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SEPARATION OF METAL IONS BY LIQUID-LIQUID EXTRACTION

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application Nos.
62/505,458, filed on May 12, 2017 and 62/401,687, filed on Sept. 29, 2016, which is hereby

icorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED R&D
[0002] The invention was made with government support under Contract No. DE-
ACO02-05CH 11231 between the U.S. Department of Energy and the University of California.

The government has certain rights in the invention.

BACKGROUND

Field

[0003] The present disclosure is related to separation processes for metal ions.

Description of the Related Art

[0004] Owing to concerns related to global warming due to CO, emission by
traditional energy sources, nuclear energy has emerged as an alternative energy source.
However, disposing of nuclear waste is a major challenge.

[0005] A few processes, using liquid-liquid extraction, are under development
with limited success in term of selectivity and efficacy: TALSPEAK process (USA),
GANEX process (France), and DIAMEX-SANEX process (France). The purification of the
element actinium (Ac3+) is also catching growing attention. In fact, actinium isotopes are
emerging radioactive sources for cancer treatments such as the “targeted alpha therapies.”
The methods of production of Ac’” isotopes generate Ln’" fission products in addition to the
initial material that is usually made of thorium (Th*"). Current purification protocols for
actinium involve numerous chromatographic steps that require different chemical media in

order to obtain a purified fraction of Ac*".
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SUMMARY

[0006] In some embodiments, a method of processing spent nuclear fuel is
provided. This comprises obtaining spent nuclear fuel dissolved in an acidic medium,
contacting the dissolved spent nuclear fuel with an octadentate ligand and an organic phase
to generate a mixture, and separating an aqueous phase enriched for Pu*” from the mixture.

[0007] In some embodiments, a method for enriching a metal ion is provided.
The method comprises contacting a first aqueous phase with an organic phase to generate a
mixture, wherein the first aqueous phase comprises: a plurality of metal ions; and an
octadentate ligand, and wherein the aqueous phase has an acidic pH of less than 1. The
method further includes separating from the mixture a second aqueous phase enriched for a
metal ion of the plurality of metal ions.

[0008] In some embodiments, a method of preparing a medical isotope is
provided. The method comprises obtaining a metallic precursor dissolved under an acidic
condition, wherein the metallic precursor comprises a medical isotope; contacting the
dissolved metallic precursor with an octadentate ligand and an organic phase to generate a
mixture; and separating the medical isotope from one or more metal ions in the dissolved
metallic precursor based on an interaction between the octadentate ligand and the medical
1sotope.

[0009] In some embodiments, a method of separating metal ions for nuclear
forensics is provided. The method comprises obtaining a sample derived from a nuclear
material, wherein the sample comprises UO,*", Ac’”, Pu*", and Np*”; contacting the sample
with an octadentate ligand to generate a first mixture, wherein the first mixture has an acidic
pH of 1 or lower; separating UO,”" and Ac’™ from Pu*” and Np*” in the mixture based on an
interaction or lack of interaction between the octadentate ligand and each of U0, A*,
Pu*’, and Np*”, to generate a second mixture comprising the Pu*" and Np*™; and further
separating each metal within both mixtures by classical techniques.

[0010] In some embodiments, a method of separating metal ions is provided. The
method comprises contacting a liquid composition comprising a plurality of metal ions with
an octadentate ligand to generate a mixture, under conditions sufficient to form a metal ion-
ligand complex comprising a metal 1on of the plurality of metal ions, and separating a first

fraction of the mixture enriched for the metal ion-ligand complex from a second fraction

2-
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depleted for the metal ion-ligand complex, wherein the first fraction of the mixture has an
acidic pH of less than 1. The plurality of metal ions are selected from the group consisting
of: a p-, d- or f-block element of period 5 or greater, a group 3 element, or a group 4 element

[0011] In some embodiments, a method of separating trivalent metal ions from
tetravalent metal ions is provided. The method comprises providing an aqueous solution
comprising tetravalent metal ions and trivalent metal ions, wherein the solution has an acidic
pH; adding a HOPO chelator to the aqueous solution; and performing an extraction against
the aqueous solution, wherein the HOPO chelator functions as a holdback agent to keep the
tetravalent metal ions in the aqueous solution, while allowing the trivalent metal ions to be
removed via decanting at the end of the extraction.

[0012] In some embodiments, a method for separating metal ions is provided.
The method comprises providing an aqueous solution comprising a first metal ion and a
second metal ion, wherein the solution has an acidic pH; adding a HOPO chelator to the
aqueous solution; and performing an extraction against the aqueous solution. The HOPO
chelator functions as a holdback agent to selectively keep the first metal ion in the aqueous
solution, while allowing the second metal ion to go into an organic phase during the

extraction.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1 shows current state-of-the-art purification of 227/225Ac.

[0014] FIG. 2 shows extraction can be based on one or more principles.

[0015] FIG. 3 shows an embodiment of the principle of liquid-liquid extraction
process.

[0016] FIG. 4 shows spectroscopic characterization of Sn*" complexation in 2 M
HCL

[0017] FIG. 5 shows an embodiment of the PUREX process, which can be
modified by one or more of the HOPO chelators as described herein.

[0018] FIG. 6 shows structures of compounds used in the TALSPEAK process,
which can be modified by one or more of the HOPO chelators inspired by the siderophore

Enterboactin, as described herein.
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[0019] FIG. 7 shows an embodiment of the TALSPEAK process, which can be
modified by one or more of the HOPO chelators as described herein.

[0020] FIG. 8 shows a Eu(IIl) speciation diagram in the presence of excess DTPA
(1=0.1 M at 25°C).

[0021] FIG 9 shows structures of the aqueous octadentate ligand chelator 3,4,3-
LI(1,2-HOPO) (left) and of the binding moiety 1,2-HOPO (right). Particular protons are
labile and lead to the formation of [3,4,3-LI(1,2-HOPO)]4' upon deprotonation for binding to
a metal ion. HOPO = hydroxypyridinone.

[0022] FIG. 10 shows binding of DTPA (left) to M"" in acidic solutions.

[0023] FIG. 11 shows comparison of ratio Ac/Am in organic phase for 3,4,3-
LI(1,2-HOPO) and DTPA.

[0024] FIG. 12 shows comparison of ratio Ac/Gd in organic phase for 3,4,3-
LI(1,2-HOPO) and DTPA.

[0025] FIG. 13 shows comparison of ratio Gd/Am in organic phase for 3,4,3-
LI(1,2-HOPO) and DTPA.

[0026] FIG. 14 shows a graph of extraction coefficient for DTPA for Gd, Ac and
Am.

[0027] FIG. 15 shows a graph of extraction coefficient for 3,4,3-LI(1,2-HOPO)
for Gd, Ac, and Am.

[0028] FIG. 16 shows percentage of extraction as a function of pH for trivalent
Ac, Am and, Gd ions in the presence of DTPA as hold-back reagent.

[0029] FIG. 17 shows calculated separation factors (Ac/Gd and Ac/Am) for a 1-
step extraction using 3,4,3-LI(1,2-HOPO) as a hold-back reagent.

[0030] FIG. 18 shows percentage of extraction of plutonium(I'V) as a function of
pH. For clarity, a logarithm scale is used on the Y-axis.

[0031] FIG. 19 shows extraction profile for Gd(IIT) and Am(IIl) along with the
separation factor plotted at various pH with 3,4,3-LI(1,2-HOPO) as hold-back reagent.

[0032] FIG. 20 shows the stability constant values published for the complexes of
3,4,3-LI(1,2-HOPO).
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[0033] FIG. 21 shows a speciation diagram for solutions containing 3,4,3-LI(1,2-
HOPO) and one equivalent of Eu'" or Th* (I=0.1 M at 25°C), showing use of 3,4,3-LI(1,2-
HOPO) to suppress the extraction of M*™ and selective extraction of M*".

[0034] FIG. 22 shows relationship between ionic radius and stability constants for
3,4,3-LI(1,2-HOPO) for other actinide and lanthanide ions.

[0035] FIG. 23 shows percentage of extraction as a function of pH for trivalent
actintum, americium and, gadolinium ions (Ac(Ill)-225, Am(II)-243, and Gd(III)-153,
respectively) in the presence of 3,4,3-LI(1,2-HOPO) as hold-back reagent.

[0036] FIG. 24 shows an embodiment of a general process flowsheet proposed for
the purification of actinium isotopes using 3,4,3-LI(1,2-HOPQO) and HDEHP.

[0037] FIG. 25 shows an embodiment of another process proposed for the
recovery of actinium using 3,4,3-LI(1,2-HOPQ) and a non-selective extractant.

[0038] FIG. 26 shows percentage of extraction of plutonium(IV), americium(III),
and gadolinium(IIT) by HDEHP at constant pH and using 3,4,3-LI(1,2-HOPO) as hold-back
reagent.

[0039] FIG. 27 shows corresponding separation factors for FIG. 26.

[0040] FIG. 28 shows percentage of extraction of americium(Ill), and
gadolinium(Ill) by HDEHP at constant pH and using 3,4,3-LI(1,2-HOPO) as hold-back
reagent.

[0041] FIG. 29 shows the effects of acid and pH on Zr*™-3,4,3-LI(1,2-HOPO)
interactions.

[0042] FIG. 30 shows the effects of acid and pH on Ti*"-3,4,3-LI(1,2-HOPO)
interactions.

[0043] FIG. 31 shows the effects of acid and pH on Sn*"-3,4,3-LI(1,2-HOPO)
interactions.

[0044] FIG. 32 shows speciation of M°™ or M>* versus M*" ions in the presence of
3,4,3-L1(1,2-HOPO).

[0045] FIG. 33 shows an embodiment of a strategy for grouped separation of M*™
ions versus others ions at low pH.

[0046] FIG. 34 shows a flowsheet for acidic feed solutions for selective
extraction step using 3,4,3-LI(1,2-HOPO) as hold-back reagent for thorium.

-5-
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[0047] FIG. 35 shows a flowsheet for feed solutions at pH near 3 and using
HDEHP as extractant for selective extraction step using 3,4,3-LI(1,2-HOPO) as hold-back
reagent for thorium.

[0048] FIG. 36 shows an embodiment of a general process strategy for the
recovery and purification of Ac-225 from a Th spallation target.

[0049] FIG. 37 shows an embodiment of the TALSPEAK process with a HOPO
chelator.

FIG. 38A depicts an embodiment of a general peptoid synthesis.
FIG. 38B depicts an embodiment of a general peptoid synthesis.
FIG. 38C depicts some embodiments of a general peptoid synthesis.
FIG. 38D depicts some embodiment of a general peptoid synthesis.

FIG. 38E depicts some embodiments of a combination of products obtained from

a general peptoid synthesis scheme.
FIG. 38F depicts some embodiments of a fluorescent tag.
FIG. 39A depicts some embodiments of a conjugation pathway.
FIG. 39B depicts some embodiments of a conjugation pathway.
FIG. 40A depicts reaction schemes for conjugation.
FIG. 40B depicts reaction schemes for a conjugation.
FIG. 40C depicts some embodiments of a fluorescent tag incorporation.
FIG. 41 depicts a representative reversed-phase HPLC trace

FIG. 42A depicts the mass spectra (HHHC Peptoid. MS1: free peptoid, MS2:
peptoid-Na, MS3: peptoid-Fe and peptoid-Fe-K.

FIG. 42B depicts the mass spectra for CHHH Peptoid. MS1: free peptoid and
peptoid-K, MS2: peptoid-Na, peptoid-Fe, and possible impurity.

FIG. 42C depicts the mass spectra for HCHH Peptoid. MS1: free peptoid and
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peptoid-K, MS2: peptoid-Na, peptoid-Fe.

FIG. 42D depicts the mass spectra for HHCH Peptoid. MS1: free peptoid and
possible impurity, MS2: peptoid-Na, MS3: Peptoid-Fe.

FIG. 42E depicts the mass spectra for CHHC Peptoid. MS1: free peptoid only
and peptoid-K, MS2: peptoid-Na and peptoid-Fe.

FIG. 42F depicts the mass spectra for HHCC Peptoid. MS1: free peptoid and
peptoid-Na, MS2: peptoid-Na, free peptoid, and peptoid-Fe.

FIG. 42G depicts the mass spectra for CCHH Peptoid. MS1: free peptoid and
peptoid-Na, MS2: Peptoid-Fe and possible trimer.

FIG. 42H depicts the mass spectra for HCHC Peptoid. MS1: free peptoid, MS2:
peptoid-Fe and peptoid-Na.

FIG. 42I depicts the mass spectra for HCCH Peptoid. MS1: free peptoid and
small amount trimer, MS2: peptoid-Fe, MS3: peptoid-Na and possible fragments.

FIG. 42J depicts the mass spectra for CHCH Peptoid. MS1: free peptoid and
peptoid-K, MS2: peptoid-Fe.

FIG. 42K depicts the mass spectra for HCCC Peptoid. MS1: free peptoid and
trimer-Fe trace, MS2: free peptoid and peptoid-Fe.

FIG. 42L depicts the mass spectra for CHCC Peptoid. MS1: free peptoid and
peptoid-Na, MS2: free peptoid and unidentified masses.

FIG. 42M depicts the mass spectra for CCHC Peptoid. MS1: free peptoid, MS2:
free peptoid and peptoid-Na.

FIG. 42N depicts the mass spectra for CCCH Peptoid. MS1: free peptoid and
peptoid-Na, MS2: free peptoid and peptoid-K/Na.

FIG. 420 depicts the mass spectra for CCCH Peptoid. MS1: free peptoid and
peptoid-Na, MS2: free peptoid and peptoid-K/Na.

FIG. 42P is the mass spectra for HHHH Peptoid. MS1: free peptoid, MS2:

-
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peptoid-Fe/Na, MS3: Peptoid-Fe-Na.

FIGs. 43A-43C depict the spectra that were obtained in negative mode. All
peptoids are 1:1 Fe’™ complexes except for CCCC and HHHH. Top spectrum is calculated
and bottom is obtained.

FIG. 44 depicts the TOF MSMS of select peptoids.

FIGs. 45A-45D depict NMR results of select peptoids.

DETAILED DESCRIPTION

[0050] Provided herein are separation processes for metal ions in aqueous
solutions. In some embodiments, this can be based on liquid-liquid extraction. In some
embodiments, this allows for recovery and/or purification of actinides from lanthanides,
based on their valence, and the pH of the extraction conditions.

[0051] In some embodiments, the extraction includes dissolving the raw material
in an acidic or basic matrix and providing a chelator or ligand (such as a HOPO chelator) that
selectively extracts the metal(s) ion(s) of interest. This can be done at a relatively low pH in
some embodiments. For example, in some embodiments, the first step of the extraction is to
dissolve the raw material in an acidic or basic matrix and the second step is to find a soluble
species that selectively extracts (or back-extracts) the metal(s) ion(s) of interest (FIG. 2),
such as a HOPO chelator or ligand. The metal associated with this chelator can then be
extracted (or retained) via the properties of the ligand, while the metal not associated with
the chelator can be removed (or retained). Furthermore, as disclosed herein, chelators such
as HOPO molecules, allow binding of various metal ions, as a function of pH, even at low
pH. This allows for pH manipulation to drive selective binding of particular metal ion
species over different metal ion species (e.g., M*" vs M*"). Thus, by using such a chelator,
and adjusting the pH accordingly, one can selectively bind the metal ion desired, remove any
remaining metal ion (via, e.g., a general “extracting agent” that will move to the organic
phase), and then, once the organic phase is decanted, collect the metal desired metal ion and
removing it from the chelator. The separation techniques can include liquid-liquid extraction

(large scale), and/or chromatography or ion-exchange. In some embodiments, the various
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metal separation techniques can employ chromatography and/or a liquid-liquid extraction. In
some embodiments, further steps that can occur include, for example liquid-liquid extraction,

chromatography, and/or analytical techniques.

Definitions

[0052] The terms "pure," "purified," "substantially purified," and "isolated" as
used herein refer to the compound of the embodiment being free of other, dissimilar
compounds with which the compound, if found in its natural state (e.g., natural ores), as raw
material(s), in waste for recycling, or man-made materials, would be associated in its natural

state or as raw material(s). In certain embodiments described as "pure," "purified,"
"substantially purified," or "isolated" herein, the compound can comprise at least 0.5% to
1%, 1% to 5%, 5% to 10%, 10% to 20%, 20% to 50%, 50% to 70%, 70% to 90%, 90% to
95%, 95% to 99%, and 99% to 100%. In some embodiments, the amount of the compound
will be at least 50% or 75% of the mass, by weight, of a given sample. A "functional purity"
is a measurement of the amount of a particular compound in a sample or product in relation
to other compounds in a sample that can adversely impact the function of the compound.
Thus, other components in a sample that do not interfere with the compound's activity (e.g.,
water), will not be used in determining the purity of a sample or product.

[0053] The terms "derivative," "variant," or other similar term refers to a
compound that is an analog of the other compound.

[0054] The term "and/or" designates both the option of "and" as well as the
option of "or" in that particular circumstance. However, unless otherwise specified in the
specification, the use of the term "or" or "and" encompasses a description of both option as
well. Thus, the use of the term "or" should not be taken as excluding the option of "and",
unless additional context indicates that it should (this definition does not apply to the
language in the claims). The use of the singular or plural forms of a term encompasses both
options (singlular or plural) as well as both options combined (singular and plural), unless
indicated otherwise.

Methods
[0055] In some embodiments, a method of processing spent nuclear fuel is

provided. This comprises obtaining spent nuclear fuel dissolved in an acidic medium,
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contacting the dissolved spent nuclear fuel with an octadentate ligand and an organic phase
to generate a mixture, and separating an aqueous phase enriched for Pu*” from the mixture.

[0056] In some embodiments, a method for enriching a metal ion is provided.
The method comprises contacting a first aqueous phase with an organic phase to generate a
mixture, wherein the first aqueous phase comprises: a plurality of metal ions; and an
octadentate ligand, and wherein the aqueous phase has an acidic pH of less than 1. The
method further includes separating from the mixture a second aqueous phase enriched for a
metal ion of the plurality of metal ions.

[0057] In some embodiments, a method of preparing a medical isotope is
provided. The method comprises obtaining a metallic precursor dissolved under an acidic
condition, wherein the metallic precursor comprises a medical isotope; contacting the
dissolved metallic precursor with an octadentate ligand and an organic phase to generate a
mixture; and separating the medical isotope from one or more metal ions in the dissolved
metallic precursor based on an interaction between the octadentate ligand and the medical
1sotope.

[0058] In some embodiments, a method of separating metal ions for nuclear
forensics is provided. The method comprises obtaining a sample derived from a nuclear
material, wherein the sample comprises UO,*", Ac®™, Pu*", and Np*"; contacting the sample
with an octadentate ligand to generate a first mixture, wherein the first mixture has an acidic
pH of 1 or lower; separating UO,”" and Ac’” from Pu*” and Np*” in the mixture based on an
interaction or lack of interaction between the octadentate ligand and each of U0, A*,
Pu*’, and Np*”, to generate a second mixture comprising the Pu*" and Np*"; and further
separating each metal within both mixtures by classical techniques.

[0059] In some embodiments, a method of separating metal ions is provided. The
method comprises contacting a liquid composition comprising a plurality of metal ions with
an octadentate ligand to generate a mixture, under conditions sufficient to form a metal ion-
ligand complex comprising a metal 1on of the plurality of metal ions, and separating a first
fraction of the mixture enriched for the metal ion-ligand complex from a second fraction
depleted for the metal ion-ligand complex, wherein the first fraction of the mixture has an
acidic pH of less than 1. The plurality of metal ions are selected from the group consisting

of: a p-, d- or f-block element of period 5 or greater, a group 3 element, or a group 4 element.

-10-
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[0060] In some embodiments, a method of separating trivalent metal ions from
tetravalent metal ions is provided. The method comprises providing an aqueous solution
comprising tetravalent metal ions and trivalent metal ions, wherein the solution has an acidic
pH; adding a HOPO chelator to the aqueous solution; and performing an extraction against
the aqueous solution, wherein the HOPO chelator functions as a holdback agent to keep the
tetravalent metal ions in the aqueous solution, while allowing the trivalent metal ions to be
removed via decanting at the end of the extraction.

[0061] In some embodiments, a method for separating metal ions is provided.
The method comprises providing an aqueous solution comprising a first metal ion and a
second metal ion, wherein the solution has an acidic pH; adding a HOPO chelator to the
aqueous solution; and performing an extraction against the aqueous solution. The HOPO
chelator functions as a holdback agent to selectively keep the first metal ion in the aqueous
solution, while allowing the second metal ion to go into an organic phase during the
extraction.

[0062] In some embodiments, the acidic denotes a pH of between about 1 to
about 0.

[0063] In some embodiments, the octadentate ligand is a hydroxypyridonate
ligand. In some embodiments, the octadentate ligand is built on a spermine scaffold. In
some embodiments, the octadentate ligand 1s 3,4,3-L1(1,2-HOPO).

[0064] In some embodiments, the method further comprises dissolving a metal in
an acidic solution to obtain the liquid composition.

[0065] In some embodiments, the first fraction is enriched for a tetravalent metal
ion and the second fraction is enriched for a trivalent metal ion and/or a divalent metal ion.

[0066] In some embodiments, the contacting further comprises contacting the
sample with an organic phase.

[0067] In some embodiments, a method of separating trivalent metal ions from
tetravalent metal ions is provided. The method comprises providing an aqueous solution
comprising tetravalent metal ions and trivalent metal ions, wherein the solution has an acidic
pH; adding a HOPO chelator to the aqueous solution; and performing an extraction against

the aqueous solution, wherein the HOPO chelator functions as a holdback agent to keep the

-11-
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tetravalent metal ions in the aqueous solution, while allowing the trivalent metal ions to be
removed via decanting at the end of the extraction.

[0068] In some embodiments, the method further comprises separating the HOPO
chelator from the tetravalent metal to thereby collect the tetravalent metal.

[0069] In some embodiments, the method further comprises lowering a pH
beneath O to separate tetravalent ions.

[0070] In some embodiments, separating comprises filtering, precipitating, liquid-
liquid extraction or chromatography, or wherein the method further comprises filtering,
precipitating, liquid-liquid extraction or chromatography.

[0071] In some embodiments, the first fraction is enriched for a first metal ion
that has a charge that is different from a charge of a second metal ion enriched in the second
fraction.

[0072] In some embodiments, 1) the separating comprises contacting the liquid
composition with an organic phase or 2) further comprising contacting the liquid
composition with an organic phase.

[0073] In some embodiments, the method does not comprise adjusting the pH of
the liquid composition after dissolving the metal. In some embodiments, the method does
not comprise raising the pH of the liquid composition after dissolving the metal.

[0074] In some embodiments, the organic phase comprises a non-selective
extractant. In some embodiments, the organic phase does not comprise an extractant that
selectively binds to the first or second metal ion. In some embodiments, the method does not
comprise adjusting the pH of the dissolved spent nuclear fuel. In some embodiments, the
extractant 1s selected from the group consisting of di-(2-ethylhexyl)phosphoric acid
(HDEHP), a derivative of HDEHP, calixarenes, diglycoamide derivatives,
carbamoylphosphine oxide derivatives, tributylphosphate (TBP), monoamide derivatives,
and tertiary amines, and quaternary ammonium salts.

[0075] In some embodiments, the first metal ion is a tetravalent metal 1on and the
second metal ion is selected from the group consisting of a divalent metal ion and a trivalent
metal ion. In some embodiments, the first metal ion is a trivalent metal ion and the second

metal ion 1s a trivalent metal ion.
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[0076] In some embodiments, a HOPO chelator binds to the first metal ion more
effectively than it binds to the second metal ion at a given pH.

[0077] In some embodiments, the fuel, first aqueous phase, precursor, nuclear
material, liquid composition, or solution comprises actinium. In some embodiments, the
actinium is separated from a M*" metal. Actinium can be included in and/or isolated as a
result of, any of the methods provided herein.

[0078] In some embodiments, the chelators provided herein are distinct form
classical aqueous chelators such as citrate, EDTA (Ethylenediaminetetraacetic acid), DTPA
(Diethylenetriaminepentaacetic acid) as classical chelators were not able to complex metal
ions under highly acidic conditions. Due to that, traditional separation of metal ions relied on
the selectivity of the extractant (organic molecule, such as TBP, dissolved in an organic
phase) or on the selectivity of a solid support (in the case of chromatography). This
selectivity is not required in some of the embodiments provided herein.

[0079] In some embodiments, the use of 3,4,3-LI(1,2-HOPO) allows one to be
able to selectively bind to the tetravalent metal ions under highly acidic conditions. Results
show that 3,4,3-LI(1,2-HOPO) stays bound to Hf*" and Zr*" from pH 8 to strongly acidic
solutions (at least 6 M HCl). The same compound stays from pH 6 to 10 M HCI (at least) in
the case of Ti*" and from pH 8 to 1 M HCl in the case of Sn*". Based on thermodynamic data
(stability constant of the complex) one can expect Pu*", Th*" and Ce*" to behave like Zr*"
and Hf*"",

[0080] In some embodiments, the chelating agents are capable of binding or
chelating, or capable of forming stable complexes with actinides and/or lanthanides, such as
the cations of Eu, Pu, Np, Th, Am, and/or Cf, such as of *Eu(III), **' Am(III), ***Pu(IV),
PINp(IV), Z'Np(V), and **U(VI).

[0081] As noted above, selective pH dependent binding, at an acidic pH range,
can be achieved using HOPO molecules. Furthermore, thermodynamic studies have shown
that 3,4,3-LI(1,2-HOPO) releases the trivalent metal ions (M’") and divalent uranyl (UO,*")
as soon as the pH value is lower than about 1. Thus, in some embodiments M*™ metals can
be separated from M°" and/or M*" via a HOPO ligand when subjected to lower pH values. In
some embodiments, the ligand 3,4,3-LI(1,2-HOPO) could also be immobilized on a solid

support (e.g., beads, nanoparticles, or other form of solid support).
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[0082] In some embodiments, provided herein is a process involving a high
acidity (directly after the metallic target dissolution) where 3,4,3-LI(1,2-HOPO) is used to
selectively bind the tetravalent metal ions in the aqueous and acidic liquor. The separation of
tetravalent ions (bound to the chelator) for the other ions (unbound) can then achieved by
using a non-selective extractant for the remaining metal ions and performing a liquid-liquid
extraction step (for example). The tetravalent ions stay in the aqueous phase whereas the rest
are extracted in the organic phase. The selectivity of such a process can be extremely high
since 3,4,3-LI(1,2-HOPO) specifically binds the tetravalent metal ions under acidic condition
(but not the trivalent metal ions). In some embodiments, the concentration of HCI can range
from about 0 M to about 4 M. In some embodiments, the concentration of HCI can range
from about 4 M to about 8 M. In some embodiments, the concentration of HCI can range
from about 8 M to about 12M. In some embodiments, the concentration of HCl is about O, 1,
2,3,4,5 6,7,8, 9, or 10 M, or a value within a range defined by any two of the
aforementioned values. The selectivity of the process can be due to the presence of 3,4,3-
LI(1,2-HOPO) in the aqueous phase (See, TABLE 0.2). A non-selective extractant can be
used in the organic phase.

[0083] In some embodiments, selective complexation of tetravalent ions is
achieved by 3,4,3-LI(1,2-HOPO) under very acidic conditions, e.g., less than pH 3, 2.9, 2.8,
27,26,25,24,23,22,21,20,19,18,17,1.6,1.5,14,13,12,1.1,1.0,09, 0.8, 0.7,
0.6,0.5,0.4,0.3,0.2,0.1, 0, or lower.

[0084] In some embodiments, the strategy for metal ion separation provided
herein aims at using innovative chelators (e.g., HOPO containing molecules), for metal ion
separation processes. In some embodiments, processes that are more selective, more
efficacious and more flexible than the current state-of-the-art are provided.

[0085] In some embodiments, one or more of the processes disclosed herein can
be used to separate M*" from M’™ from M*", where each M is a metal. In some
embodiments, M*” is first separated from a M*"/M*" mixture, and then the M"" is separated
from M*" via a different technique, such as chromatography. In some embodiments, one or
more of the processes disclosed herein can be employed to separate a first M*™ from a second
M*" or a first M*™ from a second M*". In some embodiments, the separation is of Actinium

from other metals. The separation is achieved by different affinities of each metal ion for the

-14-



WO 2018/097871 PCT/US2017/048934

chelator. This may, or may not, also be driven in a pH dependent manner (that is, affinity
changes as a function of pH for the various metal ions as well).

[0086] In some embodiments, the separation can be of lanthanides from actinides.
In some embodiments, separation is of element actinium from both lanthanides and actinides.

