,CO,G,, G, is H, C, to C,, substituted or unsub-
stituted alkyl groups of linear or branched structure or
a (—CH,CH,0—),, group, wherein n is 1-2, Q; is H,
C, to C,, substituted or unsubstituted alkyl groups of
linear or branched structure or a (—CH,CH,0—),
group, wherein n is 1-12, Q, and Qs are each indepen-
dently H, OCHj;, CO,H, or substituted or unsubstituted
alkyl groups of linear or branched structures, A is a
substituted or unsubstituted alkyl group of linear or
branched structure with Ci to Cu or is a substituted or
unsubstituted aryl group or an amino acid, and a
high-spin Fe(III) cation complexed to the macrocyclic
core and at least one pendant group, or

a salt, a partial salt, a hydrate, a polymorph, or a stereoi-
somer thereof,

wherein the macrocyclic compound exhibits a redox
potential of less than O vs. normal hydrogen electrode
(NHE) in an aqueous medium at a pH of 6.5-7.5,

wherein the macrocyclic core has Structure I, Z, is H and
7, and 75 are each independently a pendant group;

wherein the macrocyclic core has Structure I, 111, or XV,
Z, and 7, are each independently a pendant group;

wherein the macrocyclic core has Structure XVI, Z, is a
pendant group;

wherein the macrocyclic core has Structure XII, 7, is a
pendant group and Z,, Z, and Z, are each indepen-
dently H or a pendant group, provided that at most two
of Z,,Z,, and Z; are H;

wherein the macrocyclic core has Structure XIII, Z, and
Z are each independently a pendant group and 7, is H
or a pendant group;

wherein for all Structures 1, 11, 111, XII, XIII, XIV, XV, and
XV, each of Z,, Z,, Z; and Z,, as applicable, are
selected independently of each other.

2. The macrocyclic complex of claim 1, wherein at least
one or more pendant groups is covalently bound to a N on
the macrocyclic core.

3. The macrocyclic complex of claim 1, wherein the
macrocyclic complex has at least one open coordination site.

4. The macrocyclic complex of claim 1, wherein the
macrocyclic complex has at least one water or at least one
hydroxide complexed to the high-spin Fe(IIl) cation.

5. The macrocyclic complex of claim 1, wherein at least
one of the pendant groups is substituted at a benzylic
position or any carbon the alkyl group leading to the
heteroatom of the pendant group.

6. The macrocyclic complex of claim 1, wherein the
macrocyclic complex comprises a TACN moiety and at least
one anionic pendant groups.

7. The macrocyclic complex of claim 6, wherein the
anionic pendants are individually chosen from carboxylate
pendants, imidazolate pendants, pyrazolate pendants, alkox-
ide pendants, and phenoxide pendants.

8. The macrocyclic complex of claim 7, wherein the
macrocyclic complex further comprises a coordinating pen-
dant group or a non-coordinating pendant group.
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9. The macrocyclic complex of claim 1, wherein the -continued
macrocyclic core has one of the following structures: H;
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10. The macrocyclic complex of claim 1, wherein the
macrocyclic core has the following structure: ,
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11. The macrocyclic complex of claim 1, wherein the
macrocyclic complex has one of the following structures:

Fe(STHC)



US 2022/0259244 Al

-continued

H;C

Fe(TACO)

H;C

Fe(TOM)

Fe(TOB)

H3C;(\N\ /NH
(_,-Fe%t >
o\

N/ o

\_<

CHg,

Fe(TON)

CH;,

Fe(ToTz)

Aug. 18,2022
45

-continued

NH

CH;

Fe(AmBz)

Fe(ToTzB)

[\

N N,

H3C\(\

_,-Fe%t >

o-"(' \ e
N—/ ™o

\_<

CH;.

Fe(MeoxyBz)

12. A composition comprising one or more macrocyclic
complexes of claim 1 and a pharmaceutically acceptable

carrier.

13. The composition of claim 12, wherein the composi-
tion further comprises human serum albumin and/or meglu-

mine.

14. A method to obtain an image of at least a portion of

a cell, organ, vasculature, or tissue comprising:

contacting the cell, organ, vasculature, or tissue with one

or more macrocyclic complexes comprising:
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a macrocyclic core, wherein the macrocyclic core is a
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TACN group, an S-substituted TACN, an O-substituted

TACN, or a cyclam group having the following structure:
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and Z,, 7, 75, and 7, are each independently H or one or

more of the following pendant groups:

(X11) 0O,
z: :
0,
OH,
H;C
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or a deprotonated analog thereof or a stereoisomer
thereof,

wherein R is methyl, R;, R,, and R, are each indepen-
dently a substituted or unsubstituted aryl, substituted or
unsubstituted heteroaryl, or substituted or unsubstituted
alkyl group, and R,, R,, and R; are not pendant donors;

Q, and Q, are each independently H, OCH,, CO,H, or
CH,CO,G,, G, is H, C, to C,, substituted or unsubstituted
alkyl groups of linear or branched structure or a
(—CH,CH,0—),, group, whereinnis 1-2, Q5 is H,C, to C,,
substituted or unsubstituted alkyl groups of linear or
branched structure or a (—CH,CH,0—),, group, wherein n
is 1-12, Q, and Q4 are each independently H, OCH;, CO,H,
or substituted or unsubstituted alkyl groups of linear or
branched structures, A is a substituted or unsubstituted alkyl
group of linear or branched structure with C, to C;, oris a
substituted or unsubstituted aryl group or an amino acid, and
a high-spin Fe(Ill) cation complexed to the macrocyclic core
and at least one pendant group, or
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a salt, a partial salt, a hydrate, a polymorph, or a stereoi-
somer thereof,

wherein the macrocyclic compound exhibits a redox
potential of less than 0 vs. normal hydrogen electrode (NHE)
in an aqueous medium at a pH of 6.5-7.5,

wherein the macrocyclic core has Structure I, Z, is H and
7, and 75 are each independently a pendant group;

wherein the macrocyclic core has Structure 11, 111, or XV,
7, and Z, are each independently a pendant group;

wherein the macrocyclic core has Structure XVI, Z, is a
pendant group;

wherein the macrocyclic core has Structure XII, Z, is a
pendant group and Z,, Z, and Z, are each independently H
or a pendant group, provided that at most two of Z,, Z,, and
7, are H;

wherein the macrocyclic core has Structure XIII, Z, and
7 are each independently a pendant group and Z, is H or a
pendant group;
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wherein for all Structures 1, 11, 111, XII, XIII, XIV, XV, and
XVI, each of Z,, Z,, Z, and Z,,, as applicable, are selected
independently of each other, and

imaging at least a portion of the cell, organ, vasculature,
or tissue to obtain an image of the portion of a cell,
organ, vasculature, or tissue,

wherein the image is obtained by using magnetic reso-
nance.

15. The method of claim 14, wherein the cell, organ,
vasculature, or tissue is part of an individual.

16. The method of claim 14, wherein the image is
obtained using magnetic resonance imaging (MRI).

17. The method of claim 14, wherein the macrocyclic
complexes are T, agents.
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