[0087] The separation of trivalent lanthanide ions (examples: Gd’", Eu’", etc.
herein referred to as Ln3+) from the trivalent actinide ions (Examples: Ac3+, Am3+, Cm3+,
Bk’™, Cf*", etc. Here after referred to as An3+) can be challenging because these two classes
of metal ions exhibit similar chemical properties. Nonetheless, there is value in efficient
processes able to separate Ln*" from An’". Indeed, Ln’" and An’" are both present in the
nuclear spent fuels (civilian and military) and their separation could allow for two
developments. First, the presence of An’” impairs the long-term storage of the nuclear waste
because it would generate too much heat in hypothetical underground repositories. The
removal of An’" from the main nuclear waste would therefore facilitate the storage and
reduce the cost. Second, the minor actinides An’" could be transmuted into less toxic
elements in the next generation of nuclear reactors but this transmutation is only possible in
the absence of lanthanide fission products Ln’". The separation Ln’/An’" is therefore
beneficial to obtain closed nuclear fuel cycles (with recycling of U and Pu, transmutation of
An’", and storage of Ln"").

[0088] In some embodiments, separation of metal ions is beneficial during mining
for natural resources. In some embodiments, separation of metal ions is involved during
mining for recycling of valuable waste. In some embodiments, separation of metal ions is
required during mining for purification of medical and/or research isotopes, e.g., '"'Lu, **’Ra,
2 Ac, and *'Th.  In some embodiments, the metal ion separation can be for mining from
natural stones, recycling of valuable wastes, purification of medical and/or research isotopes
such as '""Lu, **Ra, **Ac, and *'Th. An example of purification of 2B A6 is shown in
FIG. 1 (Radchenko et al 2015 Journal of Chromatography A, 55-63, which is hereby
incorporated by reference in its entirety).

[0089] In some embodiments, the method for separation of metal ions include,
without limitations, liquid-liquid extraction and chromatography or ion-exchange-based
methods. In some embodiments, the methods are large scale. In some embodiments, the

methods are small scale. In some embodiments, liquid-liquid extraction methods are large
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scale. In some embodiments, chromatography or ion-exchange-based methods are small
scale. In some embodiments, countercurrent liquid-liquid extraction can be employed.

[0090] Liquid-liquid extraction (FIG. 3) processes involve two immiscible phases
(one aqueous, one organic) between which the elements of interest are selectively
transferred. In some embodiments, one can use one or more chelators in the aqueous phase
(also called hold-back reagent) and use, preferentially, a non-selective extractant to pull
some or all of the other metals into the organic phase.

[0091] In some embodiments, the present disclosure provides liquid-liquid
extraction with ligands based on the binding units 1,2-HOPO that can selectively bind or
release targeted elements (A03+, Am*", Gd*¥, etc.) in aqueous media. As disclosed herein, the
affinity of the 1,2-HOPO ligands for a given metal ion also depends on the acidity of the
aqueous media. Thus, modifying the acidity allows for selective binding or release of HOPO
chelators to the metal of choice. Furthermore, the selectivity of the HOPO ligands is usually
superior to that of the chelators currently used for this type of application (e.g., DTPA).
Thus, in some embodiments, depending on the chemical conditions, a given element can be
selectively extracted in the organic from a mixture of elements by using specific chemical
conditions in the aqueous phase containing the HOPO ligand and a non-specific extractant in
the organic phase.

[0092] In some embodiments, a new strategy for the complexation and
purification of tetravalent metal ions from other ions (not exhibiting a 4+ charge) is provided.
Examples of elements that naturally form tetravalent ions are: plutonium (Pu*), thorium
(Th*), titanium (Ti*"), zirconium (Zr*"), hafnium (Hf"), cerium (Ce*), tin (Sn*"), platinum
(Pt*"), iridium (Ir*"). Examples of elements that can be stabilized as tetravalent ions under
specific conditions are: berkelium (Bk*"), uranium (U*"), and lead (Pb*"). Thus, any of the
elements can be used in the present methods. In some embodiments, actinium can be
separated from any of these metals.

[0093] In some embodiments, the separation techniques can employ altering
and/or controlling the pH of a solution so as to allow M*” to be separated from M*". In some
embodiments, the pH of a solution can be varied from ~8 to very strong acidic solutions

(pH~O0) 1n order to separate various components within the solution. In some embodiments, a
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metal species 1s formed when the pH of the solution is between 0 and 6 and other species are
formed when the pH of the solution is between 6 and 8.

[0094] In some embodiments, a M*" can be separated from a M*" via a pH
dependent process. In some embodiments, this can comprise dropping the pH of the solution
to less than 2, which allows for trivalent metals to be separated from tetravalent metals. That
is, in some embodiments, M*" and M*" can be separated by pH differences. While M*" ions
are still bound at pH<0, M*™ ions are released at pH<2, which is shown by the complexation
of Sn*" in 2 M HCI (FIG. 4). Other examples include Ce*" and Th*" complexes studied in
0.05 M H,SO,, and Zr*" and Pu*" complexes studied in 0.05-0.5 M H,SO, (Inorg. Chem.
2013 & Inorg. Chem. 2015 which are hereby incorporated by reference in their entireties).
Thus, M*™ metals will remain associated with the chelator (e.g., 3,4,3-L1(1,2-HOPOQ)), while
M* metals will still be free in solution. These M°" metal ions can then be removed, for
example, by addition of an organic metal binding compound that will be extracted into the
organic phase of an extraction process. The HOPO ligand (with the M*™ metal ion) will stay
in the aqueous phase). In some embodiments, the M*" is actinium.

[0095] In some embodiments, any of these options involve the use of a highly
acidic aqueous media as a feed solution. In some embodiments, where the HOPO ligand is
adequately selective for the method, the aqueous solution need not be acidic.

[0096] Examples of commercial and non-selective extractant for liquid-liquid
extraction under highly acidic conditions include, but are not limited to, trioctyl amine,
quaternary ammonium salts (such as Aliquat® 336), TODGA, cyanex®, HDEHP, CMPO,
etc.

[0097] In some embodiments, non-limiting characteristics of the extractant
include an ability to transfer the targeted material from the aqueous phase to the organic
phase, and solubility in an organic diluent and insoluble in aqueous media. In some
embodiments, mixtures of two or more extractants can be used. In some embodiments, a
pure form of the extractant can be expensive and, in most case, too viscous. Therefore, in
some embodiments, the extractant is diluted in an organic diluent. In some embodiments, the
diluent is usually an inert and inexpensive liquid (non-limiting examples include dodecane,

toluene, etc.) and is only there to convey the diluted extractant.

-17-



WO 2018/097871 PCT/US2017/048934

[0098] In some embodiments, a solution comprising one or more of M, M,
and M*" can be separated into one or more part (eg., M*" only, M*” only, M*" and M*", M*"
and M*etc.), via the addition of a HOPO chelator, wherein the HOPO chelator will bind to
the metal in a pH dependent manner.

[0099] In some embodiments, the metal ion is released from the chelator by
lowering the pH beneath a level which allows for the metal binding. Thus, a pH of
approximately -1 can be used to release the tetravalent metal from the HOPO molecule.
Other non-limiting options include the pH be increased to about 10 in order to release the
M™ ions. In some embodiments, if the targeted metal is very valuable, the M*"/HOPO
solution can be evaporated and calcinated in order to burn the HOPO ligand and recover the

metal. In some embodiments, the metal to be separated is Actinium.

Applications

[0100] In some embodiments, the process can be applied to the recycling of
nuclear fuels (civilian and military) to the production of medical isotopes, and also analytical
devices, production of radiation sources, etc. In some embodiments, typical examples of
metal ions separation by liquid-liquid extraction would include the separation of plutonium
(Pu*") from lanthanide fission products (Ln’"), uranyl (UO,*") and minor actinides (Am’",
Cm3+) in the frame of nuclear waste reprocessing.

[0101] This type of technology can be useful, for example, to reduce the
environmental impact of nuclear energy the need for closed nuclear fuel cycles will become
more critical. Thus far, the proposed plan for spent nuclear fuel in the United States has been
long-term storage at a yet to be decided repository.1 Storage of spent nuclear fuel becomes an
issue because of longer-lived actinide (An) 1sotopes, like americium (Am) and curium (Cm),
which are intense alpha-emitters and dominate the thermal heat load in spent fuels. See,
Travis S. Grimes, Richard D. Tillotson, and Leigh R. Martin, “Trivalent Lanthanide/Actinide
Separation Using Aqueous-Modified TALSPEAK Chemistry,” Solvent Extr. Ion Exch.
32(4), 378-390 (2014), Kenneth L. Nash, “The Chemistry of TALSPEAK: A Review of the
Science,” Solvent Extr. Ion Exch. 33(1), 1-55 (2015).

[0102] Repositories must then be larger and better ventilated for longer periods of

time, thus more expensive, to accommodate the minor actinide species from an open fuel
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cycle. Fast-breeder reactors are the next generation of nuclear reactors and will have the
potential to transmute Am and Cm into shorter-lived radionuclides, which will reduce the
storage time, heat generated, and radiotoxicity of the spent fuels. However, lanthanide (Ln)
fission products compete with An metals for neutrons and render the transmutation process
less efficient. See, Kenneth L. Nash, “The Chemistry of TALSPEAK: A Review of the
Science,” Solvent Extr. Ion Exch. 33(1), 1-55 (2015).

[0103] Minor actinides can be separated from lanthanides for the transmutation
process but this separation can be challenging since Ln, Am, and Cm predominate as
trivalent ions in solution and exhibit similar 1onic-radii, thus almost identical chemistries.
See, Travis S. Grimes, Richard D. Tillotson, and Leigh R. Martin, “Trivalent
Lanthanide/Actinide Separation Using Aqueous-Modified TALSPEAK Chemistry,” Solvent
Extr. Ion Exch. 32(4), 378-390 (2014). Some embodiments provided herein allow for the
separation of some of the metals from one another.

[0104] Another typical example would be the purification of actinium (Ac’)
thorium (Th*"), and vice versa, in the frame of medical isotope production.

[0105] Another example would be separation of lutetium (Lu’") from hafnium
(Hf*") or the separation of yttrium (Y'") from zirconium (Zr*") in the frame of medical
1sotope productions.

[0106] In some embodiments, the processes herein can be applied to separation of
Sn/Zr or Sn/Hf in an acidic media. In some embodiments, the process can separate Sn/Ti at
pH of about 7. In some embodiments, the process can separate Ti/Zr or Ti/Hf at pH 6-11. In
some embodiments, the process can separate Sn/Zr or Sn/Hf in acidic media. In some
embodiments, the process can further separate Sn/T1 at pH 7.

[0107] In some embodiments, the process provides for industrial processes that
are simpler and more efficient than the current ones, for the separation and/or purification of
metal ions.

[0108] The applications of the invention are numerous, going from the recycling
of nuclear fuels (civilian and military) to the production of medical isotopes, and also
analytical devices, production of radiation sources, etc. Typical examples of metal ions
separation by liquid-liquid extraction can include the separation of lanthanide fission

products (Ln'") from minor actinides (Am’", Cm’") in the frame of nuclear waste
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reprocessing. Another typical example would be the purification of actinium (Ac3+) from
lanthanide (Ln’" and Ce'") and actinides (Th*", Am’", etc) in the frame medical isotope
production. In some embodiments, this can be scaled-up to an industrial process and be
simpler and more efficient than the current ones, for the separation and/or purification of
lanthanide and actinide elements.

[0109] In some embodiments, one or more of the processes disclosed herein can
be used to separate Bk from Ce, such as Ce*" from Bk*". In some embodiments, one or more
of the processes disclosed herein can be used to separate Bk*" from An'". In some
embodiments, one or more of the processes disclosed herein can be used to separate Pu from
other An, such as in nuclear fuel waste processing. In some embodiments, one or more of
the processes disclosed herein can be used for nuclear forensics.

[0110] In some embodiments, one or more of the processes disclosed herein can
be used to separate medical isotopes, such as Sc and/or Ac from Th, including S¢*” and/or
Ac’ from Th*".

[0111] In some embodiments, one or more of the processes disclosed herein can
be used to separate ions for nuclear forensics, including UO,*" from Pu*” from Np*". Pu can
be separated from Np via chromatography. In some embodiments, one or more of the
processes disclosed herein can be used to separate UO,>" from Pu*” and Np*™.

[0112] In some embodiments, one or more of the processes disclosed herein can
be used to separate Ce*” from Tm®™, such as in the processing of medical isotopes.

[0113] In some embodiments, one or more of the processes disclosed herein can
be used to separate Zr*" from Y, such as in the processing of medical isotopes.

[0114] In some embodiments, a mixture of metal ions exhibiting different charges
is obtained and these metal ions are to be separated in order to obtain the final product. For
example, when reprocessing the nuclear spent fuels, the nuclear spent fuel rods are dissolved
in highly acidic solutions (usually concentrated HNOs). These acidic solutions contain Pu*”
but also trivalent lanthanide fission products (Ln’"), trivalent actinides (Am’", Cm’),
divalent uranyl ions (U022+) and monovalent neptunyl ([NpO]"). Pu*" eventually has to be
separated from the other ions in order to reuse the plutonium material for other applications.
The separation of Pu*" from the other ions is currently performed at an industrial scale by

using the liquid-liquid extraction process called “PUREX.”
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[0115] In some embodiments, the separation of metal ions involves a variation of
the PUREX process (FIG. 5). The PUREX process involves recovery of U and Pu from
nuclear spent fuel. The basic principle of the PUREX process involves the use of TBP which
extracts Pu*" and UO,”” but not M*™. It is estimated that approximately 5040 t of nuclear fuel
reprocessed annually in the UK, France, Japan, and Russia.

[0116] The PUREX process is based on the simultaneous extraction of Pu*™ and
UO,™ in an organic phase comprising the molecule TBP (tributylphosphophate) while letting
the Ln®", Am®”, Cm’” and [NpO,]” ions in the original solution comprising nitric acid. The
separation of Pu*” from UO,”" requires further liquid-liquid extraction or back-extraction
steps. The selectivity of such a process is based on differences in the affinity of TBP (present
in the organic phase) for the different metal ions (initially in the organic phase). No reagent
in the aqueous phase need be added to improve the selectivity of the process. In some
embodiments, the PUREX process is modified in that one employs pH dependent HOPO
chelating agent instead of TBP, under acidic conditions, to allow the HOPO ligand to
selectively chelate to Pu*™ under acidic conditions, while not chelating the trivalent metals.
The Pu*" will remain in the aqueous phase, while the other metals will instead be moved to
the organic phase. Thus, in this modified PUREX approach, the Pu*™ will remain in the
acidic aqueous phase.

[0117] In some embodiments, trivalent actinium ions (Ac’") can be separated
from thorium (Th4+) in the frame of medical isotope production. The goal can be either to
recover Ac’” isotopes or Th*" isotopes. Medical isotope productions sometimes also require
to separate Zr*" from yttrium (Y"). These processes usually involve dissolving a metallic
target (containing the isotopes of interests, the initial metallic target material, and the
impurities generated during the isotope production) in an acidic solution, such as HCI or
HNOs, before separating the different metal ions by chromatographic or ion-exchange
techniques.

[0118] TALSPEAK was developed in the 60’s at Oak Ridge National Lab. See,
Kenneth L. Nash, “The Chemistry of TALSPEAK: A Review of the Science,” Solvent Extr.
Ion Exch. 33(1), 1-55 (2015). TALSPEAK is a liquid-liquid extraction process that, in
principle, allows the complete extraction of lanthanides from actinides by using a

nonselective extractant and a hold-back reagent.
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[0119] In some embodiments, TALSPEAK is used for the separation of An’~ or
Ln’" after PUREX process. The TALSPEAK process can also be varied given the disclosure
herein. In some embodiments, the goal is to recover Am, Cm, Bk, Cf isotopes to ease the
radioactive waste storage. The TALSPEAK process is still under development and has not
been applied at an industrial level because of a few drawbacks: 1) extraction efficiency
decreases with increasing pH, i1) slow extraction kinetics, and 1i1) narrow set of conditions
for optimum efficiency. See, Kenneth L. Nash, “The Chemistry of TALSPEAK: A Review
of the Science,” Solvent Extr. Ion Exch. 33(1), 1-55 (2015). Much of the effort in improving
the TALSPEAK process has revolved around tackling the aforementioned issues and
simplifying the implementation of this process into the nuclear cycle scheme. FIG. 7 shows
an embodiment of the TALSPEAK process (adapted from Johnson and Maloney 2013 US
Patent 8475747 B1, which is hereby incorporated by reference in its entirety).

[0120] The metal ion separation process can be described according to Equation
(1), where M = An* or Ln*, HsDTPA is the pentaprotic hold-back reagent, and HDEHP is
the non-selective extractant. The selectivity in the process arises from the hold-back reagent,
which can be for example, Diethylenetriamine-N, N, N’, N”, N”-pentaacetic acid (DTPA).
Actinides exhibit a higher degree of covalency with respect to their 4-f analoguess, thus will
form stronger complexes with DTPA. Therefore, for trivalent actinides and lanthanides the

equilibrium in the Equation (1) will lie to the left and right, respectively.

M(DTPA)*(aq) + 3(HDEHP)y (o) <> M(DEHP-HDEHP); (o) + H3(DTPA)*(aq)
(1)

[0121] The structures of DTPA and HDEHP are as follows:
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with Diethylenetriamine-N, N, N’, N”, N”-pentaacetic acid (DTPA) shown to the left and
di(2-ethylhexyl)phosphoric acid (HDEHP) to the right.

[0122] In some embodiments, 3,4,3-LI(1,2-HOPO) can be used as a replacement
for DTPA in the TALSPEAK process. Non-limiting example of the TALSPEAK process
with a HOPO chelator is shown in FIG. 37. In some embodiments, the process can be a
TALSPEAK process, but be at a pH of 0-3 (rather than 3-4), e.g., a pH of 0.2.9, 0-2.8, 0-2.7,
0-2.6, 0-2.5, 0.5-2, etc.

[0123] The Trivalent Actinide-Lanthanide Separation by Phosphorous reagent
Extraction from Aqueous Komplexes (TALSPEAK) process addresses the issue by
selectively removing the long-lived minor actinides (Am, Cm) from fission products using
liquid-liquid extractions, thus decreasing the storage size and time, and radiotoxicity of the
raffinate. In some embodiments, this TALSPEAK process can be modified by using a
HOPO chelator shown to form stronger complexes than the current hold-back reagent:
diethylenetriamine-N,N,N’,N” N”-pentaacetic acid (DTPA). Evidence was observed for the
selective extraction Ac(Ill) over Gd(IIT) and Am(IIT) at pH >2.5. Furthermore, the separation
of Gd(III) over Am(III) can be achieved when using HOPO chelators under conditions
similar to that of the TALKSPEAK process.

[0124] In the TALSPEAK scheme, lactate serves as a buffering agent and to
speed up transfer kinetics, bis-2-ethylhexyl phosphoric acid (HDEHP) is a nonselective
extractant in the organic phase, DTPA is the current TALSPEAK hold-back reagent in the
aqueous phase, and enterobactin is a naturally found iron chelator (FIG 6).

[0125] Preliminary studies were done by modeling the species in solution as a
function of pH for 40 mM hold-back reagent and 500 uM Eu(Ill) (FIG. 8 and FIG. 9).
Europium was used in the speciation diagram since the stability constants with 3,4,3-LI(1,2-
HOPO) have been well characterized. See, Rebecca J. Abergel, Anthony D’Aleo, Clara Ng
Pak Leung, David K. Shuh, and Kenneth N. Raymond, “Using the Antenna Effect as a
Spectroscopic Tool: Photophysics and Solution Thermodynamics of the Model Luminescent
Hydroxypyridonate Complex [Eum(3,4,3-LI(1,2-HOPO))]-,” Inorg. Chem. 48, 10868-10870
(2009). The binding of Eu(Ill) by DTPA and 3,4,3-LI(1,2-HOPO) by using available
thermodynamic data at 0.1 M 1onic strength at 25°C were compared. Typical TALSPEAK

conditions are > 0.1 M ionic strength, due to needing strict pH control which is provided by
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sodium lactate (0.5-2.0 M). See, Kenneth L. Nash, “The Chemistry of TALSPEAK: A
Review of the Science,” Solvent Extr. Ion Exch. 33(1), 1-55 (2015). Therefore, extensive
investigations of Ln-lactate stability constants have been obtained at high ionic strength,
which are lacking for HOPO chelators. Nonetheless, this can be used to get an overview of
the region where metal complexation is expected to occur. The calculations were made in the
absence of lactate since lactate (logfi30 =5.88 for Eu(Ill), I = 2.0 M at 25°C) (See, Kenneth
L. Nash, “The Chemistry of TALSPEAK: A Review of the Science,” Solvent Extr. Ion Exch.
33(1), 1-55 (2015)) 1s a much weaker chelator than 3,4,3-LI(1,2-HOPO) (logP111 = 24.8 for
Eu(IIl), I = 0.1 M at 25°C)s and DTPA (logP111 = 22.56 for Eu(Ill), I = 2.0 M at 25°C) (See,
Kenneth L. Nash, “The Chemistry of TALSPEAK: A Review of the Science,” Solvent Extr.
Ton Exch. 33(1), 1-55 (2015)). In FIG. 26, 3,4,3-LI(1,2-HOPO) binds Eu(III) at pH as low as
0, whereas with DTPA (FIG. 8) free metal was present below pH 1. Thus, FIG. 8 shows that
DTPA shows no binding at pH<I, i.e., Free Eu(Ill) is observed at pH<1. Stability constants
obtained from NIST database. See, Rebecca J. Abergel, Anthony D’Aleo, Clara Ng Pak Leung,
David K. Shuh, and Kenneth N. Raymond, “Using the Antenna Effect as a Spectroscopic
Tool: Photophysics and Solution Thermodynamics of the Model Luminescent
Hydroxypyridonate Complex [Eu"(3,4,3-LI(1,2-HOPO))]-,” Inorg. Chem. 48, 10868-10870
(2009). In contrast, FIG 26 shows that 3,4,3-LI(1,2-HOPO) shows evidence for binding
Eu(III) at low pH.

[0126] The model supports the use of 3,4,3-LI(1,2-HOPO) as metal complexing
agent even at low pH, which is advantageous to the TALSPEAK process since the raffinate
begins in high acid media. Moreover, working at lower pH would be beneficial from an
industrial point of view since the use of a buffering agent may be avoided and the pH control
would more robust. Additionally, the protonated 3,4,3-LI(1,2-HOPO):Eu complex is the
dominant species over a relatively large pH range (0-4), forming a neutral species and
potentially allowing for more favorable phase-transfer kinetics, which in the classic process
lactate has been implicated in. See, Kenneth L. Nash, “The Chemistry of TALSPEAK: A
Review of the Science,” Solvent Extr. Ion Exch. 33(1), 1-55 (2015)

[0127] FIG 21 shows a pH extraction profile of Gd(III)-153, Ac(Ill)-225, and
Am(II)-243 with [Gd(IIT)-153] = 0.21 nM) DTPA as hold-back reagent. At [Ac(IIl)-225]=0.4
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nM, [Gd(III)] = 500 uM, [Am(I1I)-243] = 40.4 nM, selective extraction of Gd(III) at pH 3-4,
just as expected for this system under TALSPEAK conditions is observed. In some
embodiments, the same applies to different isotopes, including, for example, 153, 225, and
243.

[0128] FIG 28 shows a pH extraction profile of of Gd(III)-153, Ac(IlI)-225, and
Am(II)-243 with 3,4,3-LI(1,2-HOPO) as hold-back reagent. With [Gd(IIT)-153] = 0.21 nM,
[Ac(I)-225] = 0.4 nM, [Gd(IIl)Total] = 500 uM, [Am(II[)-243] = 40.4 nM, selective
extraction of Ac(Ill) over Gd(IIT) and Am(III)-243 1s seen above pH 2.5. FIG 24 shows
evidence for the selective extraction of Gd(III) over Am(III) with 3,4,3-LI(1,2-HOPO) as
hold-back reagent. In some embodiments, the same applies to different isotopes, including,
for example, 153, 225, and 243.

[0129] In some embodiments, DTPA chelator is a relatively weak complexing
agent for Ac(Ill). Separation of Ac(IlT) from Gd(III) and Am(III) can be achieved by using a
HOPO chelator at pH>2.5. Also observed was evidence for the selective extraction of Gd(III)
over Am(III) between pH 1-2.5.

[0130] In some embodiments, one can separate Nd(III) and Am(III), which is
often the limiting pair in the Ln(IIT)/ An(IIT) extractions.

[0131] As described above, metal extraction processes rely on the selectivity of
the ligands and organic extractants. In some embodiments, the initial feeds in a metal
extraction process are highly acidic in order to allow for dissolution of the feeds. Ligands
used for the aqueous phases in the metal extraction processes are essentially carboxylic acids.
However, aqueous ligands are usually not able to bind M™" in acidic solutions (e.g., FIG. 10
for DTPA). An exception is HOPO ligands (FIG. 9). HOPO ligands are suitable for nuclear
operations, are highly soluble, and need not have F or Cl atoms. In addition, 3,4,3-LI(1,2-
HOPO) has an extreme affinity and selectivity for 4+ metal ions (TABLE 1).

TABLE 1 - COMPARISON OF HOPO WITH DTPA
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Log B,,, {Th*} | Log B, (BUP) AlogB Last pKa
3.4,3-LH{1,2-HOPO) 40.1 20.2 188 5.64
DTPA™ 28.7 22.4 6.3 10.4
[0132] In some embodiments, the TALSPEAK process can be modified by using

3,4,3-LI(1,2-HOPO), a promising f-element chelator shown to form stronger complexes than
the current hold-back reagent: diethylenetriamine-N,N,N’,N” N”-pentaacetic acid (DTPA).

[0133] Given the lack of data on the lightest actinide element, actinium (Ac),
extraction experiments under TALSPEAK conditions were also run for this actinide (Ac(I1I)-
225 and Ac(Ill)-227). Evidence for the quantitative and selective extraction of Ac(IIl) over
Gd(III) and Am(II) at pH >3 when using 3,4,3-LI(1,2-HOPO) was obtained. Thus,
separation between metals of the same charge is also possible via this technique, as the
various metals display varied affinity for the 3,4,3-LI(1,2-HOPO) ligand.

[0134]
be employed to separate a first M°* from a second M*". FIG. 11, FIG. 12 and FIG. 13

display the selectivity of 3,4,3-LI(1,2-HOPO) compared to DTPA. They give the calculated

In some embodiments, one or more of the processes disclosed herein can

ratio between metals in the organic phase after extraction (what one recovers if one wants to
purify something) if one had started with mixtures of Ac/Gd, Ac/Am or Gd/Am, respectively.
FIG. 14 and FIG. 15 outline the extraction coefficient values comparing DTPA and 3,4,3-
LI(1,2-HOPO), respectively.

[0135]
over Gd(IIT) and Am(IIT) at pH >3. Furthermore, it was possible to obtain higher extraction of
Gd(I1T) over Am(III) at a lower pH range when using 3,4,3-LI(HOPO) as the hold-back reagent

In some embodiments, it is possible to obtain selective extraction of Ac(III)

compared to DTPA and upon further optimization of the extraction condition expect to extract
trivalent lanthanides over trivalent actinides

[0136]
Am(IIT) at a lower pH range when using 3,4,3-LI(1,2-HOPO) as the hold-back reagent

Furthermore, in some embodiments, higher extraction of Gd(III) over
compared to DTPA. The separation factors Gd/Am were also higher in the case of 3,4 3-

LI(1,2-HOPO). In some embodiments, trivalent lanthanides are extracted over trivalent

actinides at lower pH which is a significant optimization of the TALSPEAK process.
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[0137] Traditionally, actinium cannot be purified from a mixture of Ac’", Ln®

and An’" when using DTPA as a hold-back reagent because the metals would be partially
extracted at the same time. Chelators of the DTPA family (1.e., carboxylic acids) that are
commonly used in separation processes, such as EDTA, NTA and, DOTA, are likely to
exhibit a similar non-selectivity toward actinium. In contrast, in some embodiments, a
HOPO-based method combines two features: (1) quantitative extraction for actintum, and (i1)
a very high decontamination capability. In some embodiments, HOPO ligands provide very
high separation factors between actinium and the lanthanides or actinides, after only 1
extraction step.

[0138] 3,4,3-LI(1,2-HOPO) was investigated as a replacement for DTPA in the
TALSPEAK process along with the behavior of Ac(IIl) with both hold-back reagents.
Ac(IIT) was observed to behave similarly to Am(III) when using DTPA as the aqueous
complexing agent and serves to show the dexterity of DTPA in the TALSPEAK process but
lacks a pH range where selective extraction of Ac(Ill) over Am(III) is observed. Complete
and selective extraction of Ac(IIl) in the liquid-liquid extractions with 3,4,3-LI(1,2-HOPO)
was observed while retaining both Am(IIT) and Gd(III) in the aqueous phase. A selective,
effective, and simplified separation process of Ac(Ill) from An(IIl) and Ln(IIl) can be
envisioned from 3,4,3-LI(1,2-HOPO)’s behavior. Additionally, evidence for the selective
extraction of Gd(III) over Am(III) at low pH is seen, a practical advantage to DTPA. Further
probing of 3,4,3-LI(1,2-HOPO) with other f-elements is warranted to fully characterize it as
a hold-back reagent. In some embodiments, the conditions used in the liquid-liquid
extractions were from the classical TALSPEAK process but serve as a good starting point for
the replacement of DTPA. Upon optimization of extraction conditions, 3,4,3-LI(1,2-HOPQO)

is expected to selectively separate An(IIl) (Am, Cm) from Ln fission products.

HOPO lisands for metal ion separation processes

[0139] A structure of an embodiment of a HOPO molecule is as follows:
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Formula I

[0140]  Suitable 1,2-HOPO chelating agent include, but are not limited to,

molecules defined by the structure:

c
R2
_N<
wherein R is a hydroxy group or R1 where R; and R, are selected from the group

consisting of H, --CHj3, --CH,CH3; and --CH,--¢, and X is either hydrogen, an alkali metal

ion, or a quaternary ammonium ion.
[0141]  Suitable 1,2-HOPO chelating agent include, but are not limited to,

molecules incorporating a plurality of HOPO-type structures, including:
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wherein 1, m and n are integers between one and twenty. In some embodiments, there can be
5 HOPO groups instead of 4 (shown above).
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HN ( 32 )m N / (H:Z \n N ( (H:Z )0 N ( (H:Z )p NH
[0 —— [0 —— (O —=— [O)— o—
N S N N AN AN
N N N N NN

In some embodiments, the -(CH2)m- chains can contain ether bonds -(CH2-O-CH2)- or
ramifications. -(CH2-CHR’-CH2)-, or hydroxyl groups -(CH2-CH(OH)’-CH2)- etc. In some

embodiments, one can substitute one or both of the oxygens on the HOPO ring with a sulfur.

R R
Oo— O—
oX* sx*
/\N/ /\N/
X X
S or S or
R
O—
sX*
/\N/
X
o)

In a particular embodiment of the invention, m is three. In a particular embodiment of the
invention, m 1is three and n is four. In a particular embodiment of the invention, 1 and n are
three, and m is four. The 1,2-HOPO and 3,2-HOPO chelating agents suitable for use are also
taught in U.S. Pat. Nos. 4,698,431 ("Hydroxypyridonate Chelating Agents"), 5,634,901 ("3-
Hydroxy-2(1H)-pyridonate Chelating Agents"), and 5,892,029 ("3-Hydroxy-2(1H)-
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pyridonate Chelating Agents"), all of which are hereby incorporated by reference. Examples
of appropriate chelators useful for the present methods described herein are shown in the
Figures, Structure I, exemplary embodiments 1-51, and can include any of the HOPO
formula provided herein, or other disclosed chelating formula, including those in figures
38B-38E, 39, and 44-45D and the claims as filed. Any of the chelators provided herein can
be applied to the various methods of extraction provided herein relating to the various pH
manipulations.

[0142]  Suitable 1,2-HOPO and 3,2-HOPO chelating agents include, but are not
limited to, a chelating agent comprised of a plurality of chelating functional units joined by
one or more linking members, said chelating functional units independently selected from the

group consisting of

o) NR'
o) NR'
N OH
Ry P _OH
N 0 R,
|
Ry X o)

>

in which at least one of said plurality of chelating functional units on said chelating agent is

I
0. NR

wherein R; and R, are independently selected from the group consisting of hydrogen, C;.4
aliphatic hydrocarbon groups, and C;.4 aliphatic hydrocarbon groups substituted by a single

halide, hydroxy, carboxy, acrylamido group or an aryl group, and R' is a member selected
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from the group consisting of a bond to a linking member, a hydrogen atom, C;_g aliphatic
hydrocarbon groups, aryl groups, and C;g aliphatic hydrocarbon groups substituted by
amino, carboxy, or hydroxy groups.

[0143]  Suitable 3,2-HOPO chelating agents include, but are not limited to, a

chelating agent having the structure:

a_ () [ R} H

° N\ /aZ\C/b

HO OH

wherein R; is a member selected from the group consisting of hydrogen, C;.4 aliphatic
hydrocarbon groups, and C;.4 aliphatic hydrocarbon groups substituted by a single halide,
hydroxy, carboxy, or aryl group; Z is a member selected from the group consisting of O, NH,
N--alkyl, and N--aryl; a is 2-4; and b is 2-4.

[0144]  The methods for synthesizing the 1,2-HOPO and 3,2-HOPO chelating
agents are taught in U.S. Pat. Nos. 4,698,431; 5,634,901, and 5,892,029, all of which are
hereby incorporated by reference.

[0145] In some embodiments, any siderophore based chelator that binds at a low
pH can be employed in any of the processes provided herein.

[0146] In some embodiments, “3,4,3-LI(1,2-HOPO)” (FIG. 9; left) can be used as
the chelator. This water-soluble chelator has previously been investigated for the
complexation, in vitro or in vivo, of various metal ions, including: uranyl, lanthanide(III)
ions, americtum(Ill), curtum(Ill), zirconium(IV), certum(IV), thorium(IV), plutonium(IV)
and, berkelium(IV). The solution thermodynamic properties of this molecule are therefore
well documented. See, M. Sturzbecher-Hoehne, G.J.-P. Deblonde, R.J. Abergel, Solution
thermodynamic evaluation of hydroxypyridinonate chelators 3,4,3-LI(1,2-HOPO) and 5-
LIO(Me-3,2-HOPO) for UO2(VI) and Th(IV) decorporation, Radiochim. Acta. 101 (2013)
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359-366. doi:10.1524/ract.2013.2047; R.J. Abergel, A. D’Aléo, C. Ng Pak Leung, D.K.
Shuh, K.N. Raymond, Using the Antenna Effect as a Spectroscopic Tool: Photophysics and
Solution Thermodynamics of the Model Luminescent Hydroxypyridonate Complex
[Eu(Il)(3,4,3-LI(1,2-HOPO))]-,  Inorg. = Chem. 48  (2009)  10868-10870.
do1:10.1021/1¢9013703; M. Sturzbecher-Hoehne, C. Ng Pak Leung, A. D’Aléo, B. Kullgren,
A.-L. Prigent, D.K. Shuh, K.N. Raymond, R.J. Abergel, 3,4,3-LI(1,2-HOPO): In vitro
formation of highly stable lanthanide complexes translates into efficacious in vivo europium
decorporation, Dalton Trans. 40 (2011) 8340. doi:10.1039/c1dt10840a; M. Sturzbecher-
Hoehne, P. Yang, A. D’Aléo, R.J. Abergel, Intramolecular sensitization of americium
luminescence in solution: shining light on short-lived forbidden 5f transitions, Dalton Trans.
(2016). do1:10.1039/C6DTO00328A; M. Sturzbecher-Hoehne, B. Kullgren, E.E. Jarvis, D.D.
An, R.J. Abergel, Highly Luminescent and Stable Hydroxypyridinonate Complexes: A Step
Towards New Curium Decontamination Strategies, Chem. - Eur. J. 20 (2014) 9962-9968.
doi1:10.1002/chem.201402103; M. Sturzbecher-Hoehne, T.A. Choi, R.J. Abergel,
Hydroxypyridinonate Complex Stability of Group (IV) Metals and Tetravalent f-Block
Elements: The Key to the Next Generation of Chelating Agents for Radiopharmaceuticals,
Inorg. Chem. 54 (2015) 3462-3468. do1:10.1021/acs.inorgchem.5b00033; G.J.-P. Deblonde,
M. Sturzbecher-Hoehne, R.J. Abergel, Solution Thermodynamic Stability of Complexes
Formed with the Octadentate Hydroxypyridinonate Ligand 3,4,3-LI(1,2-HOPO): A Critical
Feature for Efficient Chelation of Lanthanide(IV) and Actinide(IV) Ions, Inorg. Chem. 52
(2013) 8805—8811. doi:10.1021/ic4010246; G.J.-P. Deblonde, M. Sturzbecher-Hoehne, P.B.
Rupert, D.D. An, M.-C. Illy, C.Y. Ralston, J. Brabec, W.A. de Jong, R K. Strong, R.J.
Abergel, Chelation and stabilization of berkelium in oxidation state +IV, Nat. Chem. (2017).
doi:10.1038/nchem.2759.

[0147] The ligand 3,4,3-LI(1,2-HOPO) exhibits an unprecedented affinity for a
broad variety of metal ions and it is particularly efficient for tetravalent ions such as Th*" and
Pu*". FIG. 20 shows the stability constant values published for the complexes of 3,4,3-
LI(1,2-HOPO). Stability constant values (log Par) for various complexes of 3,4,3-LI(1,2-
HOPO). FIG. 20 shows that the ligand forms extremely stable complexes with trivalent and
tetravalent ions but it also keeps a high selectivity toward tetravalent ions. By = [ML]eq /

([M*"Jeq[L™ Jeq). Data collected at 25 °C.
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[0148] This particular chelator combines several features, including but not
limited to (1) formation of extremely stable complexes for both trivalent and tetravalent 1ons,
(1) high selectivity toward tetravalent metal ions, and (ii1) very fast complexation kinetics
(metal 1ons bound within a few seconds). In some embodiments, the ligand has one or more
of these properties.

[0149] Another feature of the 3,4,3-LI(1,2-HOPO) molecule is that it is able to
bind the tetravalent ions (e.g., Th*, Pu4+) even at high acidity. In some embodiments, results
3,4,3-LI(1,2-HOPO) stays bound to M** ions in solutions containing, at least, up to 6 mol/L
H;O". This feature is unprecedented and unmatched by any of the common chelators used in
the nuclear chemistry field such as ethylenediamine-tetraacetic acid (EDTA),
diethylentriamine-pentaacetic acid (DTPA), or tetraaza-cyclododecane-1,4,7,10-tetraacetic

acid (DOTA).

Separation aspects

[0150] FIG. 21 shows the speciation for solutions containing the ligand and one
equivalent of Eu’™ or Th*” showing what species are found in aqueous solutions of 3,4,3-
LI(1,2-HOPO). FIG. 21 shows a speciation diagram for 3,4,3-LI(1,2-HOPO) solutions of
Eu’” (left) and Th*" (right). Conditions: [Metal] = [ligand] = 1 mM. Hydroxide stability
constants taken from the NIST database. See, A.E. Martell, R M. Smith, R.J. Motekaitis,
NIST Standard Reference Database 46, (n.d.). In the near-neutral pH region, the trivalent
metal 1ons form a negatively charged complex [M(IIT)L]” whereas the tetravalent metal ions
form a neutral complex [M(IV)L]. However, in the acidic pH range, below pH ~2, the
trivalent lanthanide ions are released by 3,4,3-LI(1,2-HOPO). In contrast, the tetravalent ions
remain complexed to the ligand even at pH lower than 0. This clear difference in terms of
metal speciation (i.e. free M°~ versus bound M*) can be leveraged for separating trivalent
ions from tetravalent ions as, for example, when purifying actinium from Ac®™/Th*" mixtures.

[0151] Thus far, no stability constant has been published for the actinium (Ac™)
complex of 3,4,3-LI(1,2-HOPO). Based on the ionic radius of Ac™ (1.22 A;  See, D.
Lundberg, 1. Persson, The size of actinoid(Ill) ions - structural analysis vs. common
musinterpretations, Coord. Chem. Rev. 318 (2016) 131-134. do1:10.1016/}.ccr.2016.04.003)

and stability constants determined for other actinide and lanthanide ions, the stability of the
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Ac’™ complex is expected to be very low, with a log BracLy- value of about 12 (FIG. 22).
Stability of constant of 3,4,3-LI(1,2-HOPO) complexes with trivalent ions as a function of
the 1onic radius of the metal is shown in FIG. 22. This graph shows that the stability of the
actinium complex is expected to be low. Ionic radius values taken from Lundberg et al. for
nona-coordinated metal ions. The Ac’" data point is an estimate. See, Lundberg, I. Persson,
The size of actinoid(Ill) 1ons - structural analysis vs. common misinterpretations, Coord.
Chem. Rev. 318 (2016) 131-134. do1:10.1016/j.ccr.2016.04.003; D. Lundberg, I. Persson, L.
Eriksson, P. D’ Angelo, S. De Panfilis, Structural Study of the N,N’-Dimethylpropyleneurea
Solvated Lanthanoid(III) Tons in Solution and Solid State with an Analysis of the Ionic Radii
of Lanthanoid(III) Ions, Inorg. Chem. 49 (2010) 4420-4432. doi:10.1021/ic100034q. Hence,
this weak stability compared to the other complexes can be used for separation purposes.

[0152] Given the solution thermodynamics of the 3,4,3-LI(1,2-HOPO)
complexes, some embodiments provided involve highly selective processes based on the
difference in affinity that 3,4,3-LI(1,2-HOPO) exhibits for the metal ions. The affinity of the
ligand for the metals ions follows the order; M*" >>> Cm®™ > Am™™ > Lv*"-La*™ >> Ac™
One can then expect to sequester selectively the impurities present in a given media (Th*",
Ln’", etc.) while leaving the actinium ions unbound. In some embodiments, any of the metal
ions can be separated from one another via their differences in affinity to the HOPO
molecule, based on variables such as the amount of time of the extraction, amount of chelator
added, pH value, amount of extractant in the organic phase, ratio between the organic phase
and aqueous phase.

[0153] In the case of a liquid-liquid extraction process, the unbound Ac’™ ions can
then be extracted in an organic phase while letting the impurities remain in the aqueous
phase. Since the selectivity of the process comes from the aqueous chelator 3,4,3-LI(1,2-
HOPO), any extractant able to transfer Ac’ into an organic phase can be used and there is no
need to develop a selective organic extractant for actinium. The separation method can then
rely on commercially available compounds that are usually used in hydrometallurgy
processes.

[0154] In some embodiments, the extract for Ac’™ ions into an organic phase can
be one or more of: di-(2-ethylhexyl)phosphoric acid (HDEHP), calixarenes (See, C. Wai, D.

Fisher, others, Carboxylate-derived calixarenes with high selectivity for actinium-225,
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Chem. Commun. (1998) 377-378), diglycoamide derivatives (See, V. Radchenko, J'W.
Engle, J.J. Wilson, J.R. Maassen, F.M. Nortier, W.A. Taylor, E.R. Birnbaum, L.A. Hudston,
K.D. John, M.E. Fassbender, Application of ion exchange and extraction chromatography to
the separation of actinium from proton-irradiated thorium metal for analytical purposes, J.
Chromatogr. A. 1380 (2015) 55-63. do1:10.1016/j.chroma.2014.12.045),
carbamoylphosphine oxide derivatives (See, V. Ostapenko, A. Vasiliev, E. Lapshina, S.
Ermolaev, R. Aliev, Y. Totskiy, B. Zhuikov, S. Kalmykov, Extraction chromatographic
behavior of actinium and REE on DGA, Ln and TRU resins in nitric acid solutions, J.
Radioanal. Nucl. Chem. 306 (2015) 707-711. doi:10.1007/s10967-015-4331-y), and
quaternary ammonium salts (See, L.R. Morss, N.M. Edelstein, J. Fuger, The Chemistry of the
Actinide and Transactinide Elements, 4th ed., Springer, 2010).

[0155] In some embodiments, HOPO can be used for Zr*" extraction. In some
embodiments, Zr4+-3,4,3-Ll(1,2-HOPO) complexes are stable from 6 M HCI (FIG. 29). In
some embodiments, Zr*"-3,4,3-LI(1,2-HOPO) complexes are stable to pH 11 (FIG. 29).

[0156] In some embodiments, HOPO can be used for Hf'" extraction. In some
embodiments, ot +-3,4,3-Ll(1,2-HOPO) complexes are stable from 6 M HCl. In some
embodiments, rt +-3,4,3-L1(1,2-HOPO) complexes are stable to pH 11.

[0157] In some embodiments, Ti*"-3,4,3-L1(1,2-HOPO) complexes are stable, at
least, from ~6 M HCI (FIG. 30). In some embodiments, Ti4+-3,4,3-Ll(1,2-HOPO) complexes
are stable to ~pH 6 (FIG. 30). In some embodiments, separation of Ti/Zr or Ti/Hf is possible
at pH 6-11 using HOPO.

[0158] In some embodiments, Sn*™-3,4,3-LI(1,2-HOPO) complexes are stable
from ~1 M HCI (FIG. 31). In some embodiments, Sn4+-3,4,3-L1(1,2-HOPO) complexes are
stable to ~pH 8 (FIG. 31). In some embodiments, separation of Sn/Zr or Sn/Hf is possible in
acidic media using HOPO. In some embodiments, separation of Sn/Ti is possible at pH ~7
using HOPO.

[0159] In some embodiments, speciation of M>™ or M*" versus M*" ions is readily
different in the presence of 3,4,3-L1(1,2-HOPO) (FIG. 32). In some embodiments, Ln’",
An’” and UO,*" are released below pH ~1 (FIG. 32).

[0160] In some embodiments, a possible application of 3,4,3-L1(1,2-HOPO) is for

. 4+ - . .
grouped separation of M™ ions versus others ions at low pH. In some embodiments, a
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separation strategy is shown in FIG. 33. Non-limiting examples of applications of the
separation strategy of FIG. 33 include separation of *’Th*" from *’Ac’™ and *’Ra’", Pu*"
from Ln**, An*", TcO4, UO,™, NpO,", Sn** from Pb*, HF* from ""Lu*", Ti*" from Sc¢'™,
and Bk*" from Cf*".

[0161] In some embodiments, 3,4,3-LI(1,2-HOPO) is a chelator that binds M* in
really acidic conditions. The speciation of M*/M’" is readily different under acidic
conditions. Therefore, in some embodiments, 3,4,3-LI(1,2-HOPO) can be used to suppress
the extraction of M*™.

[0162] In some embodiments, selective extraction of M*™ in the presence of 3,4,3-
LI(1,2-HOPO) i1s possible (FIG. 26), for example, with classical REE extractants (e.g.,
HDEHP, CMPO, etc.).

[0163] In some embodiments, based on the results provided in the examples
below, processes can be established for the recovery and/or purification of actinium from a
mixture of actinium, thorium and lanthanides. The starting material is considered to be an
acidic solution since spallation Th target are likely to be dissolved in a mineral acid aqueous
solution.

[0164] In some embodiments, a first strategy would involve extracting solely
actinium in an organic phase using HDEHP while letting the 3,4,3-LI(1,2-HOPO) complexes
of lanthanide(IIT) and thorium(IV) in the aqueous phase (FIG. 24). A pH adjustment to ~3
would be necessary due to the use of HDEHP. The actinium ions would then be back-
extracted by common procedures (contact with HCl or HNOs) and the solvent would be
recycled into the extraction step. The aqueous phase containing Th*™ and Ln"" complexes
could then be neutralized in order to precipitate the Th*” and Ln’" hydroxides and to recycle
3,4,3-LI(1,2-HOPO). The solid material could then be let for decay of the short-lived
isotopes (**’Th and lanthanide fission products) and then reprocessed to make a new **Th
spallation target.

[0165] In some embodiments, another strategy (FIG. 25) would involve of
working directly on the acidic feed solution without pH adjustment. Under highly acidic
conditions, (e.g., 3-7.5 M HNOs), the lanthanide and actinium complexes of 3,4,3-LI(1,2-
HOPO) will not be formed whereas the thorium(IV) complex will be formed. Due to this,

Ac’™ ions could be extracted selectively from Th*™ but the Ln’" ions are also likely to be
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transferred into the organic phase (depending on the acidity and extractant used). In that
case, the process would serve as an actinium recovery method as well as an Ac’"/Th*"
separation step. Further processing of the organic phase can be done in order to do the final
Ac”/Ln’" separation, such as the one described in FIG. 31 or by the mean of a
chromatography column (See, J.T. Harvey, Production of Actinium-225 via High Energy
Proton Induced Spallation of Thorium-232. Final Technical Report DE-SC0003602,
NorthStar Medical Radioisotopes, LLC, https ://world wide web
.osti.gov/scitech/servlets/purl/1032445/).

Additional embodiments

[0166] TABLE 3 gives the formation constants of 3,4,3-LI(1,2-HOPO)

complexes with various metal ions. As provided herein, the high affinity of 3,4,3-LI(1,2-
HOPO) toward Ln®", An"" and An*" ions so that the chelator acts as a hold-back reagent for

these 1ons while letting actinium being transferred into an organic phase.

TABLE 3
Stability constant (Byv, = [ML]/(|M][L])) of different complexes
of the ligand 3,4,3-L1(1,2-HOPO).

Ton Tonic ragius log B
(A.CN=38)
U0,™ / 18.0 0.4
Pb* 1.29 18.0+0.2
cd* 1.10 16.1 0.3
La™ 1.16 16.4 +0.4
Gd™” 1.05 20.5+0.1
Lu’” 0.98 21.240.1
Am®” 1.09 20.4 +0.2
Th*" 1.05 40.1 +0.5
Ac™” 1.12 10-14
Ra*" 1.48 Unknown
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[0167] The chemical interactions between radium ions (Ra’") and the chelator
3,4,3-LI(1,2-HOPO) or its derivatives can be extrapolated from data related to interaction
between 3,4,3-LI(1,2-HOPO) with other metal ions (i.e. Cd2+, Pb2+, U022+, and Sr2+).

[0168] The behavior of Ra*" ions is driven by two phenomena: (1) the ability of
3,4,3-LI(1,2-HOPO) to bind Ra’" ions in the aqueous phase; (2) the ability of the chosen
extractant to transfer non-complexed Ra’” ions into the organic phase.

[0169] The ligand 3,4,3-LI(1,2-HOPO) usually exhibits a lower affinity for
divalent cations compared to trivalent and tetravalent ions (TABLE 3). This ligand is also a
hard donor and has a lower affinity for soft metal ions, as exemplified by the lower stability
of the Cd*" complex when compared to the Pb>" complex (TABLE 3). With their large ionic
radius, Ra’" ions are expected to be weakly bound, or even not bound at all, by 3,4,3-LI(1,2-
HOPO). Thus, the ligand is not expected to hold-back Ra®" ions throughout the pH scale and
especially not in the acidic region where competition with protons can occur. Hence, the
main parameter to take into account for predicting the behavior of radium is the ability of the
extractant to transfer Ra*" ions into the organic phase.

[0170] Ra’ ions do not readily form coordination compounds with organic
chelators. Conversely, the purification of radium is usually done by extracting the other ions
present in the media into the organic phase while letting radium in the aqueous phase. With
the exception of crown ethers that form fairly strong complexes with radium and also
strontium, classical organic extractants, like HDEHP, are not able to extract Ra’" ions.
Considering the process flowsheets proposed in the prior note, radium will most likely not be
extracted and will be separated from actinium. FIG. 34 and FIG. 35 highlight the most likely
behavior of radium ions during the extraction step of the proposed processes. As radium will
end up in the aqueous raffinate, additional steps could eventually be developed for the
selective recovery of radium. For example, selective precipitation of Ra’" using barium
sulfate is a common technique for the selective recovery of radium.

[0171] Another option, would involve storing the aqueous raffinate (containing
thorium, radium and eventually the lanthanide fission products (FIG. 34 and FIG. 35) until
the in-growth of Ac-225 from Ra-225 is deemed adequate and simply perform another
extraction step in order to harvest a second batch of Ac-225. The cycle can eventually be

repeated until the radium parent isotope has completely decayed.
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[0172] In some embodiments, one lets thorium in the aqueous phase instead of
extracting it. Likewise, actinium can be extracted in the proposed process, in some
embodiments.

[0173] When thorium represents the main metal ion present in the spallation
target, the volume of the feed aqueous solution (coming from the dissolution step) will be
dictated by the solubility of the complex formed by 3,4,3-LI(1,2-HOPO) and Th*".

[0174] The solubility of the complex is also expected to vary with the pH value.

[0175] The aqueous solubility of the ligand itself was determined experimentally
as 1 mol/L at room temperature. It has also been observed experimentally that a few
percent’s of dimethylformamide (DMF) or dimethlysulfoxide (DMSO) can increase the
solubility of the ligand and its metal complexes.

[0176] In some embodiments, the dissolution step itself can be performed on a
lower volume and the addition of the ligand and the downstream steps can be performed
independently. A separate dissolution step could allow the use of a higher concentration of
acid and consequently fasten the dissolution of the metallic target.

[0177] In some embodiments, since the process can extract microgram-quantities
of actinium, the subsequent extraction steps can use a low ratio O/A (organic flow/aqueous
flow). This has the advantage of minimizing the volume of actinium-containing solutions
(loaded organic phase) as it concentrates the actinium flow. The downstream process would
therefore require volumes in the range of hundreds of mL.

[0178] Some embodiments for the recovery and purification of actinium starting
from a thorium spallation target is given in FIG. 36. In some embodiments, the actinium
extraction part would use a low ratio O/A as mentioned above. In some embodiments, the
number of stages to obtain a quantitative extraction of actinium can be determined by the
McCabe & Thiele method. In some embodiments, the number of stages is low (1 to 3 stages).
Indeed, experimental results already obtained show very high extraction efficiencies for
actinium due to the low affinity of 3,4,3-LI(1,2-HOPO) for Ac’™ ions. In some
embodiments, only micrograms of actinium need to be extracted, which is favorable for not
saturating the organic phase and, as a consequence, will allow using a low number of
extraction stages and a low O/A ratio. In some embodiments, larger amounts of Ac’™ ions

can be extracted
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[0179] Regarding the back extraction of actinium, since only micrograms
quantities will need to be stripped from the loaded organic phase, a low number of back-
extraction stages 1s expected (1 to 3). The dimensioning of the actinium back-extraction can
also be evaluated by the McCabe & Thiele method in a near future. A high ratio O/A could
potentially be used so that the final Ac-225 purified solution is as concentrated as possible.
Preliminary results show the potential for using a biologically compatible buffer for the

stripping of actinium from HDEHP-based organic solvents.

Extraction aspects

[0180] In some embodiments, the aqueous phase can be made up of water. In
some embodiments, the aqueous phase also includes a HOPO-type chelator, a buffering
agent to control the pH, dissolved inorganic salts or mineral acids (ex: NaNOs;, HNOs;, HCI,
NaCl, H,SO; etc.), and/or solubility improver (a few percent’s of DMF or DMSO).

[0181] In some embodiments, the organic phase can be any organic solution or
solvent, as long as it does not ineffectively dissolve or merge into the aqueous phase. In
some embodiments, the organic phase can also include one or several extractant(s), an inert
diluent (Ex: dodecane, kerosene, TPH, Elixore®, toluene, etc.), and/or a phase modifier in
order to help the phases decant. In some embodiments, the volume ratio (or flows) of the
organic phase and aqueous phase (usually called “O/A”) can be different from 1. In some
embodiments, the organic phase is selected from the group consisting of octanol, dodecanol,
dichloromethane, chloroform, toluene, dimethylformamide, dimethylsulfoxide, octane,
dodecane, kerosene.

[0182] In some embodiments, the aqueous volume is at least 1 mL, e.g., 1-100 or
1-1000 mL. In some embodiments, the aqueous volume is at least 1 L, e.g., 1-10L, 1-100, 1-
1000, 1-10000, 10-10000, 10-100000, or 100-1000000L, or larger volumes. In some
embodiments, the organic volume is at least 1 mL, e.g., 1-100 or 1-1000 mL. In some
embodiments, the organic volume is at least 1 L, e.g., 1-10L, 1-100, 1-1000, 1-10000, 10-
10000, 10-100000, or 100-1000000L, or larger volumes. In some embodiments, the organic
phase is larger than the aqueous phase, e.g., 1.1, 1.5, 2, 5, 10, 20, 100, 1000 fold larger. In

some embodiments, the volumes of the two phases are about the same. In some
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embodiments, the aqueous phase is larger than the organic phase, e.g., 1.1, 1.5, 2, 5, 10, 20,
100, 1000 fold larger.

[0183] In some embodiments, the two phases are mixed at room temperature. In
some embodiments, they are mixed at a temperature of freezing to just below boiling. In
some embodiments, the mixture occurs at 1, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 99 degrees
Celstus.

[0184] In some embodiments, the extraction and/or mixing occurs for as long as
effective or necessary and can be repeated as many times as desired in order to obtain the
purification and/or enrichment desired. In some embodiments, this is for 1-10 minutes, 1-60
minutes, 1 hour or more, e.g., 1, 2, 3,4, 5, 6, 10, 20 or 24 hours, or 1 day or more. In some
embodiments, the extraction mixing can occur 1, 2, 3, 4,5, 6, 7, 8,9, 10 or more times. In
some embodiments, the extraction process (add, agitate, decant) can occur 1 or more times,
eg., 1,2 3,4,5 6,7,8,9, 10 or more times.

[0185] As will be appreciated by one of skill in the art, often the present
disclosure refers to the metal being chelated by the HOPO molecule as the desired metal for
enrichment, isolation, collection. However, each of these embodiments can equally be
applied to the other metal that is separated from the HOPO chelator (into the organic phase)
for various embodiments. Thus, each process disclosed herein regarding a chelator
separation, is envisioned not only as an option for collecting the metal associated with the
chelator (in the aqueous phase) but also as an option for collecting the metal that is separated
therefrom (in the organic phase). This applies for all embodiments provided herein.

[0186] Although this disclosure is in the context of certain embodiments and
examples, those skilled in the art will understand that the present disclosure extends beyond
the specifically disclosed embodiments to other alternative embodiments and/or uses of the
embodiments and obvious modifications and equivalents thereof. In addition, while several
variations of the embodiments have been shown and described in detail, other modifications,
which are within the scope of this disclosure, will be readily apparent to those of skill in the
art based upon this disclosure. It is also contemplated that various combinations or sub-
combinations of the specific features and aspects of the embodiments may be made and still
fall within the scope of the disclosure. It should be understood that various features and

aspects of the disclosed embodiments can be combined with, or substituted for, one another
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in order to form varying modes or embodiments of the disclosure. Thus, it is intended that
the scope of the present disclosure herein disclosed should not be limited by the particular
disclosed embodiments described above. For example, chemical conditions (e.g., acidity,
concentrations, etc.) could be carried to match those of interest for various applications. In
some embodiments, the ligand 3,4,3-LI(1,2-HOPO) could also be immobilized on a solid
support if the chromatographic technique is preferred over the liquid-liquid extraction
methods. Thus, in some embodiments, any extraction process described herein can instead
be performed instead via a solid support and a chromatographic technique. Additionally, one
or more embodiments herein can be combined with any one or more of the other

embodiments herein.

In particular embodiments, chelators can include a number of metal-coordinating atoms that
bond with a metal. The metal-coordinating atoms can bond with metals having cations with a
+1 charge. The metal-coordinating atoms can also bond with metals having cations with a +2
charge. Additionally, the metal-coordinating atoms can bond with metals having cations with
a +3 charge. Further, the metal-coordinating atoms can bond with metals having cations with

a +4 charge. The chelators described herein can, in some cases, include siderophores.

In particular embodiments, the metal-coordinating atoms of the chelators described herein
can be included in one or more functional groups of the chelators. In some examples, the
metal-coordinating atoms of the chelators can be included in one or more catecholate (CAM)
groups. A CAM group can include at least a phenyl ring substituted by hydroxyl groups on
adjacent carbon atoms. According to some illustrative embodiments, a CAM group can

include:

OH

In some embodiments, the metal-coordinating atoms of the chelators can be included in one
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or more hydroxamate (HA) groups. According to some embodiments, a HA group can

include:
o
pd "N

R, OH

where R, can include H or an alkyl group including no greater than 5 carbon atoms. For
example, R, can include a methyl group, an ethyl group, a propyl group, an isopropyl group,
a butyl group, a sec-butyl group, an iso-butyl group, a tert-butyl group, a pentyl group, a tert-
pentyl group, a neopentyl group, or an iso-pentyl group.

In some embodiments, the metal-coordinating atoms of the chelators can be included in one
or more hydroxypyridinone (HOPO) groups. A HOPO group can include a pyridinone ring
substituted by a hydroxyl group on the N atom. In some cases, a HOPO group can include a
1,2-HOPO group. According to some illustrative embodiments, a 1,2-HOPO group can

include:

The metal-coordinating atoms of the chelators can be included in combinations of two or
more of one or more CAM groups, one or more HA groups, or one or more HOPO groups. In
illustrative examples, the metal-coordinating atoms of the chelators can be included in one or
more CAM groups and one or more HA groups. In other illustrative examples, the metal-
coordinating atoms of the chelators can be included in one or more CAM groups and one or
more HOPO groups. In additional illustrative examples, the metal-coordinating atoms of the

chelators can be included in one or more HA groups and one or more HOPO groups. In
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further illustrative examples, the metal-coordinating atoms of the chelators can be included

in one or more HA groups, one or more CAM groups, and one or more HOPO groups.

The chelators can include a number of functional groups having metal-coordinating atoms
with the functional groups being bonded to a linear scaffold or a branched scaffold. The
functional groups and/or substituents described herein may be substituted or unsubstituted.
Substituted functional groups and/or substituents can be substituted by one or more hydroxyl
groups, one or more alkyl groups having no greater than 10 carbon atoms, one or more amine

groups, one or more thiol groups, one or more ester groups, or combinations thereof.

The scaffold can include one or more amine groups. An amine group can include a nitrogen
atom bonded to three substituents. In particular embodiments, an amine group can include a
nitrogen atom bonded at least one carbon atom of substituent. In various embodiments, an
amine group can include a nitrogen atom bonded to at least a first carbon atom of a first
substituent and a second carbon atom of a second substituent. In further embodiments, an
amine group can include a nitrogen atom bonded to a first carbon atom of a first substituent,
a second carbon atom of a second substituent and a third carbon atom of a third substituent.
In certain embodiments, an amine group can include a nitrogen atom bonded to one or more

hydrogen atoms.

In some embodiments, the scaffold can include one or more amide groups. An amide group
can include a nitrogen atom bonded to a carbonyl group and two additional substituents. In
various examples, an amide group can include a nitrogen atom bonded to a carbonyl group
and a carbon atom of a first additional substituent. In other examples, an amide group can
include a nitrogen atom bonded to a carbonyl group and a first carbon atom of a first
additional substituent and a second carbon atom of a second additional substituent. In certain
embodiments, an amine group can include a nitrogen atom bonded to one or more hydrogen

atoms.

In particular embodiments, the scaffold can include one or more amine groups and one or
more amide groups. The scaffold can include one or more carbon-based chains bonded
between amine groups, a carbon-based chain bonded between amide groups, or one or more

carbon-based chains bonded between a combination of one or more amine groups and one or
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more amide groups. The carbon-based chains can include at least one carbon atom, at least 2
carbon atoms, at least 3 carbon atoms, at least 4 carbon atoms, or at least 5 carbon atoms. In
addition, the carbon-based chains can include no greater than 10 carbon atoms, no greater
than 9 carbon atoms, no greater than 8 carbon atoms, no greater than 7 carbon atoms, or no
greater than 6 carbon atoms. In various embodiments, the carbon-based chains can include
from 1 carbon atom to 10 carbon atoms, from 2 carbon atoms to 7 carbon atoms, or from 3
carbon atoms to 6 carbon atoms. In illustrative embodiments, the carbon-based chains can
include alkane chains having carbon-carbon single bonds. In some cases, the carbon-based
chains can include alkene chains having at least one carbon-carbon double bond. The carbon-

based chains can be substituted or unsubstituted.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure I:

;
;

-46-



WO 2018/097871 PCT/US2017/048934

In some examples, Al, A2, A3, and A4 can, individually, include a CAM group, a HOPO
group, or a HA group. Additionally, B1, B2, B3, and B4 can, individually, include an amide
group or an amine group. Further, at least one of C1, C2, C3, C4, CS5, or C6 can, individually,
include NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide.
Also, in various examples, at least another one of C1, C2, C3, C4, C5, or C6 can be optional.
In particular examples, at least one of L1, L2, L3, L4, LS, L6, L7, L8, L9, L10, L11, L12, or
L13 can, individually, include H, an alkyl group having no greater than 10 carbon atoms, an
alkylamino group having no greater than 10 carbon atoms and no greater than 2 nitrogen
atoms; an alkylamido group having no greater than 10 carbon atoms and no greater than 2
nitrogen atoms; an alkyl ether group having no greater than 10 carbon atoms, a hydroxy ester
group, or an alkyl ester group having no greater than 10 carbon atoms. In certain examples,
atleast one of L1, L5, L6, L7, L8, L9, L10, L11, L12, or L13 can be optional.

In illustrative examples, at least another one of L2, L3, or L4, can, individually, include an
amine group or an amide group. In additional illustrative examples, L1, C1, L7, C2, L9, C3,
L11, C4, and L13, C5 can be absent, L5 can include an alkyl group having no greater than 5
carbon atoms, and C6 can include NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne, or azide. In further illustrative examples, L2, L3, L4, L6, L8, L10,
and L12 can, individually, include an alkyl group having no greater than 5 carbon atoms.
Also, Al can include a CAM group or a 1, 2-HOPO group; A2 can include a HA group, A3
can include a HA group, and A4 can include a CAM group, a 1,2-HOPO group, or a HA
group. In other illustrative examples, at least one of L2, L3, or L4 includes an alkylamino or

alkylamido group.

In various illustrative examples, B1, B2, and B3 can, individually, include an amide group
and B4 can include an amino group, L2 and L3 can include an amino group, and L4 can
include an alky group having no greater than 5 carbon atoms. Additionally, C1, C2, C3, C4,
Cs5, L1, Al, A2, A3, L1, L6, L7, L8, L9, L10, L11, L12, and L13 can be absent; A4 can
include a CAM group, a 1,2-HOPO group, or a HA group; and L5 can include an alkyl group

having no greater than 5 carbon atoms.

In certain illustrative examples, B1, B2, and B3 can include an amide group and B4 can
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include an amide group; L2 and L3 can, individually, include an amino group; and L4
includes an alky group having no greater than 5 carbon atoms. Further, C1, C2, C3, C4, CS5,
Al, A2, A3, L1, L6, L7,1L8 19, 1L10,L11, and L13 can be absent, .12 can include an amino
group, L5 can include an ether group having no greater than 10 carbon atoms, and A4 can

include a CAM group, a 1,2-HOPO group, or a HA group.

In particular illustrative examples, C1, C2, C5, C6, L1, L2, L3, L4, L5, L7, L13, B2, and B4
can be absent; B1 and B3 can, individually, include an amide group; L6, L8, L10, and L12
can, individually, include an amino group, Al, A2, A3, and A4 can, individually, include a
CAM group, a 1,2-HOPO group, or a HA group; and L9 and L11 can, individually, include

an alkyl group having no greater than 5 carbon atoms.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure II:

Rs Ry Rs

Ris | | |
N N N N
N
RN N N
R> .

Ri, Ry, Rj3, Ry, and Rs can, individually, include H, an alkyl group having from 1 to 10
carbon atoms, a CAM group, a HA group, or a 1,2-HOPO group. R¢ can include H, an alkyl
group having from 1 to 10 carbon atoms, or an alkyl group having from 1 to 10 carbon atoms
and substituted by at least one of NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne, or azide. m can be from 1 to 6; n can be from 1 to 6; and o can be
from 1 to 6. In particular embodiments, at least one of R;, Ry, R3, Ry, or Rs can, individually,
include a CAM group, a HA group, or a 1,2-HOPO group. In various embodiments, Structure
II can include a linear, spermine-based backbone.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure I1I:
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At least one of Rj, Rs, R4, or Rs can, individually, include a CAM group, a HA group, or a
1,2-HOPO group. Optionally, another one of R;, R3, R4, or Rs can, individually, include H,
OH, or an alkyl group having from 1 to 10 carbon atoms. R, can include H, OH, or an alkyl
group including from 1 to 5 carbon atoms. p can be from O to 4. R; can include NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. In illustrative
embodiments, R; can include a CAM group or a 1,2-HOPO group, R; and R4 can,
individually, include a HA group, and Rs can include a CAM group, a 1,2-HOPO group, or a
HA group.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure IV:

HO
OH

|
O, N
HO Y \R9

/\/\ /\/\/N\/\/N
@] N N A Ry
| @]
R RS\N/KO

OH OH
OH
R5 can include NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. Ry Rg and Ry can, individually, include H, OH, or an alkyl group including from 1 to 5
carbon atoms. p can be from O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure V:
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HO

HO ~N

R7 can include NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. Ry Rg and Ry can, individually, include H, OH, or an alkyl group including from 1 to 5
carbon atoms. p can be from O to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure VI:

HO

HO ~

p Rz

N/\/\N/\/\/Nv\//T\
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N o |

| OH
OH
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R5 can include NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. Ry Rg Ry, and Ry can, individually, include H, OH, or an alkyl group including from 1
to 5 carbon atoms. p can be from O to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure VII:
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R5 can include NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. Ry Rg and Ry can, individually, include H, OH, or an alkyl group including from 1 to 5
carbon atoms. p can be from O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure VIII:
O
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o
R5 can include NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. Ry Rg and Ry can, individually, include H, OH, or an alkyl group including from 1 to 5
carbon atoms. p can be from O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure IX:
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R5 can include NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. Ry Rg Ry, and Ry can, individually, include H, OH, or an alkyl group including from 1
to 5 carbon atoms. p can be from O to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure X:
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In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XI:
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In particular embodiments, compositions can have a branched backbone rather than the
linear, spermine-based backbone of Structures III-XI. In particular embodiments,

compositions that function as chelators for radionuclides can have the following structure,

referred to herein as Structure XI1I:

R4 R13
\N/

N

R12/ r Rz

At least one of Ry, Ry3, Ry3, or Rys, can, individually, include a CAM group, a HA group, or
a 1,2-HOPO group. Optionally, at least another one of Ry, Ry, Ry3, or Rys can, individually,
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include H, OH, or an alkyl group having from 1 to 10 carbon atoms. R;7 can include NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. r can be from 0
to 6. Ry, R4, and Ry can, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms. In illustrative embodiments, R;; can include a CAM group or a 1,2-HOPO
group, Rz and R;s can, individually, include a HA group, and R;3 can include a CAM group,
a 1,2-HOPO group, or a HA group.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XIII:

HG OH

R1q
\N

R, o)

L\\\,///\\\N///\\\\//’N\\\///ﬁ\\\N//JL\\N
AN

Ris Rig
Ris
N
N Vj\
/N r Rz
HO
O

Ry, Ry, Ry, Ry, and Ryg can, individually, include H, OH, or an alkyl group having from 1

HO OH

to 10 carbon atoms. Rj; can include NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne, or azide. r can be from 0O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XIV:
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HO OH

Rig
\N

R

7/ \ |\/\/\/\/\)k
AN

Ris Rig

Ry, Ry, Ry, Ry, and Ryg can, individually, include H, OH, or an alkyl group having from 1

R18

to 10 carbon atoms. Rj; can include NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne, or azide. r can be from 0O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XV:

n OH
e
14
\N \
Rao
R> o]

’L\/\N/\/N\/\NJKN
7 v’ DNon

R16 Rig

Rqg
N
\ M\
o
HO
(o]

Ry, Ris, Ryg, Ris, Rio, and Ry can, individually, include H, OH, or an alkyl group having

HO OH

from 1 to 10 carbon atoms. R;7 can include NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne, or azide. r can be from 0O to 4.

In particular embodiments, compositions that function as chelators for radionuclides can
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have the following structure, referred to herein as Structure XVI:

(]
/OH
Risn N
N
Roo
Ry 0

R R
N 5 16 19
(@] OH R
18 N
\N

/ r Rq7

HO
(@]

Ry, Ris, Ryg, Ris, Rio, and Ry can, individually, include H, OH, or an alkyl group having
from 1 to 10 carbon atoms. R;7 can include NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne, or azide. r can be from 0 to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XVII:

HO O
Ria
\N \ /
R, o)

R R OH
N\ o 16 19
O OH
Ris
N
\N M\R
/ r o7
HO
(@]

Ry, Ry, Ry, Ry, and Ryg can, individually, include H, OH, or an alkyl group having from 1

to 10 carbon atoms. Rj; can include NH,, C(=0)OH, maleimide, dibromo-maleimide,
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isothiocyanate, alkyne, or azide. r can be from 0O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure X VIII:

HO OH

Ry, Ry, Rys, Ris, and Ry can include H, OH, or an alkyl group having from 1 to 10 carbon

atoms. Rj7 can, individually, include NH,, C(=0O)OH, maleimide, dibromo-maleimide,

isothiocyanate, alkyne, or azide. r can be from 0 to 4.

In particular embodiments, compositions can have a backbone that includes a number of
amide groups and a number of amine groups. In some embodiments, the backbone of
compositions that function as chelators for radionuclides can be based on Desferrioxamine B.
In particular embodiments, compositions that function as chelators can have the following

structure, referred to herein as Structure XIX:

i 0 0
R23
AR
(|)H a | b (|)Hd C \R24

Roo

R»; and Ry; can include H, OH, or an alkyl group having from 1 to 10 carbon atoms. Rj3; can
include H, OH, an alkyl group having from 1 to 10 carbon atoms, or (CH;)cR,, where R, is

NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide and e is
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from 1 to 10. Ry4 can include a substituent that includes a CAM group, a 1,2-HOPO group, or
a HA group. Optionally, Rys can include NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne, or azide a, b, and ¢ can include from 1 to 10 and d can include from 1
to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XX:
Ra7

e} o} OH o}
P ! !
Ros T/\/\/\N \/\/\/ T/\/\/\N SR28
OH | e} e} OH

Ras

HO

OH

Rys, Rys, and Ryy can, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms. Ryg can include H, an alkyl group having from 1 to 5 carbon atoms, NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. s can be from O
to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXI:

Ra7
o) o) OH | o)
)k AN )‘\/\"/'L\/\/\/NN AN ﬁ\
Ras 'i‘ N lil N s Ras
OH | o} 0 OH

Rag o=

/Rao
N
Rag \M/O\/_
t 0
HO
HO

Rys, Rys, Ry7 and Ry can, individually, include H, OH, or an alkyl group having from 1 to 10

carbon atoms. Rys and Ryy can, individually, include H, an alkyl group having from 1 to 5
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carbon atoms, NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. s can be from O to 4. t can be from O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXII:

Ro7
0 0 (I)H | 0
)I\ PV aN N\/\/\/N /\/\/\ /H\
Ros Iil N Iil N s Ras
OH | 0 0 OH

Ros o—

) /Rao
Rog \M/O\/—
t ——0
HO
N
/
(0]

Rys, Rys, Ry7 and Ry can, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms. Rys and Ryy can, individually, include H, an alkyl group having from 1 to 5
carbon atoms, NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. s can be from O to 4. t can be from O to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXIII:

Ra7
(6] O OH | O
)k )W'L NN Xg\
Ros N NN ~NUONN N/\/\/\N < Ras
éH | (0] (0] éH
Ros o—

N
R29 MO\/_
t

——0O

R3o
/

HO——N

R31

Rys, Rag, Ra7, R30, and R3; can, individually, include H, OH, or an alkyl group having from 1

to 10 carbon atoms. Rys and Ryg can, individually, include H, an alkyl group having from 1 to
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5 carbon atoms, NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide. s can be from O to 4. t can be from O to 4.
In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXIV:
o]

¢} c|>H Ra7 ¢}
|
)J\ PN N\/\/\/N NN
o | | |
OH Ras ¢} ¢} OH

s Ros
/

Rys, Rys, and Ry; can, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms. Ryg can include H, an alkyl group having from 1 to 5 carbon atoms, NH;,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. s can be from O
to 4.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXV:

R
o o) (l)H | z o)
)I\ /\/\/\ N \/\/\/N /\/\/\
Rog T N T N Res
OH FL 0 0 OH )\ Rey
% ~
(0] N
OH

Rss, Rys, Ry7, and Rs; can, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms. Ryg can include H, an alkyl group having from 1 to 5 carbon atoms, NH;,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. s can be from O
to 4.

In particular embodiments, compositions can have an amide-based backbone. In particular
embodiments, compositions that function as chelators can have the following structure,

referred to herein as Structure XXVI:
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i ) @ R3s
Ras @ (g\ N /i
E'N \C> @ Ras

A, B, C, and D can, individually, include one or more amide groups, one or more amine
groups, or an alkyl group having from 1 to 10 carbon atoms. Rs3;, Ris, Rss, and Rse can,
individually, include a CAM group, a 1,2-HOPO group, or a HA group. g, h, 1, and j can,
individually, be from 1 to 10.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXVII:

oH O OH
OH |
Rag N
R ~
| 38 N WR‘&
v
N 0
O
© N
N
O
O N
Ra7 N Ra4
MJKN/ﬁ‘/ \R39 o
o
OH O OH

R37 and Ry, can, individually, include H, an alkyl group having from 1 to 5 carbon atoms,
NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. Rss, Raio,
Ry, and Ry; can, individually, include H, OH, or an alkyl group having from 1 to 5 carbon
atoms. u and v can, individually, be from O to 5.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXVIII:
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OH

R37 and Ry, can, individually, include H, an alkyl group having from 1 to 5 carbon atoms,
NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. Rss, Rjo,
Ry4p, and Ry; can, individually, include H, OH, or an alkyl group having from 1 to 5 carbon
atoms. u and v can, individually, be from O to 5.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure XXIX:

R37 and Ry, can, individually, include H, an alkyl group having from 1 to 5 carbon atoms,
NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide. Rss, Raio,
Ry4p, and Ry; can, individually, include H, OH, or an alkyl group having from 1 to 5 carbon
atoms. u and v can, individually, be from O to 5.

In particular embodiments, compositions that function as chelators for radionuclides can

have the following structure, referred to herein as Structure L:
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R3 R5
O ) O
t
H
N N N
R1/ WN)J\{\% N - SR,
o ( O o

r ]

R, Ry
wherein: at least one of Rj, Ry, R3, R4, Rs, individually, comprise a CAM group, a HA group,
or a 1,2-HOPO group; at least another one of Ry, Ry, R3, Ry, and Rs, individually, comprise H
or an alkyl group having from 1 to 10 carbon atoms; Rs comprises (i) H, (i1) an alkyl group
having from 1 to 10 carbon atoms, or (ii1) an alkyl group having from 1 to 100 carbon atoms
and no greater than 2 nitrogen atoms, and substituted by at least one of NH,, C(=0)OH,
maleimide, dibromo-maleimide, isothiocyanate, alkyne, amide, fluorescent moiety, or azide;
m can be from 1 to 6; n can be from 1 to 6; o can be from 1 to 6; p can be from 1 to 6; q can
be from 0 to 6; r can be from 1 to 6; s can be from 1 to 6; t can be from 1 to 6.
In some embodiments, the chelator is any one or more of the chelators in any of the figures.
In some embodiments, the chelator has a structure as depicted in FIG. 38E. In some
embodiments, the chelator is made by any one or more of the flow charts provided in the
present figures. In some embodiments, the chelator is a peptoid chelator.

Examples of radioisotopes useful for isolation, collection, enrichment, and/or use
etc. include 225Ac, 26Ac, 28Ac, CAg, ®mAg, PmAg, Ag, 2Ag PAg, 2°Am, 2 Am,
Mam Mam TAr TAs, PAs, PAs, As, As, TAs, 29At, 20At, PTAu, 2Au, PAu,
194 Ay 15 Ay 190y 196 2A 0 18 Ay 198 Ay 1990, 200 4y 128, B3lg, 185 g, 15 R,
0B, TRe, 23pj, 204B; 20B; 206p; 210; 212g; 243pk Bk 5Bk OBk, M$mBk. 2Bk,
Br. "Br, ¥mBr, 2Br, ', C, ¥Ca, YCa, 'Cd, '5Cd, " mCd, mCd, PCe, PmCe,
B4 13506, 13706, BmCe, 19Ce, #1Ce, 43Ce, HCe, 25CF, 270t 25°CF, 4Cf, 2% Cm, 2!
Cm, 2 Cm, 22 Cm, *Co, *°Co, 'Co, **Co, **mCo, ©Co, ¥Cr, 3'Cr, 127Cs, 2°Cs, ¥ Cs, 1¥2Cs,
1360g 197¢s, Sley, ©Cu%Cu, Cu, Dy, 5Dy, Dy, Dy, Dy, %Dy, 1F; IR,

1655, 1694, 171, 1720 2505 251p ., 253p. 254y, 254 2550 256 145 146 147
Er, "Er, ""Er, "“Er, “"Es, " 'Es, “"Es, “'Es, “ mEs, “"Es, “"mEs, “Eu, TEu, 'Eu,
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157 52 59 251 252 253 254 255
Eu, “Fe, “Fe Fm Fm Fm Fm, ““Fm,

> > > > >

Mgy Wy 100EL 2By SRy
%7Em. %Ga, Ga, ©*Ga, Ga, "Ga, *°Gd, Gd, *Gd, "'Gd, 'Gd, '°Gd, ®Ge, “Ge,
Ge, "'Ge, "OHE, 'HE, PHF, PHE, m?Hf, mHf, 'HE, Hf, Hg, “He, “mHeg,
195Hg mHe, “Hg, “'mHg, 2*He, "“mHo, '“Ho, '"Ho, 12T, 1241, 1267, 130 132 1331 135
1097y 10p Vg g Sy gy I84p, 1857 186 I87[ 1887 189 190y, 19025 1927, 193
194 1042 195 R SR TR TR Sl Sy 132, 19, 15p, Mo, M,
262 0 1690 1y 10y Ty 2Ly PmLu, PomLu, Ly, mLy, "Ly, 2Md, 2*Md, 2°Md,
BMa. M, Mo, “mMo, Mo, N, 2Na, *Nb, *'mNb, “mNb, **Nb, *mNb, **Nb, 1**Nd,
139iNd, “ONd, N, *Ni, S'Ni, NG, 234Np, 236mNp’ 238Np’ 239Np, 150, 18205, 8305, $m0s,
18505, ¥m0s, 110s, “'mOs, '"0s, 2P, 3P, 228 pa, 229 P, 20 pa, 22 pa, ¥ pa, 2 pa, 20pp
Wipy, 202 pp Wpp 209p 22py 100pg 10Ipg 103pg 109pg 1 pg 112pg Wpy 148p
M8 0Pm, “Pm, S'Pm, 2o, 2P0, 27po, 210pg, 1y, 142py 143py 145py 188py 189py 191py
19 mPy, 1%Smpt, 97pt, 200y, 202py 2Mpy Bpy M3py 245py Mpy 247py 2R, MR, 2R,
$IRb, ¥Rb, *mRb, *'Rb, ¥Rb, ¥Rb, *'Re, "Re, "mRe, "Re, "Re, "™mRe, *Re, '**Re,
19Re. 1"mRe, Rh, “mRh, '“Rh, “'mRh, ’Rh, 'mRh, '*Rh, 'Rn, 2*Rn, "Ry, ""Ru,
105y, 358 18gp 119G, 120G, 120mgh 12281, 124G, 126gp, 127gh, 128G, 129G 43g¢, S,
#mSc. “Sc, “'Sc, #Sc, 7Se. 7'Se. 7Se, '*Sm, Sm, "°Sn, Sn, "'mSn, "’mSn, 2'Sn,
123G 125G 823Gy 83gy 85gp 899G 9Ig 173p, 175, 16y 17, 180T, 182p, 183y, 184,
M9y, 150, 15Ip 152py, 1S5y 1Sbpp 154y 18420y 1SSy 1S6py 1560 oy 156020y 160
1617, %Te, %Te, “mTe, *Te, “mTe, “mTe, "*Te, "*Te, "’mTe, *'Te, *'mTe, ZmTe,
1251 Te, 17 Te, W'mTe, PmTe, “'mTe, Te, 2'Th, ®'Th, 2*Th, *Ti, 'T1, '*T1, 2°7],
Upp 202y 204py 1Sy 166 167y 1Sy AT0p T2 1T, 230 Bl 27 240(
By TSy ISlyy I8Syy 8Ty I8Syy 12y 125y DTy 19 v Bl Iy 13y
5%, BmY, ¥y, 7Y, ¥my, 8y, 0y, Omy, Oy, 22y, By, oyp 19y 175y, S27n 65z
Y mZn, "'mZn, "*Zn, ¥Zr, 37z, ¥7r, *°Zr, and *’Zr. In some embodiments, the following can
be used/and/or collected and/or isolated and/or enriched: *’Sm, *’Ac, **Th, ***U, 2**U, 2*U,
sy By BTy, B8y, BINp, P8py, 29y, 2Py, 2Py, 24Py, X'Am, 2*Am, 2Cm, 2Cm,

244Cl’1’1 245Cm 246Cl’1’1 247Cl’1’1 248Cm 247Bk 249Bk 249Cf 252Cf
2 2 2 2 2 2 2 2 *

> > > >

>

The term analog (also structural analog or chemical analog) is used to refer to a compound
that is structurally similar to another compound but differs with respect to a certain

component, such as an atom, a functional group, or a substructure. The term derivative refers
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to a compound that is obtained from a similar compound or a precursor compound by a
chemical reaction. As used herein, analogs and derivatives retain the therapeutic
effectiveness of the parent compound (i.e., there is no statistically significant difference in
therapeutic activity according to an imaging assay or assessment of clinical improvement) or

have improved therapeutic effectiveness as defined elsewhere herein.

Exemplary Embodiments.

1. A composition having a structure including:

L7

(5 O,

L6 LI0
@7- LI Bl L2 @ L3 4@7 L4 4@7 L5
L8 Li12
O, O,
L9 LI13

wherein:

(1) Al, A2, A3, and A4, individually, include a CAM group, a 1,2-HOPO group, or a HA

group;
(1) B1, B2, B3, and B4, individually, include an amide group or an amine group;

(111) at least one of C1, C2, C3, C4, C5, or C6, individually, include NH,, C(=O)OH,
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maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide;

(iv) at least another one of C1, C2, C3, C4, CS, or C6 is optional,

(v) at least one of L1, L2, L3, L4, L5, L6, L7, L8, L9, L10, L11, L12, or L13, individually,
include H, an alkyl group having no greater than 10 carbon atoms, an alkylamino group
having no greater than 10 carbon atoms and no greater than 2 nitrogen atoms; an alkylamido
group having no greater than 10 carbon atoms and no greater than 2 nitrogen atoms; an alkyl
ether group having no greater than 10 carbon atoms, a hydroxy ester group, or an alkyl ester
group having no greater than 10 carbon atoms; and

(vi) at least one of L1, LS, L6, L7, L8, L9, L10, L11, L12, or L13 is optional.

2. A composition of embodiment 1, wherein at least another one of L2, L3, or L4,
individually, include an amine group or an amide group.

3. A composition of embodiment 1 or embodiment 2, wherein L1, C1, L7, C2, L9, C3,
L11, C4, and L13, C5 are absent, L5 includes an unsubstituted alkyl group having no
greater than 5 carbon atoms, and C6 includes NH,, C(=0)OH, maleimide, dibromo-
maleimide, isothiocyanate, alkyne, or azide.

4. A composition of embodiment 3, wherein L2, L3, L4, L6, L8, L10, and L12,
individually, include an unsubstituted alkyl group having no greater than 5 carbon
atoms.

5. A composition of embodiment 4, wherein A1l includes a CAM group or a HOPO
group; A2 includes a HA group, A3 includes a HA group, and A4 includes a CAM
group, a HOPO group, or a HA group.

6. A composition of any one of embodiments 1-5, wherein at least one of L2, L3, or L4,
individually, include an alkylamino or alkylamido group.

7. A composition of embodiment 1, wherein B1, B2, and B3, individually, include an
amide group and B4 includes an amino group, L2 and L3 include an amino group,
and L4 includes an alky group having no greater than 5 carbon atoms

8. A composition of embodiment 7, wherein:

C1,C2,C3,C4,C5,L1, A1, A2, A3,L1,L6,L7,1L8,1L9,L10,L11, L12, and L13 are absent,
A4 includes a CAM group, a HOPO group, or a HA group; and
L5 includes an alkyl group having no greater than 5 carbon atoms.

9. A composition of embodiment 1, wherein B1, B2, and B3, individually, include an
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amide group and B4 includes an amide group, L2 and L3, individually, include an
amino group, and L4 includes an alky group having no greater than 5 carbon atoms.

10. A composition of embodiment 9, wherein C1, C2, C3, C4, C5, Al, A2, A3, L1, L6,
L7,L8,L9,L10,L11, and L13 are absent, L12 includes an amino group, L5 includes
an ether group having no greater than 10 carbon atoms, and A4 includes a CAM
group, a HOPO group, or a HA group.

11. A composition of embodiment 1, wherein C1, C2, C5, C6, L1, L2, L3, L4, L5, L7,
L13, B2, and B4 are absent, B1 and B3, individually, include an amide group, L6, L8,
L10, and L12, individually, include an amino group, Al, A2, A3, and A4,
individually, include a CAM group, a HOPO group, or a HA group, L9 and L11,
individually, include an alkyl group having no greater than 5 carbon atoms.

12. A composition, including a structure:

R3 R4 Rs

Ris | | |
N N N N
|Mn M M \Rs
Ry ’

wherein:

at least one of Ry, Ry, R3, Ry, and Rs, individually, include a CAM group, a HA group, or a
1,2-HOPO group;

at least another one of R;, Ry, R;, Ry, and Rs, individually, include H or an alkyl group
having from 1 to 10 carbon atoms;

Rs includes (1) H, (i1) an alkyl group having from 1 to 10 carbon atoms, or (ii1) an alkyl group
having from 1 to 10 carbon atoms and substituted by at least one of NH,, C(=0)OH,
maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide;

m can be from 1 to 6;

n can be from 1 to 6;

o can be from 1 to 6.

13. A composition of embodiment 12, including a structure:
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T4 Rs
Ri /\/\ /\/\/ N\/\/N
~y N R,
| | P
R, Rs
wherein:

at least one of Rj, R3, R4, or Rs Ry, Ry, Rj, Ry, and Rs, individually, include a CAM group, a
HA group, or a 1,2- HOPO group;
optionally, another one of R;, R3, R4, or Rs Ry, Rj, R3, Ry, and Rs, individually, include H or
an alkyl group having from 1 to 10 carbon atoms;
R, includes H or an alkyl group including from 1 to 5 carbon atoms;
Ry includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide; and
p is from O to 4.
14. A composition of embodiment 13, wherein:
R; includes a CAM group or a 1,2-HOPO group;
R; and Ry, individually, include a HA group; and
Rs includes a CAM group, a 1,2-HOPO group, or a HA group.

15. A composition of embodiment 12, including a structure:

HO
OH

|
o N
HO \‘/ SRy

o N/\/\N/\/\/N\/\/NMR7

| /K '
(@]
R
2 Re~n o)

OH OH
OH

wherein:
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Ry includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;

R, Rg and Ry, individually, include H, OH, or an alkyl group including from 1 to 5 carbon
atoms; and

p is from O to 4.

16. A composition of embodiment 12, including a structure:

HO
TH
O N
HO Y \R9
/\/\ /\/\/N\/\/N
N N

N
éH \OH

R7

wherein:

Ry includes NH,, C(=0O)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;

R, Rg and Ry, individually, include H, OH, or an alkyl group including from 1 to 5 carbon
atoms; and

p is from O to 4.

17. A composition of embodiment 12, including a structure:

HO

c|)|-|
HO N\R9

p R

N/\/\N/\/\/N\/\//T\

A
N
R2 RS\N

o |
| OH
OH

O
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wherein:

Ry includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;

Ry, Rg Ry, and Ry, individually, include H, OH, or an alkyl group including from 1 to 5
carbon atoms; and

p is from O to 4.

18. A composition of embodiment 12, including a structure:

(@]
HO
\N | (l)H
O N
\ \Rg
AN /\/\/N\/\/ NM\
o) N N R,
| /K i
(@]
R
2 RS\T O
OH OH
OH ,
wherein:

Ry includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;

R, Rg and Ry, individually, include H, OH, or an alkyl group including from 1 to 5 carbon
atoms; and

p is from O to 4.

19. A composition of embodiment 12, including a structure:
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O
HO
SN OH
| |
O N
X SRy
/\/\ /\/\/N\/\/N
o) N N Ry
| p
R R N S
2 S\T e |
N
OH \OH
O 2
wherein:

R; includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;

R, Rg and Ry, individually, include H, OH, or an alkyl group including from 1 to 5 carbon
atoms; and

p is from O to 4.

20. A composition of embodiment 12, including a structure:

O
HO
| o
\ \R9
/\/\ /\/\/ N \/\/ N
o) N N Ry
| R1g ~ P
R R N 0]
2 8~~N 0 |
| OH
OH ,
wherein:

Ry includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;

Ry, Rg Ry, and Ry, individually, include H, OH, or an alkyl group including from 1 to 5
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carbon atoms; and
p is from O to 4.

21. A composition of embodiment 12, including a structure:
OH
HO

o]
(o} OH
H
N\/\/N\/\/\ /\/\ oH
HO N N
H
OH o]
o]

OH

OH

22. A composition of embodiment 12, including a structure:

Rz Riz

wherein:
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at least one of Ryj, Rys, Rys, or Rys, individually, include a CAM group, a HA group, or a 1,2-
HOPO group;
optionally, at least another one of R;;, Ry2, Ry3, or Rys, individually, include H, OH, or an
alkyl group having from 1 to 10 carbon atoms;
Ry7 includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;
R, Rys, and Ry, individually, include H, OH, or an alkyl group having from 1 to 10 carbon
atoms; and
r can be from O to 6.

24. A composition of embodiment 23, wherein:
Ry includes a CAM group or a 1,2-HOPO group;
Ry, and Rys, individually, include a HA group; and
Ry5 includes a CAM group, a 1,2-HOPO group, or a HA group.

25. A composition of embodiment 23, including a structure:

HO OH

AN

Ris Rig

wherein:
Ry, Ri4, Ris, Rig, and Ry, individually, include H, OH, or an alkyl group having from 1 to 10

carbon atoms;

-73-



WO 2018/097871 PCT/US2017/048934

Ry7 includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide; and
r can be from O to 4.

26. A composition of embodiment 23, including a structure:
HO OH

Riq
\N

R,

7/ \ l\/\/\/\/\)j\
AN

Rig R1g OH

|| R17

Ry, Ri4, Ris, Rig, and Ry, individually, include H, OH, or an alkyl group having from 1 to 10

R18

wherein

carbon atoms;

Ry7 includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide; and

r1s from O to 4.

27. A composition of embodiment 23, including a structure:
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5 R1g Rqg

HO OH

Rqg

N
AN
/N r Rz
HO
O 2

wherein:

Rs, Ri4, Rys, Ris, Ryg, and Ry, individually, include H, OH, or an alkyl group having from 1
to 10 carbon atoms;

Ry7 includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide; and

r can be from O to 4.

28. A composition of embodiment 23, including a structure:
O
/OH
Riq J—I—N
\N \
R2o

Ry

7/ \ l\/\/\/\/\)k
" /\

Rig Rig OH

(@) OH
R18
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wherein:
Rs, Ri4, Rys, Ris, Ryg, and Ry, individually, include H, OH, or an alkyl group having from 1
to 10 carbon atoms;
Ry7 includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide; and
r can be from O to 4.

29. A composition of embodiment 23, including a structure:

HO 0O

O OH R
18 N
\N
/ ' Rq7
HO
O 2
wherein:

Ry, Ri4, Ris, Rig, and Ry, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms;

Ry7 includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide; and

ris from O to 4.

30. A composition of embodiment 23, including a structure:
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ST\ /

R,

/ N\ l\/\/\/\/\)k
SN

— Rig R1g

HO OH
R18

wherein:

Ry, Ri4, Ris, Rig, and Ry, individually, include H, OH, or an alkyl group having from 1 to 10

carbon atoms;

Ry7 includes NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or
azide;

r1s from O to 4.

31. A composition, including a structure:

)K%RMM@/

wherein:

Ry and Ry, individually, include H, OH, or an alkyl group having from 1 to 10 carbon

atoms;

Ry includes H, OH, an alkyl group having from 1 to 10 carbon atoms, or (CH;).R,, where R,

is NH,, C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide;
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R4 includes a substituent having a CAM group, a 1,2-HOPO group, or a HA group;
a, b, and c, individually, are from 1 to 10;
disfrom 1 to 4; and
e is from 1 to 10.
32. A composition of embodiment 31, wherein R,4 includes a substituent having NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide

33. A composition of embodiment 31, including a structure:

R
o} o} (I)H |27 o}
)I\ NN N\/\/\/ N /\/\/\
Ros Iil N Iil N R
OH | O O OH
R2s o

HO

OH

>

wherein:

Rss, Rys, and Ry7, individually, include H, OH, or an alkyl group having from 1 to 10 carbon
atoms;

Rys includes H, an alkyl group having from 1 to 5 carbon atoms, NH,, C(=0)OH, maleimide,
dibromo-maleimide, isothiocyanate, alkyne, or azide; and

s 1s from O to 4.

34. A composition of embodiment 31, including a structure:

Ra7
o} o) (I)H 0
)l\ NN NN AN h\
Ros Iil N Iil N g Ras
OH | o} o} OH

Ros o——=

S
N
N )
HO | N
HO =

>

wherein:
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Rys, Rae, Ry7 and Ry, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms;

Rys and Ry, individually, include H, an alkyl group having from 1 to 5 carbon atoms, NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide;

s 1s from O to 4; and

t1s from O to 4.

35. A composition of embodiment 31, including a structure:

Ra7
(0] (0] (I)H | (0]
)l\ AN NS s N AN h\
R25 'il N 'il N S R28
OH | (0] (0] OH
26 /R30
N
RZQ\M/O\/_
t ——0
HO
\N N
(0]
2
wherein:

Rys, Rae, Ry7 and Ry, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms;

Rys and Ry, individually, include H, an alkyl group having from 1 to 5 carbon atoms, NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, or azide;

s 1s from O to 4; and

t1s from O to 4.

36. A composition of embodiment 31, including a structure:
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R

27
0 0 (I)H | 0
)I\ AN NN AN /ﬁ\
Rys Iil N Iil N s Ras
OH | 0 0 OH
R o—
26 /R3O
N
Rng/o\/_
t —0
HO—N
R3‘I
2
wherein:

Rus, Rag, Ra7. Rao, and Ryy, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms;

Rys and Ry, individually, include H, an alkyl group having from 1 to 5 carbon atoms, NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, or azide;

s 1s from O to 4; and

t1s from O to 4.

37. A composition of embodiment 31, including a structure:

R o)

o o) OH
| I
NN NS NN
= | | |
OH Raos 0 0 OH

s Ros
o =

wherein

Rss, Rys, and Ry7, individually, include H, OH, or an alkyl group having from 1 to 10 carbon
atoms;

Rys includes H, an alkyl group having from 1 to 5 carbon atoms, NH,, C(=0)OH, maleimide,
dibromo-maleimide, isothiocyanate, alkyne, or azide; and

s 1s from O to 4.

38. A composition of embodiment 31, including a structure:

-80-



WO 2018/097871 PCT/US2017/048934

Ra7

(0] (0] (i)H | (0]
)I\ /\/\/\ N \/\/\/ N /\/\/\
Ros Iil N Iil N SR28
OH l (0] (0] OH )\ /R32
26
(0] N

wherein:

Rys, Rys, Ry7, and Rsy, individually, include H, OH, or an alkyl group having from 1 to 10
carbon atoms;

Rys includes H, an alkyl group having from 1 to 5 carbon atoms, NH,, C(=0)OH, maleimide,
dibromo-maleimide, isothiocyanate, alkyne, or azide; and

s 1s from O to 4.

39. A composition, including a structure:

] O

> \9@ AN

N o
R34 o !

wherein:

®

A, B, C, and D, individually, include one or more amide groups, one or more amine groups,
or an alkyl group having from 1 to 10 carbon atoms;

Rs3, Rss, Rss, and Rse, individually, include a CAM group, a 1,2-HOPO group, or a HA
group; and

g, h, 1, and j, individually, are from 1 to 10.

40. A composition of embodiment 39, including a structure:
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O OH
Ra4o N
N
N R4
| v
H O
I N
I o
H |
Raz R4
MJKN \ HO
OH O OH

wherein:

Rs7 and Ry, individually, include H, an alkyl group having from 1 to 5 carbon atoms, NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide;

Rss, R3o, Ryp, and Ry, individually, include H, OH, or an alkyl group having from 1 to 5
carbon atoms; and

u and v, individually, are from O to 5.

41. A composition of embodiment 39, including a structure:

OH 0O OH

|
OH R4o\\ ‘/Jl\\v//N
Rss N
v Ry2

wherein:
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R37 and Ry, individually, include H, an alkyl group having from 1 to 5 carbon atoms, NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide;

Rss, R3o, Ryp, and Ry, individually, include H, OH, or an alkyl group having from 1 to 5
carbon atoms; and

u and v, individually, are from O to 5.

42. A composition of embodiment 39, including a structure:

wherein:
R37 and Ry, individually, include H, an alkyl group having from 1 to 5 carbon atoms, NH,,
C(=0)OH, maleimide, dibromo-maleimide, isothiocyanate, alkyne, or azide;
Rss, R3o, Ryp, and Ry, individually, include H, OH, or an alkyl group having from 1 to 5
carbon atoms; and
u and v, individually, are from O to 5.

43. A method of synthesizing a siderophore using dichlorodiphenylmethane.

44. A method of embodiment 43, wherein a siderophore or siderophore-like ligand is

synthesized according to the following pathway:
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45. A composition of any one of embodiment s1-42, wherein the metal is a radionuclide.
46. A composition of embodiment 53, wherein the radionuclide includes **’Ac, ***Ac,
DA 105Ag mAg 10mAg g 124 Ag PAm. 20 Am 22Am, 2Am,
YAr, As, As, PAs, ™As, As, 7 As, At 20AL T Ay, Au, P Au, MAu, A,
19640 %m2Au, Au PmAu, "Au, mAu, '**Ba, “'Ba, mBa, mBa, “Ba
"Be, 2Bi, MB;, 25B;, 2g;, 210B;. 212B;, 2Bk, 2Bk, 2Bk, 2Bk, **mBk, 2Bk,
Br. 7Br, ®mBr, ®Br, ''C, 1“C, “Ca, ¥'Ca, 'Cd, "5Cd, "med, "mCd, *2Ce,
BmCe, Ce, 55Ce, VCe, P mCe, PCe, “1Ce, Ce, MCe, 25Cf Mt 2CE,
B0p M0 o M om. 2 Cm, 22 Cm, $Co, ¥Co, ¥'Co, ®Co, *mCo, “Co, **Cr, S'Cr,
20g 190g Blog, 120s, 35¢s, ¥cs, Slcy, 2Cu®Cu, “'Cu, 5Dy, Dy, Dy,
159py,, 165y, 166, 160p, 161g, 165p, 109p, 17lg, 172p, 250p, 2Slpg 253pg 2Mpg

254 2550 256 145 146 147 148 149 150 152 156 157
mEs, ““Es, “"mEs, "“Eu, TEu, "'Eu, TEu, TEu, “mEu, “mEu, TEu, "'Eu,

>

2 59w . 251 252 253 254 255 257 66 67 68 72 73
Fe, “Fe, ' Fm, ““Fm, “"Fm, ~"Fm, “"Fm, ~'Fm, Ga, "~'Ga, ~Ga, “Ga, "Ga,

146Gd, 147Gd, 149Gd, ISIGd, 153Gd, 159Gd, 68Ge, 69Ge, 71Ge, 77Ge, 170Hf, 171Hf, 173Hf,
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47.

48.

49.

175Hf, 1791’1’12Hf, 1801’1’le, lngf, 184Hf, 192Hg, 193Hg, 1931’1’1Hg, 195Hg’ 1951’1’1Hg, 197Hg,
1971’1’ng, 203Hg, 1601’1’1H0, 166H0, 167H0, 123L 124L 126L 130L 132L 133L 135L 109111, MOIH,
lllln, 1141’1’1111, IISmIn’ 18411', ISSII', 18611', 18711', 18811', 18911', 19011_’ 1901’1’1211', 19211', 1931’1’111', 19411',
1941’1’1211', 1951’1’111', 42K, 43K, 76KI’, 79KI’, Sll’l’lKI', SSI’I’IKI', 132La, 133La, 135La, 140La, 141La,
262LI’, 169Lu, 170Lu, 171Lu, 172Lu, 174mLu, 176mLu, 177Lu, 177mLu, 179Lu, 257Md, 258Md,
260Md, 28Mg, 52Mn, 9OM0, 931’1’1M0, 99M0, BN, 24Na, 90Nb, 911’1’1Nb, 921’1’1Nb, 95Nb,
951’1’1Nb, 96Nb, 138Nd, 1391’1’1Nd, 140Nd, 147Nd, 56Ni, 57Ni, 66Ni, 234Np, 2361’1’1Np, 238Np,
239Np, 150’ 18205’ 18305’ 1831’1’105, ISSOS, 1891’1’105, 19105’ 1911’1’105, 19305’ 32P, 33P, 228 Pa,
230 Pa 232 Pa 233 Pa, 234 Pa, 200Pb, 201Pb, 202me’ 203Pb, 209Pb, 212Pb, IOOPd’
IOIPd, 103Pd’ 109Pd’ lllde’ llde, 143P1’1’1, 148Pl’1’1, 148um’ 149P1’1’1, lSle’ 204P0, 206P0,
207P0, 210P0, 139Pr 142PI’, 143PI’, 145PI’, 188Pt, 189Pt, 191Pt, 1931’1’1Pt, 1951’1’1Pt, 197Pt, 200Pt,
202Pt, 234Pu, 237Pu, 243Pu, 245Pu, 246Pu, 247Pu, 223Ra, 224Ra, 225Ra, 81Rb, 82Rb, 821’1’1Rb,
83Rb, 84Rb, 86Rb, 181Re’ 182Re, 182mRe, 183Re, 184Re, 184mRe, 186Re, ISSRG, 189Re,
190mRe, 99Rh, 991’1’1Rh, IOORh’ IOImRh, loth, 1031’1’1Rh, lOSRh’ 211Rn, 222Rn, 97Ru, 103Ru,
lOSRu’ 358, llSme’ 119Sb, 12OSb’ lzome, 122Sb’ 124Sb, 126Sb, 127Sb, 12SSb’ 129Sb, 4SSC,
44SC, 441’1’180, 46SC, 47SC, 4880, 7286, 7386, 7586, 15381’1’1, 15681’1’1, llosn’ 113Sn’ 1171’1’1811,
119msn’ 12lsn’ 123Sn’ 12SSn’ 828r, 83SI', SSSI', 89SI', 9ISI', 173Ta, 175Ta, 176Ta, 177Ta, 180Ta’
182Ta, 183Ta, 184Ta, 149Tb, ISOTb’ ISITb, 152Tb, 153Tb, 154Tb, 154me’ 1541’1’12Tb, ISSTb,
156Tb, 156me’ 1561’1’12Tb, 160Tb, 161Tb, 94TC, 95TC, 951’1’1TC, 96TC, 971’1’1TC, 991’1’1TC, 118Te’
119Te’ 119mTe, llee, l2lmTe’ 123mTe, 1251’1’1Te, 127Te, 127mTe, 129mTe, mmTe, 132Te,
227Th, 231Th, 234Th, 45Ti, 198T1, 199T1, 200T1, 201T1, 202T1, 204T1, 165T1’1’1, 166T1’1’1, 167T1’1’1,
168Tl’1’1, 170Tl’1’1, 172Tl’1’1, 173T1’1’1, 230U, 231U, 237U, 240U, 48V, 178W, ISIW’ ISSW’ 187W, ISSW’
122X6, 125X6, 127X6, 1291’1’1X6, 1311’1’1X6, 133X6, 1331’1’1X6, 135X6, 851’1’1Y, 86Y, 87Y, 871’1’1Y, 88Y,
90Y, 901’1’1Y, 91Y, 92Y, 93Y, 166Yb, 169Yb, 175Yb, 62211, 6SZIl, 691’1’1211, 71mZn, 72211, 86ZI’,

87, ¥7r, °Zr, and/or 7 Zr.

229
Pa

> > >

>

A composition of embodiment 46, wherein the radionuclide includes 2y, ¥Cu, 2B,
2N2g; 186Re 670y 2y, 20Bi, Ly, ®Re, and/or ©'Ga.

A composition of embodiment 46, wherein the radionuclide includes 71, P Ac,
and/or *"Th.

A composition of any one of embodiments 1-42, wherein the metal includes a

daughter isotope of a radionuclide.
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50. A composition of embodiment 49, wherein the daughter isotope of the radionuclide
includes Y, 0, 2'Fr, P*Bi, and/or **Pb.

51. A composition, comprising a structure:

R3 R5
) (
(@] (@]
t
H
/N )L(\/)/N )L,\/,/N
R; m >N n 0N p q Rs
(@] (@] (@]
(7 (7,
R, R,

wherein:

at least one of Ry, Ry, R3, Ry, Rs, individually, comprise a CAM group, a HA group, or a 1,2-
HOPO group;

at least another one of R;, Ry, Rs, R4, and Rs, individually, comprise H or an alkyl group
having from 1 to 10 carbon atoms;

Rs comprises (1) H, (i1) an alkyl group having from 1 to 10 carbon atoms, or (ii1) an alkyl
group having from 1 to 100 carbon atoms and no greater than 2 nitrogen atoms,and
substituted by at least one of NH,, C(=0)OH, maleimide, dibromo-maleimide,
isothiocyanate, alkyne amide or fluorescent moiety or azide;

m can be from 1 to 6;

n can be from 1 to 6;

o can be from 1 to 6;

p can be from 1 to 6;

q can be from O to 6;

r can be from 1 to 6;

s can be from 1 to 6; and

t can be from 1 to 6.
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In some embodiments, the chelator 3,4,3-LI(1,2-HOPQO) is an octadentate, tetraprotic
compound including 4 bidentate 1,2-HOPO metal binding units attached onto a spermine
(“3,4,3-LI") scaffold, which was recently modified to enable monoclonal antibody
attachment and form a bioconjugate chelator that displayed great properties for positron
emission tomography (PET) when bound to **Zr (Deri, et al., Bioconjugate Chemistry, 2015,
26 (12): 2579-2591; Deri, et al., J. Med. Chem., 2014, 57 (11): 4849-4860). Methyl 2,3-
dihydroxybenzoate (2). A stirred suspension of 1 (8.06 g, 52.3 mmol) in 100 mL of MeOH
was treated with 2.00 ml of concentrated sulfuric acid. The suspension warmed and clarified
2 minutes after the addition. The reaction was equipped with a reflux condenser and was
heated to 65°C overnight. The next morning the conversion was verified by LC-MS and the
volatiles were removed under reduced pressure. The crude was partitioned between H,O
(100 mL) and ethyl acetate (100 mL) and the aqueous layer was extracted with ethyl acetate
(3x50 mL). The organic extracts were combined, dried over MgSQO,, and concentrated under
reduced pressure. The crude was passed through a plug of silica using 10% ethyl acetate in
hexanes as eluent. The eluent was concentrated under reduced pressure and dried under high
vacuum for 2 hours to yield 2 (7.66 g, 45.6 mmol, 88%) as a white solid, the spectral
properties of which matched previous reports (Weitl, et al., J. Am. Chem. Soc., 1980, 102 (7):
2289-2293).

Methyl 2,2-diphenylbenzo[d][1,3]dioxole-4-carboxylate (3). Precursor 2 (5.00 g, 29.7 mmol)
was mixed with dichlorodiphenylmethane (8.56 mL, 44.6 mol) under an argon atmosphere;
the resulting suspension was stirred and heated to 160°C for 1 hour. The mixture was
allowed to cool to room temperature and was diluted with 100 mL of ethyl acetate. The
solution was washed with sat. NaHCO; (30 mL), brine (30 mL), dried over MgSQy, and then
concentrated under reduced pressure. The ensuing greyish oil was dissolved in 30 mL of hot
MeOH (65°C) and was slowly cooled to 5°C, which resulted in the formation of white
crystals. The crystals were a mixture of 3 and benzophenone that could not be easily

separated; the crude product was used as is for the subsequent step.

2,2-diphenylbenzo[d][1,3]dioxole-4-carboxylic acid (4). The mixture from the previous step
was dissolved in 100 mL of THF and was treated with 100 mL of 0.9 M LiOH. The emulsion

was rapidly stirred and heated to reflux for 5 hours. Conversion was verified by LC-MS and
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the reaction was cooled to room temperature. The solution was neutralized with 10% v/v
aqueous acetic acid and was extracted with ethyl acetate (3x50 mL). The organic extracts
were combined, dried over MgSQ4, and concentrated under reduced pressure. The crude was
chromatographed using 25% ethyl acetate in hexanes as eluent. Volatiles were then removed
under reduced pressure followed by high vacuum to yield 4 (7.6 g, 24.06 mmol, 81% over 2
steps) as a white solid, the spectral properties of which matched previous reports (Weitl, et

al., J. Am. Chem. Soc., 1980, 102 (7): 2289-2293).

3,4,3-LI(2,2-diphenylbenzo[d][1,3]-2,3-catecholamide) (5). Precursor 4 (746 mg, 2.33 mmol)
was suspended in 10 mL of dry toluene under an argon atmosphere and was treated with
oxalyl chloride (220 uL, 2.55 mmol). Catalytic N,N-dimethylformamide was added and the
suspension was heated to 40°C. The solution was stirred until the evolution of gas ceased and
was concentrated on the manifold vacuum at the same temperature. The resulting brown oil
was dissolved in 10 mL of dry THF. In a separate container a solution of spermine (118 mg,
0.583 mmol), triethylamine (356 puL, 2.56 mmol), and THF (5 mL) was prepared. The
solutions were combined and heated to 50°C overnight in a sealed flask. The following day
the reaction was filtered and concentrated under reduced pressure. The resulting crude oil
was chromatographed using 3% MeOH in CH,Cl, as eluent. The volatiles were then
removed under reduced pressure and dried under vacuum, yielding 5 as a white foam (641
mg, 0.457 mmol, 78 % yield). '"H NMR (300 MHz, CDCl;) & 7.88 (1H, t, J = 5.7 Hz), 7.66-
7.76 (6H, br t), 7.60 (1H, br s), 7.57 (1H, br s), 7.43-7.53 (10H, br s), 7.33-7.40 (4H, br s),
7.19-7.31 (20H, brs), 7.01 (2H, d, J = 7.6 Hz), 6.91 (4H, dd, J = 12.1 Hz, 8.0 Hz), 6.80 (2H,
br s), 6.72 (2H, br s), 3.85 (4H, br s), 3.43 (2H br s), 3.21 (2H, br s), 3.06 (1H, br s), 2.96
(1H, br s), 2.80 (2H, br s), 1.81 (4H, br s), 1.54 (1H, br s), 1.43 (1H, br s), 1.19 (1H, br s),
0.89 (2H, br s). >C NMR (75 MHz, CDCLs) § 167.5, 163.7, 147.3, 147.1, 145.0, 142.8,
139.7, 139.4, 138.9, 129.7, 129.2, 128.4, 128 3, 126.4, 126.3, 126.1, 126.0, 122.3, 1222,
121.7,120.4,118.4,118.1,116.0, 111.8,111.4, 111.3, 109.4, 47.9, 41.8, 36.5, 27.9, 25.5.

3,4.3-LI(CAM) (6). The protected chelator 5 (411 mg, 0.293 mmol) was dissolved in a
mixture of 5 mL acetic acid, 0.5 mL H,0, and 0.1 mL concentrated HCL. The solution was
stirred in a sealed container at 60°C overnight. The next day the conversion was confirmed

by LC-MS and the volatiles were removed under vacuum. A portion of the crude was
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purified using reverse-phase prep-HPLC using at 10—50% MeOH in H,O + 0.1 %
trifluoroacetic acid as eluent. The solvent was removed on a Genevac centrifugal evaporator
followed by lyophilization of residual H,O. 6 was obtained as a pure white powder (90%
yield). 'H NMR (600 MHz, DMSO-dg) & 12.82 (1H, br s), 12.69 (1H, br s), 9.52 (2H, br s),
9.11 (2H, br s), 8.78 (1H, br s), 8.60 (3H, brs), 7.26 (1H, br s), 7.12 (1H, br s), 6.90 (2H, br
s), 6.77 (1H, br s), 6.66 (4H, br s), 6.56 (2H, br s), 6.44 (1H, br s), 2.88-3.52 (12H,
overlapping aliphatic signals), 1.16-1.83 (8H, overlapping aliphatic signals); *C NMR (125
MHz, MeOD-dy) § 172.9, 171.5, 150.4, 147.3, 146.6, 125.6, 125.4, 121.0, 119.6, 119.1,
118.8, 118.6, 116.9, 116.6, 47.7, 44.9, 43.2, 37.8, 37.5, 29.3, 28.2, 26.5, 25.5. MS-ESI (m/z)
[M + H] Caled for CssH4sN4Oyy, 747.2878; found 747.2922 and [M — H] Calcd. for
C3sHa1N4O1,, 745.2721; found 745.2774.

Another pathway for synthesizing a chelator that includes a carboxyl group for binding with

another compound, such as a protein or a dye, can include:
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Metal, Chelator Solutions. The trivalent lanthanide Ln(Ill) working stock solutions were
prepared in standardized 0.1 M HCIl. A Zr(IV) stock solution was prepared by dissolving
ZrCly in 3.0 M H,SOQy, to prevent hydrolysis. The metal salt ZrCly was handled and stored in
a glovebox kept under inert atmosphere. The Zr(IV) stock solution was standardized against
EDTA, with xylene orange as the indicator (Welcher, F. J. The analytical uses of
ethylenediamine tetraacetic acid;, 1958). A Th(IV) stock solution was prepared in 0.1 M
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H,S0,4. Stock solutions (4 mM) of Ent, and 3,4,3-LI(CAM) were prepared by direct
dissolution of a weighed portion of chelator in DMSO and aliquots were removed prior to

each set of experiments.

Solution Thermodynamics. All titrant solutions were degassed by boiling for 1 h while being
purged under Ar. Carbonate-free 0.1 M KOH was prepared from concentrate (J.T Baker
Dilut-It) and was standardized by titrating against 0.1 M potassium hydrogen phthalate
(99.95%, Sigma Aldrich). Solutions of 0.1 M HCl were similarly prepared and were
standardized by titrating against TRIS (99.9%, J.T. Baker). The glass electrode (Metrohm -
Micro Combi - response to [H+]) used for the pH measurements was calibrated at 25.0°C and
at an ionic strength of 0.1 M (KCI) before each potentiometric or spectrophotometric
titration. The calibration data were analyzed using the program GLEE (Gans & O’Sullivan,
Talanta, 2000, 51 (1): 33-37) to refine for the E° and slope. All thermodynamic
measurements were conducted at 25.0°C, in 0.1 M KCI supporting electrolyte under positive
Ar gas pressure. The automated titration system was controlled by an 867 pH Module
(Metrohm). Two-milliliter Dosino 800 burets (Metrohm) dosed the titrant (0.1 M KOH or 0.1
M HCI) into the thermostated titration vessel (5—90 mL). UV—visible spectra were acquired
with an Ocean Optics USB4000-UV—vis spectrometer equipped with a TP-300 dip probe
(Ocean Optics; path length of 10 mm), fiber optics and a DH-2000 light source (deuterium
and halogen lamps). The fully automated titration system and the UV-vis spectrophotometer

were coordinated by LBNL titration system, a computer program developed in house.

Incremental Spectrophotometric Titrations. This method was used to determine the
protonation constants of 3,4,3-LI(CAM) as well as the stability constants of its complexes
formed with Eu(Ill), Zr(IV) and **Th(IV). The experimental titration setup is similar to
previously described systems (Sturzbecher-Hoehne, et al., Radiochimica Acta., 2013, 101
(6): 359-360). For the 3,4,3-LI(CAM) protonation (and Eu(Il)-3,4,3-LI(CAM) complexes),
titrations were performed with an initial concentration of 50 uM of 3,4,3-LI(CAM) (and 50
uM of Eu(Ill)) resulting in absorbance values included between O and 1.0 throughout the
titration. Typically, 9 mL of a sample containing 3,4,3-LI(CAM) (and Eu(IIl)) and the
supporting electrolyte (KCI/HCI) were incrementally perturbed by addition of 0.025 mL of
carbonate-free 0.1 M KOH followed by a time delay of 80 s. Buffering of the solution was
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ensured by the addition of 10 mM of HEPES, 10 mM of CHES and 10 mM of MES.
Between 130 and 250 data points were collected per titration, each data point including a pH
measurement and a UV-Vis spectrum (250-450 nm) over the pH range 1.5 to 12.0. All
spectra were corrected for dilution before data fitting. The entire procedure (electrode
calibrate, titration and data treatment) was performed independently five times for the
protonation constants and four times for the Eu(IIl)-3,4,3-LI(CAM) complexes. For the
Zr(IV) and Th(IV) complexes, titrations were performed similarly but in the presence of
DTPA to avoid the formation of metal hydroxides at low pH, before the uptake by 3,4,3-
LI(CAM). For each metal, three titrations were performed independently in the presence of
1.1 to 40 equivalents of DTPA. Examples of titrations are displayed in the Supporting

Information.

Data Treatment. Thermodynamic constants and spectral deconvolution were refined using
the nonlinear least-squares fitting program HypSpec (Gans, et al., Talanta, 1996, 43 (10):
1739-1753). All equilibrium constants were defined as cumulative formation constants, Bmmn
according to Equation (1), where the metal and chelator are designated as M and L,
respectively. All metal and chelator concentrations were held at estimated values determined
from the volume of standardized stock solutions. All species formed with 3,4,3-LI(CAM)
were considered to have significant absorbance to be observed in the UV-vis spectra and
were therefore included in the refinement process. The refinements of the overall formation
constants B included in each case with previously determined chelator protonation constants
and the metal hydrolysis products, whose equilibrium constants were fixed to the literature
values (Smith, et al., NIST standard reference database 46. NIST Critically selected stability
constants of metal complexes database ver 2004, 2) The speciation diagrams were calculated
using the modeling program Hyss (Alderighi, et al., Coordination Chemistry Reviews, 1999,
184 (1): 311-318). Errors on log B and pK, values presented in this Example correspond to
the standard deviation observed over the n replicates (n = 3 to 5) of the entire procedure

(electrode calibrate, titration and data treatment).

mM-+L+hH = [My, Ly Hy 1; Buun={Mu Li Hy 1(M]™ [L]'[H]")
3,4,3-LI(CAM) was synthesized from readily available building blocks. The new preparation

moves away from using harsh reaction conditions by using the protected diphenylmethylene
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acetal derivative (5), which greatly simplifies purification of the final product.

Affinity of 3,4,3-LI(CAM) Toward 3+ and 4+ Metals. A comprehensive solution
thermodynamic analysis was performed to characterize the affinity of 3,4,3-LI(CAM) for
trivalent and tetravalent metals and the effect of substituting 1,2-HOPO for CAM binding
units on the octadentate spermine scaffold. The protonation constants of 3,4,3-LI(CAM)
were determined by spectrophotometric titrations, and eight protonation equilibria were
assigned to sequential removal of two protons from each of the four CAM units. Previous
studies of Ent and other CAM-containing synthetic analogs established that the protonation
constants (pKa1-pKa4) of the meta-hydroxyl oxygen atoms are well separated from the ortho-
hydroxyl oxygen atoms (pK,s-pKas) (Loomis & Raymond, Inorganic Chemistry, 1991, 30
(5): 906-911). The last four pK, values are most relevant to metal binding as moieties
corresponding to these values have to be deprotonated at physiological pH in order to bind
the metal ions. The overall acidity of 3,4,3-LI(CAM) can be defined as Y pK,s.s = 45.4 versus
3,4,3-LI(1,2-HOPO)’s 21.2 (Abergel, et al., Inorganic chemistry 2009, 48 (23). 10868-
10870) with lower values representing higher acidity. 3,4,3-LI(CAM) is therefore less prone
to bind hard Lewis acids at low pH than its 1,2-HOPO analog, due to competition between
metal uptake and protonation of the CAM moieties.

Incremental spectrophotometric titrations were then carried out to determine the formation of
Eu™ 7" or Th"Y complexes with 3,4,3-LI(CAM). Because of the very short half-life of

11T

3 Ac and the scarce availability of the longer-lived *’Ac, Eu"" was used here as a non-

radioactive Ln surrogate for Ac'™. Based on previous solution thermodynamic studies of Ln™
complexes of 3,4,3-LI(1,2-HOPO) and other common polyaminocarboxylate chelators,15 it
is reasonable to expect similar stability constants for Eu™ and Ac™ complexes of 3,4,3-
LI(CAM). The CAM octadentate chelator showed a very high affinity for both 3+ and 4+
ions. The stability constants of [Eu-3,4,3-LI(CAM)]”, [Th-3,4,3-LI(CAM)]* and [Zr-3,4,3-
LI(CAM)]4' are several orders of magnitude higher than those of their 1,2-HOPO
counterparts, with log 110 values of 29.7, 47.7 and 57.3, respectively. Consequently, 3,4,3-
LI(CAM) is one of the strongest chelators ever reported for the chelation of both trivalent

and tetravalent f-elements. For comparison, a cyclic octadentate terephthalamide derivative

was recently designed to bind Th4+ in vivo and showed an unprecedented affinity for Th4+
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with a log 110 (ThL4-) value of 53.7 (Pham, et al., J. Am. Chem. Soc., 2014, 136 (25):
9106-9115). To inspect the pH dependency of metal complex formation, speciation diagrams
were calculated for 3,4,3-LI(CAM) in the presence of 1 equivalent of Eu(Ill), Zr(IV) or
Th(IV). Both Zr(IV) and Th(IV) complexes start forming at around pH 3, with the mono and
fully deprotonated species, [MIVLH]'" and [MIVL]", being predominant at physiological pH
(7.4). This behavior departs from that of 3,4,3-LI(1,2-HOPO), with which 4+ metal
complexes are formed even under very acidic conditions (pH < 0) (Deblonde, et al.,
Inorganic chemistry, 2013, 52 (15); 8805-8811; Sturzbecher-Hoehne, et al., Inorganic
chemistry, 2015, 54 (7). 3462-3468). For Eu(Ill), complexation by 3,4,3-LI(CAM) starts at
pH 5 and the mono-protonated complex, [Eu""LH]", is the only species present at pH 7.4.
Similar to what is observed with 4+ metals, the pH at which Eu(Ill)-3,4,3-LI(CAM)
complexes start forming is higher than in the case of Eu(Ill)-3,4,3-LI(1,2-HOPO) species
that already appear at pH 1 under those same conditions (Abergel, et al., Inorganic
chemistry, 2009, 48 (23): 10868-10870). Additional embodiments of various chelators are
shown in FIG. 38A, which depicts an embodiment of a general peptoid synthesis.
Submonomer units are generally depicted as “R” group, and can be metal chelating units
substituted with an available primary amine. These submonomer units can be used to prepare
the peptoids on Rink Amide resin employing standard coupling chemistry. An unlimited
number of submonomer units can be added, with each submonomer unit providing 1, 2, 3, or
more metal chelating atoms such as oxygen, nitrogen, or sulfur donors. Peptoid structures
formed with one, two, three, four, or five submonomer CAM- or HOPO-based units will
result in bidentate, tetradentate, hexadentate, Octadentate, or pentadentate ligands. Unless
noted otherwise, all synthetic aspects may be carried out in fritted polypropylene syringes,
which allowed for recovery of submonomer for re-use. Synthesis can include: 1. Adding
100-150 mg of Rink amide resin to a fritted syringe. Swelling the resin by adding 2 mL of
DMF and rock for 30 minutes. Ejecting the solution to isolate the swelled resin. 2.
Adding 1 mL of 20 % 4-methylpiperidine in DMF (v/v) to deprotect the Fmoc
group. Agitating for 2 minutes, draining, and repeating for 12 minutes. 3. Rinsing the resin
with DMF (2 mL, 5 times for 1 minute). 4. Bromoacetylation. Premixing 0.8 M bromoacetic
acid in DMF with 0.8 M N,N-diisopropylcarbodiimide (DIC), 2 mL total solution with 0.4 M

of each reagent. Drawing the solution into the syringe, agitating for 5 minutes, and rinsing (2
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mL DMF 5x1 minute). 5. Displacement. Drawing in 1.5 mL of submonomer solution (0.2 M
in DMF), agitating for 1 hour at 45 °C, then rinsing (DMF 5x1 minute). 6. Repeating
bromoacetylation and displacement until synthesis is finished. Washing with DCM (2 mL
3x1 minute) after last DMF wash and drying resin by pulling the plunger out and applying a

gentle vacuum onto the syringe needle.

FIG. 38B depicts an embodiment of a general peptoid synthesis, where only one same
submonomer unit is used throughout four coupling steps. The submonomer unit comprises a
1,2-HOPO chelating functionality linked to a primary amine through an ethylene bridge to
allow for coupling to the peptoid scaffold. The resulting peptoid ligand is octadentate, with
four HOPO chelating units available for metal binding. In some embodiments, different
units can be added for different functionality, such as to allow cross-linking or other
functions.

FIG. 38C depicts an embodiment of a general peptoid synthesis where two different
submonomer units are used throughout four coupling steps. The submonomer units comprise
either a 1,2-HOPO or CAM chelating functionality linked to a primary amine through an
ethylene bridge to allow for coupling to the peptoid scaffold. The combinatorial nature of
peptoid synthesis provides a unique opportunity to control binding moiety sequence. The
modularity of the scaffold allows for the preparation of up to 16 possible tetrapeptoid,
octadentate ligands, with zero, one, two, three, or four HOPO or CAM chelating units
available for metal binding. “H” and “C” are defined in FIG. 38D. The option of this

approach allows for the generation of a wide variety of resulting chelators.

FIG. 38D depicts an embodiment of a general peptoid synthesis, where two different
submonomer units are each used throughout two coupling steps. The submonomer units can
comprise a 1,2-HOPO or CAM chelating functionality linked to a primary amine through an
ethylene bridge to allow for coupling to the peptoid scaffold. The particular embodiment
depicts the “CHHC” peptoid ligand, which incorporates directionally from the rink amide
resin a CAM, two HOPO, and a CAM chelating units available for metal binding.

FIG. 38E depicts an embodiment of the 16 products obtained from a general peptoid
synthesis, where two different submonomer units are used throughout four coupling steps.

The submonomer units comprise a 1,2-HOPO or CAM chelating functionality linked to a
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primary amine through an ethylene bridge to allow for coupling to the peptoid scaffold. The
modularity of the scaffold allows for the preparation of up to 16 possible tetrapeptoid,
octadentate ligands, with zero, one, two, three, or four HOPO or CAM chelating units

available for metal binding.

FIG. 38F depicts an embodiment of an organic fluorophore, FITC, that can be used as a
fluorescent tag. The tag, similarly to the majority of well-characterized commercially-
available fluorophores, can be incorporated onto the peptoid structures through standard
amine coupling conditions, using its available primary-amine-reactive isothiocyanate

functionality.

FIG. 39A depicts an embodiment of a conjugation pathway for attachment to biologically-
relevant targeting molecules, solid resins, or nanoparticles, that contain thiol reactive sites
(such as those in cysteine residues). A maleimide or dibromo-maleimide functionality can be
attached to the peptoid ligands through standard amide coupling conditions as a subsequent
step following the addition of the last chelating submonomer. This embodiment specifically
depicts the functionalization of the available peptoid secondary amine by a carboxylic group
linked to maleimide or di-bromomaleimide groups through an alkyl chain. In this case, the

alkyl chain comprises 5 carbons, but its length can vary from 2 to 10 carbon atoms.

FIG. 39B depicts an embodiment of conjugation pathways that use click chemistry methods
for attachment to biologically-relevant targeting molecules, solid resins, or nanoparticles. A
functionality comprising of isothiocyanate, azide, or alkyne, can be attached to the peptoid
ligands through standard amide coupling conditions as a subsequent step following the
addition of the last chelating submonomer. This embodiment specifically depicts the addition
of an available peptoid primary amine linked to the scaffold through an alkyl chain and its
subsequent reaction to form the isothiocyanate, azide, or alkyne moiety. In this case, the

alkyl chain comprises 5 carbons, but its length can vary from 2 to 10 carbon atoms.

FIG. 40A depicts reaction schemes for the conjugation of maleimide- or dibromomaleimide-
substituted peptoids to the disulfide bridges available on antibodies. Reduction of the
disulfide bridges results in the formation of thiol functionalities on the targeting antibodies,

which then readily react with the substituted peptoid.
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FIG. 40B depicts the reaction schemes for the conjugation of isothiocyanate- or azide-

substitued peptoids to antibody substitutions sites through standard click chemistry methods.

FIG. 40C depicts some embodiments of a fluorescent tag incorporation. A fluorophore can be
attached to the peptoid ligands through standard amide coupling conditions as a subsequent
step following the addition of the last chelating submonomer. This embodiment specifically
depicts the functionalization of the peptoid through additional bromoacetylation and
displacement steps with the FITC fluorophore that is substituted with a primary amine
through an alkyl chain. In this case, the alkyl chain comprises 2 carbons, but its length can

vary from 2 to 10 carbon atoms. Any fluorophore can be used in some embodiments.
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EXAMPLES
[0187] The following examples are non-limiting and other exemplary variants as

contemplated by one of ordinary skill in the art are acceptable.

Example 1
[0188] HDEHP was 95 % pure and received from Merck and dissolved in

kerosene to form an organic stock solution of 0.5 M HDEHP. Sodium nitrate (99 %) was
purchased from Alfa Aesar and dissolved in Milli-Q water to form a stock of 5.168 M.
Gd(IIT) chloride hexahydrate was purchased from Aldrich at a purity of 99.999 % and
dissolved in 0.1 M nitric acid to for a 5.0 mM stock solution. Nitric acid was purchased from
BDH at 70 % concentration. Racemic sodium lactate was purchased from Sigma Aldrich ata
purity of 99 %. Stock solutions of DTPA (98 %, Tokyo Chemical Industry) were made by
dissolving the solid acid in water and adjusting the pH to 5.4 by 37 % NaOH. 3,4,3-LI(1,2-
HOPO) was prepared by Synthetech, Inc using previously reported proceduresii, 12. The
HOPO monomer, 98 % pure and purchased from Tokyo Chemical Industry, was dissolved in
Milli-Q water. One mCi of 225-Ac(NOs)s3 dissolved in 50 pL of 50 mM HCI was received
from Oak Ridge National Lab at a purity of 99 %. 326.85 uCi of Gd-153 was received from
Oak Ridge National Laboratory and dissolved in 1.0 M HCl. CmCl3 used for the experiments
was 95.78 % 248-Cm, 4.12 % 246-Cm, 0.06 % Cm-245, 0.02% Cm-244/Cm-247 by isotopic
distribution.

[0189] All liquid-liquid extractions were conducted using a 1:1 organic to
aqueous phase ratio for a total volume of 1 mL. Samples were pH adjusted by HNO3 and
prepared for a final concentration of 1.0 M sodium lactate, 40 mM of hold-back reagent (160
mM in the case of the HOPO monomer), and 2.0 M Na*. The concentration of the trivalent f-
element was dependent on the availability and radioactivity of the isotopes. The organic
phase consisted of 0.5 M HDEHP in kerosene. All samples were incubated in a thermostatic
shaker held at 280C and rocked at 280 rpm for 90 minutes. To ensure complete phase

separation, samples were left overnight at room temperature to equilibrate. Radioactive
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samples were analyzed by liquid scintillation counting (LSC). The analytical protocol
consisted of diluting 10 uL of radioactive sample into 10 mL of Ultima Gold™. Ultima Gold™
is a commercially available analytical reagent commonly used for LSC. The resulting
analytical samples were shaken for 10 min prior to counting on a Perkin-Elmer Packard Tri-
Carb instrument (model B4430).

[0190] Data was analyzed by the distribution ratio (Dm), separation factor
(SFmim2) and extraction percentage (% Extraction) as defined by Equations (6), (7) and (8),
respectively. Equation (8) uses concentrations of the metal in each phase since the aqueous:
organic ratio was 1. Both the organic and aqueous phases were analyzed after liquid-liquid
extraction and phase separation. These calculation methods rely on the assumptions that no
metal (M) 1s lost to sorption or precipitation and that no volume variation occurred during the

mass transfer between the aqueous and organic phases.

(6)
\3{5“@\ e
(7
®)
[0191] The results are shown in FIGs. 11 and 12.
Example 2
[0192] Series of liquid-liquid extraction experiments were first performed with

the radionuclide actinium-225. Actinium is the lightest element of the actinide series and its
chemistry was expected to be similar to that of americium and curium because the three
elements exhibit the same oxidation state in solution: Ac(IIl), Am(III), and Cm(III) but with
ionic radii of 1.261&, 1.115 A, and l.llAJ respectively. The main difference among Ac, Am
and Cm is that the only isotopes of actinium available for bulk chemistry (Ac-225 and Ac-

227) are short-lived isotopes (t12 = 9.95 days and 21.8 years, respectively) whereas long-
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lived isotopes of americium and curium are available for research purposes (ti2= 7,388 years
for Am-243 and 3.5x10s years for Cm-248). The practical consequence is that samples of Ac-
225 are far more radioactive that the corresponding Am-243 and Cm-248 samples. So far, no
data have been published on the behavior of actinium in the TALSPEAK process.

[0193] The behavior of Ac(Ill) was probed during liquid-liquid extraction
conditions similar to that of TALSPEAK and compare it to Am(III) and Gd(III). Gd(IIT) was
used as a surrogate for Eu(Ill) and was expected to behave similarly based on the similarity
in ionic radii of 1.08 A and 1.09 A for Gd(III) and Eu(IIl), respectively.”7 Graphs
summarizing the extraction of Ac, Am, and Gd are shown in FIG. 8 and FIG. 26 for DTPA
and 3,4,3-LI(1,2-HOPO), respectively.

[0194] FIG. 8 shows the extraction profile of Ac(Ill)-225, Am(II)-243, and
Gd(III) (with [Gd(IIT)-153] = 0.21 nM) with DTPA as the hold-back reagent. [Ac(IIl)-225] =
0.4 nM, [Gd(III)] = 500 uM, [Am(II1)-243] = 40.4 nM. Selective extraction of Gd(III) at pH
3-4 was observed, just as expected for this system under TALSPEAK conditions. FIG. 26
shows extraction profile of Ac(Ill)-225, Am(II)-243, and Gd(III) (with [Gd(III)-153] = 0.21
nM) with 3,43-LI(1,2-HOPO) as the hold-back reagent. [Ac(Ill)-225] = 0.4 nM,
[Gd(IIT) Total] = 500 uM, [Am(II1)-243] = 40.4 nM. In this case, evidence for the selective
extraction of Ac(IIl) over Gd(IIT) and Am(III)-243 was seen.

[0195] The separation factors of Ac(IIl)/M(III) (M = Am, Gd) are compared for
DTPA and 3,4,3-LI(1,2-HOPO) in TABLE 2. A comparison of the behavior between Am
and Gd for 3,4,3-LI(1,2-HOPO) is provided in FIG. 19, which shows the extraction profile
for Gd(IIT) and Am(IIT) along with the separation factor are plotted at various pH. Selective
extraction for Gd(IIT) was observed at pH 1-2.5.

Example 3
[0196] FIG. 18 shows that, in the presence of 3,4,3-LI(1,2-HOPQ), the extraction

capacity of HDEHP is totally suppressed and that no Pu*" is transferred into the organic
phase. Literally no activity was detected in the organic phase after extraction meaning that
the [Pu(IV)3,4,3-L1(1,2-HOPO)] 1s too stable to be challenged by HDEHP. FIG. 18 shows
percentage of extraction of plutonium(I'V) as a function of pH, i.e., extraction yields obtained

for tetravalent plutonium ions from nitric media in the presence of 3,4,3-L1(1,2-HOPO). The
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extractant used in this example was HDEHP since this commercially available molecule is
very common in the nuclear chemistry field and in hydrometallurgy processes. See, K L.
Nash, The Chemistry of TALSPEAK: A Review of the Science, Solvent Extr. Ion Exch. 33
(2015) 1-55. do1:10.1080/07366299.2014.985912. Similar experiments were also performed
with DTPA instead of 3,4,3-LI(1,2-HOPO) since DTPA is often taken as a reference chelator
for actinide ions. Note that the plutonium(IV) case was studied here because it is a good
chemical surrogate for thorium(IV) and because of the availability of Pu-242 in our
laboratory. Pu-242 (t;, = 3.7x10° y) was also more convenient to analyze by liquid
scintillation counting than the natural and long-lived isotope of thorium (Th-232; t;, =
1.4x10"y).

[0197] A value of 0.03% was plotted on FIG. 18, which corresponds to our
instrumental detection limit under the tested conditions, but this extraction yield has to be
taken as an upper limit for Pu*".

[0198] In contrast, when DTPA is present in the aqueous phase, Pu'" ions are
extracted with an increase in the extraction yield from 0.30 to 95.2% when the pH decreases
from 4.2 to 0.4 due to the release of Pu*” by DTPA (FIG. 18). These results clearly show that
DTPA cannot be used to hold-back Pu*" in the aqueous phase.

[0199] In the case of 3,4,3-LI(1,2-HOPO), the ligand affords a total sequestration
of Pu*" in the aqueous phase. Based on the solution thermodynamics data (FIG. 20), a similar
behavior is expected in the case of the other tetravalent ions such as Zr4+, Ce4+, and Th*".

[0200] In FIG. 23, aqueous phase: [ligand] = 40 mM, buffer sodium
lactate/sodium nitrate. Organic phase: [HDEHP] = 0.5 M, kerosene diluent. T =25 °C. O/A =
1, one contact. Initial metal concentrations: [Ac-225] = 0.4 nM, [Am-243] = 40.4 nM, or
[Gd] = 500 uM (spiked with Gd-153 for LSC measurements). For actinium, data acquired in
the absence or presence of 500 uM of Eu(IIl) did not show any significant influence on the
extraction yields.

[0201] FIG. 23 shows percentage of extraction as a function of pH for trivalent
actinium, americium and, gadolinium ions in the presence of 3,4,3-LI(1,2-HOPO), 1i.e,
extraction yields obtained for the trivalent ions Ac’", Gd*" and, Am’™ using 3.4,3-LI(1,2-
HOPO) and chemical conditions similar to those described above for Pu*". The equation for

release from the ligand is given by Equation (4) main phase transfer equation for trivalent
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ions and HDEHP is given by Equation (5). See, K L. Nash, The Chemistry of TALSPEAK:
A  Review of the Science, Solvent Extr. Ion Exch. 33 (2015) 1-55.
doi:10.1080/07366299.2014.985912. At pH below 1, low extraction yields are obtained due
the protonation of HDEHP which competes with the extraction of the trivalent ions. See,
K.L. Nash, The Chemistry of TALSPEAK: A Review of the Science, Solvent Extr. Ion Exch.
33 (2015) 1-55. doi:10.1080/07366299.2014.985912; K.V. Lohithakshan, P. Patil, S.K.
Aggarwal, Solvent extraction studies of plutonium(IV) and americium(Ill) in room
temperature ionic liquid (RTIL) by di-2-ethyl hexyl phosphoric acid (HDEHP) as extractant,
J. Radioanal. Nucl. Chem. 301 (2014) 153-157. do1:10.1007/s10967-014-3119-9. This
behavior is specific to the extractant HDEHP and is not a limitation to the present invention.
Other extractants that work at low pH values, such as the tertiaryalkyl amines or
alkylphophates, could be used in lieu of HDEHP.

[0202] Equation (4) (release from the ligand):

TMEP™ = M™% ™
4)
[0203] Equation (5) (extraction):

M 4+ 3 THDEEF ), = M,

)

[0204] When 3,4,3-LI(1,2-HOPO) 1s present and for a pH higher than 1, Am’”
and Gd’" ions are retained in the aqueous phase. This behavior was expected from the
solution thermodynamic data in FIG. 20. A slight extraction of Gd*™ ions is observed in the
pH range 1-2 due to the release of Gd*™ ions by 3,4,3-LI(1,2-HOPO). No extraction is
observed for Am’” which is in line with the higher stability of the Am®™ complex (See, M.
Sturzbecher-Hoehne, P. Yang, A. D’Aléo, R.J. Abergel, Intramolecular sensitization of
americium luminescence in solution: shining light on short-lived forbidden 5f transitions,
Dalton Trans. (2016). doi:10.1039/C6DT00328A) when compared to the Gd*™ complex (See,
M. Sturzbecher-Hoehne, C. Ng Pak Leung, A. D’Aléo, B. Kullgren, A.-L. Prigent, D.K.
Shuh, K.N. Raymond, R.J. Abergel, 3,4,3-LI(1,2-HOPO): In vitro formation of highly stable
lanthanide complexes translates into efficacious in vivo europium decorporation, Dalton
Trans. 40 (2011) 8340. do1:10.1039/c1dt10840a). In the case of actinium, a quantitative
extraction is observed at pH higher than 1.5 suggesting that the 3,4,3-LI(1,2-HOPQO) complex
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of Ac’" is not stable enough to compete with the extraction by HDEHP (Equation (5)). This
distinct behavior for Ac’™ represents a powerful leverage for separation methods.

[0205] Combining the results in FIG. 18 and FIG. 23, it is clear that actinium can
be selectively extracted from a mixture of trivalent lanthanide, trivalent actinide and,
tetravalent ions when using 3,4,3-LI(1,2-HOPO) as a hold-back reagent. A one-step process

would afford a direct and very selective extraction of actinium.

Example 4
[0206] The specificity of the 3,4,3-LI(1,2-HOPO) chelator for actinium was

demonstrated. Similar experiments were performed for the DTPA ligand and the trivalent
metal ions. FIG. 16 shows that DTPA is not strong enough to scavenge Ac’", Gd*” or Am*"
ions in the aqueous phase. In FIG. 16 aqueous phase: [ligand] = 40 mM, buffer sodium
lactate/sodium nitrate. Organic phase: [HDEHP] = 0.5 M, kerosene diluent. T =25 °C. O/A =
1, one contact. Initial metal concentrations: [Ac-225] = 0.4 nM, [Am-243] = 40.4 nM, or
[Gd] = 500 uM (spiked with Gd-153 for LSC measurements). For actinium, data was
acquired in the absence or presence of 500 uM of Eu(Ill) did not show any significant
influence on the extraction yields. Therefore, actinium cannot be purified from a mixture of
Ac’™, Ln*" and An®" when using DTPA as a hold-back reagent because the metals would be
partially extracted at the same time. The extraction yields for Ac’™ are also not quantitative
(under the conditions tested) and would lead to a partial recovery of Ac isotopes. Chelators
of the DTPA family (i.e. carboxylic acids) that are commonly used in separation processes,
such as EDTA, NTA and, DOTA, are likely to exhibit a similar non-selectivity toward
actintum. For comparison purposes, the separation factors that would be obtained with the
method proposed here are plotted in FIG. 17.

[0207] In FIG. 17, aqueous phase: [ligand] = 40 mM, buffer sodium
lactate/sodium nitrate, organic phase: [HDEHP] = 0.5 M, kerosene diluent. T =25 °C. O/A =
1, one contact. Initial metal concentrations: [Ac-225] = 0.4 nM, [Am-243] = 40.4 nM, or
[Gd] = 500 uM (spiked with Gd-153 for LSC measurements). Separation factor = ratio
M,/M,; in the final organic phase / ratio M1/M2 in the initial aqueous phase.

[0208] In FIG. 18, aqueous phase: [ligand] = 40 mM, buffer sodium
lactate/sodium nitrate, organic phase: [HDEHP] = 0.5 M, kerosene diluent. T =25 °C. O/A =
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1, one contact. Initial metal concentrations: [Pu-242] = 5 uM. Phases analyzed after one
contact. Contact time: 30 min. Limit of detection: 0.03 % of the initial Pu-242 activity. Data
for separation of tetravalent metal ions from trivalent metal ions using 3,4,3-LI(1,2-HOPO)

as a hold-back reagent for tetravalent metal ions are shown in TABLE 0.1.

TABLE 0.1
Percentage of extraction of plutonium(I1V) by HDEHP as a function of pH
and using either diethylenetriaminepentaacetic acid (DTPA) or

3,4,3-LI(1,2-HOPQO) as hold-back reagent

Activity in Activity in
Hold-back oH organic aqueous %Extraction

reagent phase phase
(cpm) (cpm)

0.40 4181 209 95.24%

1.27 110 2585 4.08%

1.84 35 2951 1.17%

DTPA 2.55 19 2995 0.63%

2.75 23 3121 0.73%

3.45 22 3379 0.65%

4.29 10 3491 0.29%

0.25 0 2791 0.00%

0.85 0 3325 0.00%

3,4,3-LI(1,2- 1.78 0 3310 0.00:’f)

HOPO) 2.71 0 3219 0.00%

2.87 0 3339 0.00%

3.62 0 3185 0.00%

4.52 0 2896 0.00%

[0209] Very high separation factors could be obtained between actinium and the
lanthanides or actinides, after only 1 extraction step. The separation factors Ac’"/Pu*” were
not calculated since the extraction yield of Pu*" is null (FIG. 18) in the presence of 3,4,3-
LI(1,2-HOPO), meaning a virtually infinite separation factor.

[0210] Thus, in some embodiments, the proposed method combines two essential
features: (i) quantitative extraction for actinium, and (i1) a very high decontamination

capability.
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[0211] For DTPA extractions, the expected behavior of the system with selective
extraction of Gd(III) at pH 3-4 under TALSPEAK conditions was observed. Below pH ~1.5
(FIG. 21), retention of Ac(IIl) and Am(IIl) in the aqueous phase was observed and
corresponding to Equation (2), where the equilibrium lies to the left. Protonation of the
extractant in the organic phase prevents metal complexation and does not necessarily indicate
DTPA binding. In the speciation diagram in FIG. 8, free metal or nitrate complexes are
expected to be present below pH 1. As pH increases in the extraction samples, the selectivity
of DTPA begins to emerge with preferential binding to the Ac(Ill) and Am(III), while
Gd(IID) 1s extracted by HDEHP. Additionally, a high pH dependence of the process in the
2.5-3.5 pH range was observed and this can be attributed to the shift from the protonated
metal complex to the proton independent complex, as modeled in FIG. 8.

[0212] Extraction of Gd(III) was above 90 % until after pH 4, while for Ac(IIl)
(49 %) and Am(III) (78 %) maximum metal extraction is around pH 1.5 and decreases to less
than 10 % at pH 4. Above pH 3.5, a decrease in extraction of Gd(III) is observed, hence the
decrease in selectivity for the current TALSPEAK model.

[0213] Metals with larger ionic radii was expected to form weaker complexes
relative to smaller metals. Therefore, higher retention of Am(III) (1.115 A) relative to

Ac(IIl) (1.26 A) in the aqueous phase. However, the reverse was observed.

2)

[0214] Based on the speciation diagram for 3,4,3-LI(1,2-HOPO) in FIG. 26,
metal complexation was expected to persist even at low pH. However, the complete
extraction of Ac(Ill) above pH 1.5 (FIG. 28) was unexpected and indicated relatively weak
binding of Ac(III) by the HOPO chelator compared to DTPA.

[0215] Without being bound any particular theory, upon examining the structures
of DTPA and 3,4,3-LI(1,2-HOPO), an argument can be made for the relative cavity
limitations when binding metals. Each of the chelating moieties in 3,4,3-LI(1,2-HOPO) i1s
bidentate and the ligand scaffold is not directly involved in metal binding. On the other hand,
DTPA chelates through the three nitrogen atoms in the diethylenetriamine backbone and the
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five carboxylic acid groups, potentially giving it more flexibility in the size of metal it can
chelate. 3,4,3-LI(1,2-HOPO) may be limited by the length of the scaffold and chelate a
metal as large as Ac(III) less efficiently than a more flexible ligand like DTPA.

[0216] In FIG. 28, a striking contrast in the behavior of Ac(Ill) and
Gd(III)/Am(III) was observed, where complete retention of Gd(III) and Am(III) 1s seen
above pH 2.5. TABLE 2 helps accentuate the difference in the selective extraction of Ac(III)
when using 3,4,3-LI(1,2-HOPO) and DTPA.

TABLE 2
Comparison of the separation factors for Ac(I1I)/M(I1I)
(M = Am, Gd) for 3,4,3-LI(1,2-HOPO) and DTPA at various pH.

HOPO

1.23%10
G.55% 107
461417
1.33%1¢°

3 HOPO

0.G 3.99%1° 5835107
1.5 9 0% 107 2.70% 10!
1.5 FRERET 6.R6%107
EXY L2R% 1P 11t

[0217] The data in TABLE 2 show that Ac extraction is more selective when
using 3,4,3-LI(1,2-HOPO) and the selectivity increases with increasing pH. pH values are +
0.1.

[0218] In some embodiments, DTPA conferred no selectivity between Ac and
Gd(II)/Am(III), whereas with 3,4,3-LI(1,2-HOPO) selective extraction of Ac(IIl) was
observed.

[0219] As previously mentioned, 3,4,3-LI(1,2-HOPO) was expected to form
complexes at lower pH and a DTPA-like extraction profile shifted to lower pH regions was

expected. Low extraction of Gd(III) and Am(IIT) (FIG. 19) was observed even at pH below
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1, and slight increase at pH slightly above 1, where the latter corresponds to the
deprotonation of HDEHP and extraction of the metal as in Equation (2). FIG. 19 shows
selective extraction for Gd(III) is observed at pH 1-2.5.

[0220] As in the DTPA system, higher affinity to metals at higher pH was
observed and reached almost complete extraction above pH 2.5. The equilibria of the process
are described by Equation (3), where the protonated complex is the primary species in
solution. Gd(III) selective extraction over Am(IIl) is seen at pH 1-2.5 and albeit a small
difference under the current conditions it serves as evidence for selective extraction of

Gd(IID).

Example S
[0221] FIG. 26 and FIG. 27 show data related to separation of tetravalent metal

ions from trivalent metal ions using a HOPO chelator as a hold-back reagent for tetravalent
metal ions.

[0222] FIG. 26 shows percentage of extraction of plutonium(IV), americium(III),
and gadolinium(IIT) by HDEHP at constant pH and using 3,4,3-LI(1,2-HOPO) as hold-back
reagent. In FIG. 26, aqueous phase: [ligand] = 1 mM, buffer 0.1 M HNOs/1.9 M NaNOs.
Organic phase: HDEHP diluted in kerosene. [HDEHP] = 0.05, 0.10, 0.25, 0.50, 1.0, or 2.0
M. T = 25 °C. Volume organic phase/Volume aqueous phase = 1. Initial metal
concentrations: [Pu-242] = 10 uM, [Am-243] = 0.25 uM, or [Gd-153] = 0.16 nM. Phases
analyzed after one contact. Contact time: 30 min.

[0223] FIG. 27 shows corresponding separation factors: SF M;/M, = Ratio
[M1]/[M2] in the final organic phase / Ratio [M1]/[M2] in the initial aqueous solution. The
separation factor values given here must been seen as lower limit since the extraction of
Pu(IV) is near zero. Data for FIG. 26 and FIG. 27 are shown in TABLE 0.2

[0224] FIG. 28 shows data related to separation of trivalent actinides from

trivalent lanthanides using 3,4,3-LI(1,2-HOPO) in the aqueous phase and a non-selective
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extractant in the organic phase. FIG. 28 shows percentage of extraction of americium(III),
and gadolinium(IIT) by HDEHP at constant pH and using 3,4,3-LI(1,2-HOPO) as hold-back
reagent. In FIG. 28, aqueous phase: [ligand] = 1 mM, buffer 0.1 M HNOs/1.9 M NaNOs.
Organic phase: HDEHP diluted in kerosene. [HDEHP] = 0.05, 0.10, 0.25, 0.50, 1.0, or 2.0
M. T = 25 °C. Volume organic phase/Volume aqueous phase = 1. Initial metal
concentrations: [Am-243] = 0.25 uM, or [Gd-153] = 0.16 nM. Phases analyzed after one
contact. Contact time: 30 min. Corresponding separation factors (SF) are given on the right
Y-axis. SF Gd/Am = Ratio [Gd]/[Am] in the final organic phase / Ratio [Gd]/[Am] in the
initial aqueous solution. Data for FIG. 28 are shown in TABLE 0.2
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TABLE 0.2
Activity  Activity
Concentrat orgI:nic aquI20us %Extracti G ds;f /A
ion HDEHP on 3t
phase phase m
(cpm}) (cpm})
0.05 5 2326 0.21% 24.1
0.10 30 2237 1.32% 23.3
0.25 246 2195 10.08% 25.3
0.50 735 1693 30.27% 27.0
1.00 1296 1297 49.98% 45.6
2.00 1277 952 57.29% 99.8 SF
Gd**/Pu
4+
0.05 2505 48361 4.92% 331
0.10 12170 38983 23.79% 1948
0.25 40716 14376 73.91% 5976
0.50 51171 4362 92.15% 39182
1.00 55033 1207 97.85% 28460
2.00 56084 419 99.26% 64723 SF
Am*'/p
u4+

0.05 1 6382 0.02% 14
0.10 1 6241 0.02% 84
0.25 3 6330 0.05% 236
0.50 2 6680 0.03% 1450
1.00 10 6242 0.16% 624
2.00 13 6286 0.21% 649

*SF = separation factor; cpm = count per minute

Example 6

[0225] Metal ions can be separated in an extraction. One first provides an
aqueous solution that comprises a first metal ion (M*") and a second metal ion (M*"). The
solution is at a pH of between O and 1. One then adds a HOPO chelator (3,4,3-LI(1,2-
HOPO)) to the aqueous solution. One then performs an extraction against the aqueous
solution using an organic solution, wherein the HOPO chelator functions as a holdback agent

to selectively keep the first metal ion in the aqueous solution. This allows the second metal
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ion to go into an organic phase during the extraction. One then decants the organic solution,
keeping the first metal ion in the aqueous phase. One can then optionally release the first
metal ion from the chelator by further lowering the pH. Optionally, a non-specific extractant

can be used to assist in moving the M3+ metal ions to the organic phase.

Example 7

[0226] Metal ions can be separated in an extraction. One first provides an
aqueous solution that comprises a first metal ion (M°") and a second metal ion (M""). The
solution is at a pH of between O and 1. One then adds a HOPO chelator (3,4,3-LI(1,2-
HOPO)) to the aqueous solution. The first metal ion has a stronger affinity for the HOPO
chelator than the second metal ion does. One then performs an extraction against the
aqueous solution using an organic solution, wherein the HOPO chelator functions as a
holdback agent to selectively keep the first metal ion in the aqueous solution. This allows for
more of the second metal ion to go into an organic phase during the extraction. One then
decants the organic solution, keeping the first metal ion in the aqueous phase. One can then
optionally release the first metal ion from the chelator by further lowering the pH.
Optionally, a non-specific extractant can be used to assist in moving the M3+ metal ions to

the organic phase.

Example 8

[0227] A method of processing spent nuclear fuel is provided. It involves
obtaining spent nuclear fuel that comprises Pu*" and dissolving the metal in an acidic
medium at a pH of less than 2. One then contacts the dissolved spent nuclear fuel with a
spermine-based octadentate ligand and an organic phase to generate a mixture (and agitating
the mixture such that the organic and aqueous phases mix). One then separates an aqueous
phase enriched for Pu*” from the mixture by decanting. The organic phase will contain
various M*" and/or M*" metal ions. Optionally, a non-specific extractant can be used to

assist in moving the M®"/M”" metal ions to the organic phase.

Example 8

-109-



WO 2018/097871 PCT/US2017/048934

[0228] A method for enriching a metal ion is provided. One contacts a first
aqueous phase with an organic phase to generate a mixture (e.g., during an extraction). The
first aqueous phase comprises a plurality of metal ions (both M and M4+) and a spermine-
based octadentate ligand (e.g., a HOPO chelator). The aqueous phase has an acidic pH of
less than 1. One then separates from the mixture a second aqueous phase. The second
aqueous phase is only different from the first in that it is, relatively enriched (or has a greater
purity) for a M*" metal ion of the plurality of metal ions. The organic phase will be enriched
for the M*" metal ions. Optionally, a non-specific extractant can be used to assist in moving

the M*™ metal ions to the organic phase.

Example 9
[0229] A method of preparing a medical isotope is provided. The method

involves obtaining a metallic precursor dissolved under an acidic condition. The metallic
precursor comprises a medical isotope (M*™ or M™7), while the precursor is a mixture of
various metal ions (M*" and M”" or different M*"). One then contacts the dissolved metallic
precursor with a spermine-based octadentate ligand (e.g., 3,4,3-LI(1,2-HOPO)) and an
organic phase to generate a mixture. One then separates the medical isotope from the one or
more metal ions in the dissolved metallic precursor based on an interaction between the
octadentate ligand and the medical isotope. The metal that has a higher affinity for the
HOPO ligand will remain in the aqueous phase while the metal with a lower affinity (that is
not chelated) can be moved to the organic phase via a non-specific extractant. The desired

medial isotope will then be in one or the other of the aqueous phase or the organic phase.

Example 10

[0230] A method of separating metal ions for nuclear forensics is provided. The
method includes obtaining a sample derived from a nuclear material, wherein the sample
comprises UO,*", Pu*", and Np*". One then contacts the sample with a spermine-based
octadentate ligand (e.g., 3,4,3-LI(1,2-HOPO)) to generate a first mixture. The first mixture
has an acidic pH of 1 or lower. One then separates UO,>" from Pu*™ and Np*" in the mixture
based on an interaction between the 3,4,3-LI(1,2-HOPO) and Pu*”, and Np*". A non-specific

extractant can be used to assist in moving the UO,*" to the organic phase. This results in
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altering the first mixture to form a second mixture comprising the Pu*™ and Np*” (but 1t 1s
still the aqueous phase). One can then chromatographically separate Pu*" from Np*™ in the

second mixture.

Examplell

[0231] A method of separating metal ions is provided. The method involves
contacting a liquid composition comprising a plurality of metal ions with a spermine-based
octadentate ligand (e.g., 3,4,3-LI(1,2-HOPO)) to generate a mixture, under conditions
sufficient to form a metal 1on-ligand complex comprising a metal ion of the plurality of metal
ions. One then separates a first fraction of the mixture enriched for the metal ion-ligand
complex from a second fraction depleted for the metal ion-ligand complex. The first fraction
of the mixture has an acidic pH of less than 1 and will include the 3,4,3-LI(1,2-HOPO) and
any metal chelated thereto. A non-specific extractant can be used to assist in moving any
unchelated metal ions to the organic phase. The plurality of metal ions are selected from the
group consisting of: a p-, d- or f-block element of period 5 or greater, a group 3 element, or a

group 4 element.

Example 12

Experimental Procedures

General Considerations. Chemicals were obtained from commercial suppliers and were
used as received unless stated otherwise. 'H NMR spectra were recorded on Bruker
instruments; *C NMR spectra were recorded on Bruker instruments with tetramethylsilane
as an internal reference. SilicaFlash G60 (particle size 60-200 um) was used for flash column
chromatography. LC-MS was performed on an Agilent LC/MS system consisting of an
Agilent 1200 binary LC pump, a temperature-controlled autosampler, a PDA UV detector,
and a 6530 Accurate Mass Q-TOF mass spectrometer (Wilmington, DE, USA). The mass
spectrometer was equipped with a JetStream® ESI probe operating at atmospheric pressure.
The ESI source parameter settings were: mass range m/z 100—1200, gas temperature 350 °C,
gas flow 10 L/min, nebulizer 50 psi, sheath gas temperature 400 °C, sheath gas flow 12
L/min, capillary voltage (Vcap) 3500 V, nozzle voltage 500 V, fragmentor 200 V, skimmer 65
V, octopole RF (OCT 1 RF Vpp) 750 V. Reverse phase preparatory HPLC was performed on
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a Varian ProStar system with a Vydac C18 column. HRMS and MS-MS were obtained on a
Waters Xevo G2 Qtof mass spectrometer, leucine encephalin lockspray with mass correction

was used for HRMS.

Example 13--Synthetic Procedures--Submonomer

Os_-OH Os_OMe
OH OH
OH OH
3 4

Methyl 2,3-dihydroxybenzoate, 4. A stirred suspension of 3 (8.06 g, 52.3 mmol) in 100ml
of methanol was treated with 2.00 ml of concentrated sulfuric acid. The suspension warmed
and clarified 2 minutes after the addition. The reaction was equipped with a reflux condenser
and was heated to 65 °C overnight. The next morning the conversion was verified by LC-MS
and the volatiles were removed under reduced pressure. The crude was partitioned between
water (100 ml) and ethyl acetate (100 ml) and the aqueous layer was extracted with ethyl
acetate (3x50 ml). The organic extracts were combined, dried over MgSQy, and concentrated
under reduced pressure. The crude was passed through a plug of silica using 10% ethyl
acetate in hexanes as eluent. The eluent was concentrated under reduced pressure and dried
under high vacuum for 2 hours to yield 4 (7.66g, 45.6 mmol, 88%) as a white solid, the

spectral properties of which matched previous reports. '

O~ _OMe O~ _OMe O~ _OH
OH
. O ph O><Ph
g Ph g Ph
OH
4 5 6

Methyl 2,2-diphenylbenzo[d][1,3]dioxole-4-carboxylate, 5. 4 (5.00g, 29.7 mmol) was

mixed with dichlorodiphenylmethane (8.56 ml, 44.6 mmol) under an argon atmosphere, the
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resulting suspension was stirred and heated to 160°C for 1 hour. The mixture was allowed to
cool to room temperature and was diluted with 100 ml of ethyl acetate. The solution was
washed with sat. NaHCOQOs (30 mL) then brine (30 mL), dried over MgSQy, then concentrated
under reduced pressure. The ensuing greyish oil was dissolved in 30 mL of hot methanol (65
°C) and was slowly cooled to 5 °C, which resulted in the formation of white crystals. The
crystals were a mixture of 5 and benzophenone dimethyl acetal that could not be easily

separated; product was used as is for the subsequent step.

2,2-diphenylbenzo[d][1,3]dioxole-4-carboxylic acid, 6. The mixture from the previous step
was dissolved in 100 mL of THF and was treated with 100 mL of 0.9 M LiOH. The emulsion
was rapidly stirred and heated to reflux for 5 hours. Conversion was verified by LC-MS and
the reaction was cooled to room temperature. The solution was neutralized with 10 % v/v
aqueous acetic acid and was extracted with ethyl acetate (3x50 mL). The organic extracts
were combined, dried over MgSQ4, and concentrated under reduced pressure. The crude was
chromatographed using 25% ethyl acetate in hexanes as eluent. Volatiles were then removed
under reduced pressure followed by high vacuum to yield 6 ( 7.6 g, 24 mmol, 81% over 2

steps) as a white solid, the spectral properties of which matched previous reports."

a) (COCl),, tol.

OH > N~
b) Ethylenediamine NH;

0] 0]
PO O DCM X0 O

Ph 4 Ph 5

“CAM Submonomer, 2.” 1(3.84 g, 12.1 mmol) was suspended in 30 mL of toluene under an
argon atmosphere. Oxalyl chloride (1.14 mL, 13.3 mmol) was then added followed by a
catalytic amount of N,N-dimethylformamide. The suspension was heated to 40 °C and was
stirred until it became clear and the evolution of gas has ceased (~1 hour). The volatiles were
then removed under reduced pressure and the resulting white solid was dissolved in dry
dichloromethane. A separate 1 L roundbottom flask outfitted with an addition funnel was
charged with ethylenediamine (8 mL, 120 mmol) and 50 mL dry dichloromethane; the

resulting solution was cooled to 0 °C using an ice bath. The aforementioned solution of acyl
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chloride was transferred into the addition funnel and was diluted with dichloromethane to a
total volume of 700 mL. The acyl chloride solution was then added into the vigorously
stirred ethylenediamine over 1.5 hours at 0 °C. Following the addition, the reaction solution
was transferred into a separatory funnel and was washed with 0.5 M NaOH in 50% saturated
aq. NaCl (50 mL x2). The organic phase was dried over MgSQO4 and was concentrated on a
rotary evaporator yielding the crude. The crude was purified using silica column
chromatography (52 10% MeOH in DCM with 1% EtsN, R¢ = 0.35 in 10% MeOH in DCM).
The desired fractions were combined, concentrated under reduced pressure, and dried under
vacuum yielding the CAM submonomer as a sticky yellow oil (3.49 g, 9.68 mmol, 80%
yield). '"H NMR (300 MHz, CDClz) & 7.64 (1H, br s, NH), 7.56-7.61 (5H, m, ArH), 7.37-7.42
(6H, m, ArH), 7.01 (1H, dd, J= 7.7, 1.4 Hz, ArH), 6.94 (1H, t, J = 7.9 Hz, ArH), 3.56 (2H, q,
J = 6.0 Hz, NHCH,), 2.97 (2H, t, J = 6.0 Hz, NH,CH>), 2.75 (2H, s, NH). °C NMR (75
MHz, CDCl;) 6 163.7, 147.2, 144.7, 139.4, 129.5, 128.4, 126.2, 122.4, 122.0, 118.0, 116.0,
111.6, 42.3, 41.5. HRMS-ESI (m/z) [M+H] Calcd. For CyHy0N,0O3+H, 361.1563; found,
361.1581.

= | a) (COCI),, tol. = | ’
OH i N~
o= N b) Ethylenediamine ©~ N NH,
OBn O DCM OBn O
1 2

“HOPO Submonomer, 3.” 3 was synthesized in an identical fashion to 2 above, using 1-
benzyloxy-6-carboxy-2 (1H) pyridinone (J. Labelled Cpd. Radiopharm. 2001, 44, 13-19,
CAS 210366-15-7, US Patent US6846915) as the starting material. The crude product was
purified using silica column chromatography (10% NH4OH (10%) in MeOH) in DCM, R¢ =
0.08). The desired fractions were combined, concentrated under reduced pressure, and dried
under vacuum yielding the HOPO submonomer 3 as a sticky yellow oil in ~80% yield). 'H
NMR (300 MHz, CDCl3) & 7.40-7.48 (3H, m, ArH), 7.35-7.38 (3H, m, ArH and NH), 7.24-
7.29 (1H, m, ArH), 6.66 (1H, dd, J = 9.0, 1.5 Hz, CHCHCH), 6.45 (1H, dd, /= 6.9, 1.8 Hz,
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CHCHCH), 5.29 (2H, s, CH,Ph), 3.36 (2H, q, J = 6.0 Hz, NHCH,), 2.80 (2H, t, J = 6.0 Hz,
NH,CH,). *C NMR (75 MHz, CDCL) & 160.3, 158.5, 142.5, 138.0, 133.2, 130.1, 129.4,
128.6, 124.0, 106.4, 79.3, 77.4, 77.0, 76.6, 42.7, 40.7. Calcd. For C;sH;sN;O++H, 288.1328;
found, 288.1361.

Example 14--Synthesis of Peptoids

Unless noted otherwise, all steps were carried out in fritted polypropylene syringes, which
allowed for recovery of submonomer for re-use. Automatic peptoid synthesis was not an

option for this work due to difficulty of sub-monomer preparation.

1. Add 100-150 mg of Rink amide resin to a fritted syringe. Swell the resin by adding 2
mL of DMF and rock for 30 minutes. Eject the solution to isolate the swelled resin.

2. Add 1 mL of 20 % 4-methylpiperidine in DMF (v/v) to deprotect the Fmoc group.
Agitate for 2 minutes, drain, and repeat for 12 minutes.

3. Rinse the resin with DMF (2 mL, 5 times for 1 minute)

4. Bromoacetylation. Premix 0.8 M bromoacetic acid in DMF with 0.8 M N,N-
diisopropylcarbodiimide (DIC), 2 mL total solution with 0.4 M of each reagent. Draw
the solution into the syringe, agitate for 5 minutes, and rinse (2 mL DMF 5x1
minute).

5. Displacement. Draw in 1.5 mL of submonomer solution (0.2 M in DMF), agitate for 1
hour at 45 °C, then rinse (2 mL DMF 5x1 minute).

6. Repeat bromoacetylation and displacement until synthesis is finished. Wash with
DCM (2 mL 3x1 minute) after last DMF wash and dry resin by pulling the plunger

out and applying a gentle vacuum onto the syringe needle.

Example 15--Deprotection, cleavage, and purification

Dry resin (100-150 mg) was placed into a scintillation vial and was swollen in 9 mL of DCM
by shaking for 30 minutees. 1 mL of 1.0 M BBr; in hexanes was added via a syringe, the vial
was capped and shaken for 60 minutes ensuring that all of the resin was thoroughly

submerged; this removes benzyl protecting groups from HOPO units. The solvent was
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carefully removed with a glass pipette and the resin was washed with DCM (2 mL) methanol
(2x2 mL) followed by DCM (2x2 mL). The peptoid was then cleaved from resin by treatment
with cleavage cocktail for 60 minutes (the treatment also deprotects CAM units). The
cleavage cocktail (95 % trifluoroacetic acid, 2.5 % water, 2.5% triethylsilane) was filtered
from resin and a small aliquot was removed and diluted with methanol for LC-MS analysis
(1>30% MeCN in H,0 over 20 minutes, both with 0.1 % formic acid); the resin was washed
of TFA traces and discarded. Most LC-MS analyses showed a relatively clean desired
compound; iron complexes were sometimes seen, which we believe came from stainless steel
components of the instrument. Volatiles were then removed from the filtrate using a vacuum
pump. The resulting residue was dissolved in 90/10 acetic acid/water (0.5-1 mL) and the
resulting clear solution was stirred at 42 °C and treated with water in 0.5 mL increments. The
solution turned turbid upon addition of water and slowly clarified with continued stirring (5-
15 min between additions). A total of ~2.5 mL of water was added, at which point the

solution remained turbid even with prolonged stirring.

The turbid solution was taken up into a syringe and injected onto reverse-phase prep-HPLC

through a 0.45 um filter in no more than 2.0 mL batches (~ 2 injections per peptoid).

Example 16--Reversed-Phase Preparative HPLC Method

5 5 95 10
25 20 80 15
70 40 20 15
75 90 10 15
80 5 95 15
85 5 95 15
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Most peptoids had peak maxima between 20 and 40 minutes, methods were typically
terminated once the target material was collected. The column was flushed with 50/50
solvent composition for 5 minutes and equilibrated to initial condition for at least 20 minutes
before every injection; insufficient equilibration leads to low column loading and very low
yields. Peptoids with higher CAM compositions tended to be less polar and thus came out
later than HOPO-heavy analogs.

A representative reversed-phase preparative HPLC trace is presented in FIG. 41.

Example 17--Peptoid LC-MS of purified peptoids:

LC traces of peptoids A@320. Ion counts along the entire peak including shoulders were
used to generate mass spectra. Spectra were obtained in negative mode on Agilent 6530 mass

spectrometer.

MS labels from left to right and are shown in FIG. 42A (HHHC Peptoid. MS1: free peptoid,
MS2: peptoid-Na, MS3: peptoid-Fe and peptoid-Fe-K. FIG. 42B is the mass spectra for
CHHH Peptoid. MS1: free peptoid and peptoid-K, MS2: peptoid-Na, peptoid-Fe, and
possible impurity. FIG. 42C is the mass spectra for HCHH Peptoid. MS1: free peptoid and
peptoid-K, MS2: peptoid-Na, peptoid-Fe. FIG. 42D is the mass spectra for HHCH Peptoid.
MSI1: free peptoid and possible impurity, MS2: peptoid-Na, MS3: Peptoid-Fe. FIG. 42E is
the mass spectra for CHHC Peptoid. MS1: free peptoid only and peptoid-K, MS2: peptoid-
Na and peptoid-Fe. FIG. 42F is the mass spectra for HHCC Peptoid. MS1: free peptoid and
peptoid-Na, MS2: peptoid-Na, free peptoid, and peptoid-Fe. FIG. 42G is the mass spectra
for CCHH Peptoid. MS1: free peptoid and peptoid-Na, MS2: Peptoid-Fe and possible trimer.
FIG. 42H is the mass spectra for HCHC Peptoid. MS1: free peptoid, MS2: peptoid-Fe and
peptoid-Na. FIG. 42I is the mass spectra for HCCH Peptoid. MS1: free peptoid and small
amount trimer, MS2: peptoid-Fe, MS3: peptoid-Na and possible fragments. FIG. 42J is the
mass spectra for CHCH Peptoid. MS1: free peptoid and peptoid-K, MS2: peptoid-Fe. FIG.
42K i1s the mass spectra for HCCC Peptoid. MS1: free peptoid and trimer-Fe trace, MS2: free
peptoid and peptoid-Fe. FIG. 42L is the mass spectra for CHCC Peptoid. MS1: free peptoid
and peptoid-Na, MS2: free peptoid and unidentified masses. FIG. 42M is the mass spectra
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for CCHC Peptoid. MS1: free peptoid, MS2: free peptoid and peptoid-Na. FIG. 42N is the
mass spectra for CCCH Peptoid. MS1: free peptoid and peptoid-Na, MS2: free peptoid and
peptoid-K/Na. FIG. 420 is the mass spectra for CCCH Peptoid. MS1: free peptoid and
peptoid-Na, MS2: free peptoid and peptoid-K/Na. FIG. 42P is the mass spectra for HHHH
Peptoid. MS1: free peptoid, MS2: peptoid-Fe/Na, MS3: Peptoid-Fe-Na.

Example 18--High Resolution Mass Spectrometry Data

FIGs. 43A-43C depict the spectra that were obtained in negative mode. All peptoids are 1:1
Fe'™ complexes except for CCCC and HHHH. Top spectrum is calculated and bottom is

obtained.

Example 19--TOF MSMS of Select Peptoids

FIG. 44 depicts the positive mode, fragmentation of molecular ion, masses of interest.
Differences in peptoids are illustrated based on both composition and sequence. H and C

units differ by a mass of 1 amu. FIGs. 45A-45D depict the NMR results.

[0232] The references cited in this disclosure are incorporated by reference herein

in their entireties.

References

[0233] “Designing a Process for Selecting a Site for a Deep-Mined, Geologic
Repository for High Level Radioactive Waste and Spent Nuclear Fuel,” United States
Nuclear Waste Technical Review Board, 1-228 (2015).

[0234] Travis S. Grimes, Richard D. Tillotson, and Leigh R. Martin, “Trivalent
Lanthanide/Actinide Separation Using Aqueous-Modified TALSPEAK Chemistry,” Solvent
Extr. Ton Exch. 32(4), 378-390 (2014).

[0235] Kenneth L. Nash, “The Chemistry of TALSPEAK: A Review of the
Science,” Solvent Extr. Ion Exch. 33(1), 1-55 (2015).

-118-



WO 2018/097871 PCT/US2017/048934

[0236] Gregg J. Lumetta, Amanda J. Casella, Brian M. Rapko, Tatiana G,
Levitskaia, et al.,, “An Advanced TALSPEAK Concept Using 2-Ethylhexylphosphonic Acid
Mono-2-Ethylhexyl Ester as the Extractant,” Solvent Extr. Ion Exch. 33(3), 211-223 (2015).

[0237] Manuel Sturzbecher-Hoehne, Clara Ng Pak Leung, Anthony D’Aleo,
et al. “ 3,4,3-LI(1,2-HOPO): In vitro formation of highly stable lanthanide complexes
translates into efficacious in vivo europium decorporation,” Dalton Trans. 40, 8340-8346
(2011).

[0238] Ilya Captain, Gauthier J.-P. Deblonde, Peter B. Rupert, et al. “Engineered
Recognition of Tetravalent Zirconium and Thorium by Chelator—Protein Systems: Toward
Flexible Radiotherapy and Imaging Platforms,” Inorg. Chem. 55(22), 11930-11936 (2016).

[0239] R.D Shannon, “Revised Effective Ionic Radii and Systematic Studies of
Interatomic Distances in Halides and Chalcogenides,” Acta Cryst. A32, 751-767 (1976).

[0240] Manuel Sturzbecher-Hoehne, Birgitta Kullgren, Erin E. Jarvis, et al.
“Highly Luminescent and Stable Hydroxypyridinonate Complexes: A Step Towards New
Curium Decontamination Strategies,” Chem.—Eur. J. 20 (32), 9962-9968 (2014).

[0241] Manuel Sturzbecher-Hoehne, P. Yang, A. D’Aleo, Rebecca Abergel,
“Intramolecular sensitization of americium luminescence in solution: shining light on short-
lived forbidden 5f transitions,” Dalton Trans. 45, 9912-9919 (2016).

[0242] David L. White, Patricat W. Durbin, Nylan Jeung, and Kenneth n.
Raymond, “Specific Sequestering Agents for the Actinides. 16. Synthesis and Initial
Biological Testing of Polydentate Oxohydroxypyridinecarboxylate Ligands,” J. Med. Chem.
31 (1), 11-18 (1988).

[0243] Jide Xy, Birgitta Kullgren, Patricia W. Durbin, and Kenneth N. Raymond,
“Specific Sequestering Agents for the Actinides. 28. Synthesis and Initial Evaluation of
Multidentate 4-Carbamoyl-3-hydroxy-1-methyl-2(1H)-pyridinone Ligands for in Vivo
Plutonium (IV) Chelation,” J. Med. Chem. 38 (14), 2606-2614 (1988).

[0244] Martell, A. E.; Smith, R. M.; Motekaitis, R. J. NIST Standard Reference
Database; National Institute of Standards and Technology: Gaithersburg, MD.

[0245] Rebecca J. Abergel, Anthony D’Aleo, Clara Ng Pak Leung, David K.
Shuh, and Kenneth N. Raymond, “Using the Antenna Effect as a Spectroscopic Tool:

-119-



WO 2018/097871 PCT/US2017/048934

Photophysics and Solution Thermodynamics of the Model Luminescent Hydroxypyridonate
Complex [Eum(3,4,3-LI(1,2-HOPO))]-,” Inorg. Chem. 48, 10868-10870 (2009).

[0246] J.T. Harvey, Production of Actinium-225 via High Energy Proton Induced
Spallation of Thorium-232. Final Technical Report DE-SC0003602, NorthStar Medical
Radioisotopes, LLC, https:// world wide web .osti.gov/scitech/servlets/purl/1032445/.

[0247] M. Sturzbecher-Hoehne, G.J.-P. Deblonde, R.J. Abergel, Solution
thermodynamic evaluation of hydroxypyridinonate chelators 3,4,3-LI(1,2-HOPO) and 5-
LIO(Me-3,2-HOPO) for UO2(VI) and Th(IV) decorporation, Radiochim. Acta. 101 (2013)
359-366. doi:10.1524/ract.2013.2047.

[0248] R.J. Abergel, A. D’Aléo, C. Ng Pak Leung, D.K. Shuh, K.N. Raymond,
Using the Antenna Effect as a Spectroscopic Tool: Photophysics and Solution
Thermodynamics of the Model Luminescent Hydroxypyridonate Complex [Eu(III)(3,4,3-
LI(1,2-HOPO))]-, Inorg. Chem. 48 (2009) 10868—10870. do1:10.1021/1c9013703.

[0249] M. Sturzbecher-Hoehne, C. Ng Pak Leung, A. D’Aléo, B. Kullgren, A.-L.
Prigent, D.K. Shuh, K.N. Raymond, R.J. Abergel, 3,4,3-LI(1,2-HOPO): In vitro formation of
highly stable lanthanide complexes translates into efficacious in vivo europium
decorporation, Dalton Trans. 40 (2011) 8340. do1:10.1039/c1dt10840a.

[0250] M. Sturzbecher-Hoehne, P. Yang, A. D’Aléo, R.J. Abergel, Intramolecular
sensitization of americium luminescence in solution: shining light on short-lived forbidden 5f
transitions, Dalton Trans. (2016). doi1:10.1039/C6DT00328A.

[0251] M. Sturzbecher-Hoehne, B. Kullgren, E.E. Jarvis, D.D. An, R.J. Abergel,
Highly Luminescent and Stable Hydroxypyridinonate Complexes: A Step Towards New
Curtum Decontamination Strategies, Chem. - Eur. J. 20 (2014) 9962-9968.
doi:10.1002/chem.201402103.

[0252] M. Sturzbecher-Hoehne, T.A. Choi, R.J. Abergel, Hydroxypyridinonate
Complex Stability of Group (IV) Metals and Tetravalent f-Block Elements: The Key to the
Next Generation of Chelating Agents for Radiopharmaceuticals, Inorg. Chem. 54 (2015)
3462-3468. do1:10.1021/acs.inorgchem.5b00033.

[0253] G.J.-P. Deblonde, M. Sturzbecher-Hoehne, R.J. Abergel, Solution
Thermodynamic Stability of Complexes Formed with the Octadentate Hydroxypyridinonate

-120-



WO 2018/097871 PCT/US2017/048934

Ligand 3,4,3-LI(1,2-HOPO): A Critical Feature for Efficient Chelation of Lanthanide(IV)
and Actinide(IV) lons, Inorg. Chem. 52 (2013) 8805-8811. do1:10.1021/1c4010246.

[0254] G.J.-P. Deblonde, M. Sturzbecher-Hoehne, P.B. Rupert, D.D. An, M.-C.
Illy, C.Y. Ralston, J. Brabec, W.A. de Jong, RK. Strong, R.J. Abergel, Chelation and
stabilization of berkelium in oxidation state +IV, Nat. Chem. (2017).
doi:10.1038/nchem.2759.

[0255] A.E. Martell, RM. Smith, R.J. Motekaitis, NIST Standard Reference
Database 46, (n.d.).

[0256] D. Lundberg, 1. Persson, The size of actinoid(IIl) ions - structural analysis
vs. common misinterpretations, Coord. Chem. Rev. 318 (2016) 131-134.
do1:10.1016/j.ccr.2016.04.003.

[0257] D. Lundberg, 1. Persson, L. Eriksson, P. D’Angelo, S. De Panfilis,
Structural Study of the N,N’-Dimethylpropyleneurea Solvated Lanthanoid(Il) Ions in
Solution and Solid State with an Analysis of the Ionic Radii of Lanthanoid(IIl) Ions, Inorg.
Chem. 49 (2010) 4420-4432. doi:10.1021/ic100034q.

[0258] C. Wai, D. Fisher, others, Carboxylate-derived calixarenes with high
selectivity for actinium-225, Chem. Commun. (1998) 377-378.

[0259] V. Radchenko, J.W. Engle, J.J. Wilson, J.R. Maassen, F.M. Nortier, W.A.
Taylor, E.R. Birnbaum, L.A. Hudston, K.D. John, M.E. Fassbender, Application of ion
exchange and extraction chromatography to the separation of actinium from proton-irradiated
thortum metal for analytical purposes, J. Chromatogr. A. 1380 (2015) 55-63.
doi:10.1016/j.chroma.2014.12.045.

[0260] V. Ostapenko, A. Vasiliev, E. Lapshina, S. Ermolaev, R. Aliev, Y.
Totskiy, B. Zhuikov, S. Kalmykov, Extraction chromatographic behavior of actinium and
REE on DGA, Ln and TRU resins in nitric acid solutions, J. Radioanal. Nucl. Chem. 306
(2015) 707-711. do1:10.1007/s10967-015-4331-y.

[0261] L.R. Morss, N.M. Edelstein, J. Fuger, The Chemistry of the Actinide and
Transactinide Elements, 4th ed., Springer, 2010.

[0262] K L. Nash, The Chemistry of TALSPEAK: A Review of the Science,
Solvent Extr. Ton Exch. 33 (2015) 1-55. do1:10.1080/07366299.2014.985912.

-121-



WO 2018/097871 PCT/US2017/048934

[0263] K.V. Lohithakshan, P. Patil, S K. Aggarwal, Solvent extraction studies of
plutonium(IV) and americium(Ill) in room temperature ionic liquid (RTIL) by di-2-ethyl
hexyl phosphoric acid (HDEHP) as extractant, J. Radioanal. Nucl. Chem. 301 (2014) 153—
157. do1:10.1007/s10967-014-3119-9.

[0264] J.T. Harvey, Production of Actinium-225 via High Energy Proton Induced
Spallation of Thorium-232. Final Technical Report DE-SC0003602, NorthStar Medical
Radioisotopes, LLC, n.d. https:// world wide web.osti.gov/scitech/servlets/purl/1032445/.

-122-



WO 2018/097871 PCT/US2017/048934

What is claimed is:

1. A method of processing spent nuclear fuel, comprising:

obtaining spent nuclear fuel dissolved in an acidic medium;

contacting the dissolved spent nuclear fuel with an octadentate ligand and an organic phase to
generate a mixture; and

separating an aqueous phase enriched for Pu** from the mixture.
2. A method for enriching a metal ion comprising:

contacting a first aqueous phase with an organic phase to generate a mixture, wherein the first
aqueous phase comprises:

a plurality of metal ions; and
an octadentate ligand, and wherein the aqueous phase has an acidic pH of less than 1;

and

separating from the mixture a second aqueous phase enriched for a metal ion of the plurality of
metal ions.
3. A method of preparing a medical isotope, the method comprising:

obtaining a metallic precursor dissolved under an acidic condition, wherein the metallic precursor
comprises a medical isotope;

contacting the dissolved metallic precursor with an octadentate ligand and an organic phase to
generate a mixture; and

separating the medical isotope from one or more metal ions in the dissolved metallic precursor
based on an interaction between the octadentate ligand and the medical isotope.
4, A method of separating metal ions for nuclear forensics, comprising:

obtaining a sample derived from a nuclear material, wherein the sample comprises uo,*, Ac*,
Pu**, and Np4+; contacting the sample with an octadentate ligand to generate a first mixture, wherein the
first mixture has an acidic pH of 1 or lower; separating UO,** and Ac®* from Pu** and Np** in the mixture
based on an interaction or lack of interaction between the octadentate ligand and each of U022+, A03+,
Pu**, and Np**, to generate a second mixture comprising the Pu** and Np**; and further separating each
metal within both mixtures by classical techniques.
5. A method of separating metal ions, comprising:

contacting a liquid composition comprising a plurality of metal ions with an octadentate ligand to
generate a mixture, under conditions sufficient to form a metal ion-ligand complex comprising a metal ion
of the plurality of metal ions; and

separating a first fraction of the mixture enriched for the metal ion-ligand complex from a second
fraction depleted for the metal ion-ligand complex, wherein the first fraction of the mixture has an acidic

pH of less than 1,
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wherein the plurality of metal ions are selected from the group consisting of. a p-, d- or f-block

element of period 5 or greater, a group 3 element, or a group 4 element.

6. The method of any one of the preceding claims, wherein acidic denotes a pH of between about 1
to about 0.
7. The method of any one of the preceding claims, wherein the octadentate ligand is a

hydroxypyridonate ligand.

8. The method of claim 7, wherein the octadentate ligand is built on a spermine scaffold.
9. The method of claim 7, wherein the octadentate ligand is 3,4,3-L1(1,2-HOPO).
10. The method of any one of the preceding claims, further comprising dissolving a metal in an acidic

solution to obtain the liquid composition.
11. The method of claim 5, wherein the first fraction is enriched for a tetravalent metal ion and the
second fraction is enriched for a trivalent metal ion and/or a divalent metal ion.
12. The method of claim 4 or 5, wherein the contacting further comprises contacting the sample with
an organic phase.
13. A method of separating trivalent metal ions from tetravalent metal ions, the method comprising:
providing an aqueous solution comprising tetravalent metal ions and trivalent metal ions, wherein
the solution has an acidic pH;
adding a HOPO chelator to the aqueous solution;
performing an extraction against the aqueous solution, wherein the HOPO chelator functions as a
holdback agent to keep the tetravalent metal ions in the aqueous solution, while allowing the trivalent
metal ions to be removed via decanting at the end of the extraction.
14. The method of claim 13, further comprising separating the HOPO chelator from the tetravalent
metal to thereby collect the tetravalent metal.
15. The method of any one of the preceding claims, further comprising lowering a pH beneath 0 to
separate tetravalent ions.
16. The method of any one of the preceding claims, further comprising an extractant.
17. The method of claim 16, wherein the extractant is selected from the group consisting of di-(2-
ethylhexyl)phosphoric acid (HDEHP), a derivative of HDEHP, calixarenes, diglycoamide derivatives,
carbamoylphosphine oxide derivatives, tributylphosphate (TBP), monoamide derivatives, and tertiary
amines, and quaternary ammonium salts.
18. The method of any one of the preceding claims, wherein separating comprises filtering,
precipitating, liquid-liquid extraction or chromatography, or wherein the method further comprises filtering,
precipitating, liquid-liquid extraction or chromatography.
19. The method of claim 5, wherein the first fraction is enriched for a first metal ion that has a charge
that is different from a charge of a second metal ion enriched in the second fraction.

20. The method of any one of the preceding claims, wherein
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1) the separating comprises contacting the liquid composition with an organic phase or

2) further comprising contacting the liquid composition with an organic phase.
21. The method of any one of the preceding claims, wherein the method does not comprise adjusting
the pH of the liquid composition after dissolving the metal.
22. The method of any one of the preceding claims, wherein the method does not comprise raising
the pH of the liquid composition after dissolving the metal.
23. The method of any one of the preceding claims, wherein the organic phase comprises a non-
selective extractant.
24. The method of any one of the preceding claims, wherein the organic phase does not comprise an
extractant that selectively binds to the first or second metal ion.
25. The method of any one of the preceding claims, wherein the method does not comprise adjusting
the pH of the dissolved spent nuclear fuel.
26. A method for separating metal ions, the method comprising:

providing an aqueous solution comprising a first metal ion and a second metal ion, wherein the
solution has an acidic pH;

adding a HOPO chelator to the aqueous solution;

performing an extraction against the aqueous solution, wherein the HOPO chelator functions as a
holdback agent to selectively keep the first metal ion in the aqueous solution, while allowing the second
metal ion to go into an organic phase during the extraction.
27. The method of claim 26, wherein the first metal ion is a tetravalent metal ion and the second
metal ion is selected from the group consisting of a divalent metal ion and a trivalent metal ion.
28. The method of claim 26, wherein the first metal ion is a trivalent metal ion and the second metal
ion is a trivalent metal ion.
29. The method of claim 28, wherein the HOPO chelator binds to the first metal ion more effectively
than it binds to the second metal ion at a given pH.
30. The method of any one of the preceding claims, wherein the fuel, first aqueous phase, precursor,

nuclear material, liquid composition, or solution comprises actinium.

31. The method of claim 30, wherein the actinium is separated from a M** metal.
AN B20--A-6OPOSHIBR-RaNIRG & SiFUGiLFe-COMPHSIAg:-------~ h
M Deleted by RO/US
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7 32. A composition having a structure comprising::

L9 LI13

@
wherein:

() A1, A2, A3, and A4, individually, comprise a CAM group, a 1,2-HOPO group, or a HA group;

(iiy B1, B2, B3, and B4, individually, comprise an amide group or an amine group;

(i) at least one of C1, C2, C3, C4, C5, or C6, individually, comprise SH, C(=O)OH, a NH,;

(iv) at least another one of C1, C2, C3, C4, C5, or C6 is optional;

(v) at least one of L1, L2, L3, L4, L5, L6, L7, L8, L9, L10, L11, L12, or L13, individually, comprise H, an

alkyl group having no greater than 10 carbon atoms, an alkylamino group having no greater than 10

carbon atoms and no greater than 2 nitrogen atoms; an alkyl ether group having no greater than 10

carbon atoms, a hydroxy ester group, or an alkyl ester group having no greater than 10 carbon atoms;

and
(vi) at least one of L1, L5,L6, L7,L8, L9, L10, L11, L12, or L13 is optional.
33. A composition of claim 32, wherein at least another one of L2, L3, or L4, individually, comprise an

amine group or an amide group.
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34. A composition of claim 32, wherein L1, C1, L7, C2, L9, C3, L11, C4, and L13, C5 are absent, L5
comprises an unsubstituted alkyl group having no greater than 5 carbon atoms, and C6 comprises SH,
C(=O)OH, or NH..
35. A composition of claim 34, wherein L2, L3, L4, L6, L8, L10, and L12, individually, comprise an
unsubstituted alkyl group having no greater than 5 carbon atoms.
36. A composition of claim 35, wherein A1 comprises a CAM group or a HOPO group; A2 comprises
a HA group, A3 comprises a HA group, and A4 comprises a CAM group, a HOPO group, or a HA group.
37. A composition of claims 32, wherein at least one of L2, L3, or L4, individually, comprise an
alkylamino group.
38. A composition of claim 32, wherein B1, B2, and B3, individually, comprise an amide group and B4
comprises an amino group, L2 and L3 comprise an amino group, and L4 comprises an alky group having
no greater than 5 carbon atoms
39. A composition of claim 38, wherein:
C1,C2,C3, C4,C5, L1, A1, A2, A3, L1,L6,L7,L8,L9,L10,L11,L12, and L13 are absent,
A4 comprises a CAM group, a HOPO group, or a HA group; and
L5 comprises an alkyl group having no greater than 5 carbon atoms.
40. A composition of claim 32, wherein B1, B2, and B3, individually, comprise an amide group and B4
comprises an amide group, L2 and L3, individually, comprise an amino group, and L4 comprises an alky
group having no greater than 5 carbon atoms.
41. A composition of claim 40, wherein C1, C2, C3, C4, C5, A1, A2, A3, L1, L6, L7, L8, L9, L10, L11,
and L13 are absent, L12 comprises an amino group, L5 comprises an ether group having no greater than
10 carbon atoms, and A4 comprises a CAM group, a HOPO group, or a HA group.
42. A composition of claim 32, wherein C1, C2, C5, C6, L1, L2, L3, L4, L5, L7, L13, B2, and B4 are
absent, B1 and B3, individually, comprise an amide group, L6, L8, L10, and L12, individually, comprise an
amino group, A1, A2, A3, and A4, individually, comprise a CAM group, a HOPO group, or a HA group, L9
and L11, individually, comprise an alkyl group having no greater than 5 carbon atoms.
43. A composition, comprising a structure:

R3 R4 Rs

REA LS
m n ) 6
R, ,

wherein:

at least one of Ry, Ry, R3, Ry, and Rs, individually, comprise a CAM group, a HA group, or a 1,2-HOPO
group;
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at least another one of Ry, R, R;, R4, and Rs, individually, comprise H or an alkyl group having from 1 to
10 carbon atoms;

Rs comprises (i) H, (i} an alkyl group having from 1 to 10 carbon atoms, or (iii} an alkyl group having from
1 to 10 carbon atoms and substituted by at least one of SH, NH,, or C(=O)OH,;

m can be from 1 to 6;

n can be from 1 to 6;

o can be from 1 to 6.

44, A composition of claim 43, comprising a structure:
T4 Rs
R /\/\ /\/\/N\/\/N
\N N R;
| | P
R, Rs
wherein:

at least one of Ry, R3, Ry, or Rs Ry, Rz, R3, R4, and Rs, individually, comprise a CAM group, a HA group,
ora 1,2- HOPO group;

optionally, another one of Ry, R;, R4, or Rs Ry, Rz, Rs, R4, and Rs, individually, comprise e H or an alkyl
group having from 1 to 10 carbon atoms;

R, comprises H or an alkyl group including from 1 to 5 carbon atoms;

R; comprises SH, C(=O)OH, or NH,; and

pis from O to 4.

45, A composition of claim 44, wherein:

R; comprises a CAM group or a 1,2-HOPO group;

R; and Ry, individually, comprise a HA group; and

R5; comprises a CAM group, a 1,2-HOPO group, or a HA group.

46. A composition of claim 43, comprising a structure:
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HO
O N
~
HO Y Re

OH OH

OH
wherein:

R; comprises SH, NH;, or C(=O)OH,;

R2 Rs, and Rg, individually, comprise H, OH, or an alkyl group including from 1 to 5 carbon atoms; and
pis from O to 4.

47. A composition of claim 43, comprising a structure:
HO

OH

|
) N
HO Y \Rg

B N A T N

R
| P
R R AN o
2 N o) |

N
(l)H \OH

wherein:
R; comprises SH, NH;, or C(=O)OH,;

R2 Rs, and Rg, individually, comprise H, OH, or an alkyl group including from 1 to 5 carbon atoms; and
pis from O to 4.

48. A composition of claim 43, comprising a structure:
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HO
?H
(@] N
~
HO Ro
AN /\/\/N\/\/N
o N N /& R
| R1o
2 8~~N o |

| OH

OH ,
wherein:

R; comprises SH, NH;, or C(=O)OH,;

R2 Rg Rg, and Ryg, individually, comprise H, OH, or an alkyl group including from 1 to 5 carbon atoms;
and

pis from O to 4.

49, A composition of claim 43, comprising a structure:
0
HO
\N TH
\ | O, N\

Ro
5 N/\/\N/\/\/N\/\/NM

R
| /K ' 7
R2 Rg\N o

| O
OH OH

OH
wherein:

R; comprises SH, NH;, or C(=O)OH,;

R2 Rs, and Rg, individually, comprise H, OH, or an alkyl group including from 1 to 5 carbon atoms; and
pis from O to 4.

50. A composition of claim 43, comprising a structure:
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wherein:
R; comprises SH, NH;, or C(=O)OH,;

R2 Rs, and Rg, individually, comprise H, OH, or an alkyl group including from 1 to 5 carbon atoms; and
pis from O to 4.

51. A composition of claim 43, comprising a structure:
0
HO
\N | (le
\ O N\

wherein:
R; comprises SH, NH;, or C(=O)OH,;

R2 Rg Rg, and Ryg, individually, comprise H, OH, or an alkyl group including from 1 to 5 carbon atoms;
and

pis from O to 4.

52. A composition of claim 43, comprising a structure:
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OH
OH
o)
o) HO
H NN OH
N\/\/N N
HO H
OH o) o)
HO
OH
53. A composition of claim 43, comprising a structure:
0
OH
/ N/

54, A composition, comprising a structure:

R14 Rq3
\N/

wherein:
at least one of Ry, Rz, Rys, or Rys, individually, comprise a CAM group, a HA group, or a 1,2-HOPO

group;
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optionally, at least another one of Ry, Rq2, Ry3, or Rys, individually, comprise H, OH, or an alkyl group
having from 1 to 10 carbon atoms;

R17 comprises SH, NH,, or C(=O)OH,;

R, Ry4, and Ry, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon atoms; and

r can be from 0 to 6.

55. A composition of claim 54, wherein:

R1; comprises a CAM group or a 1,2-HOPO group;

Ri2 and R;s, individually, comprise a HA group; and

R13 comprises a CAM group, a 1,2-HOPO group, or a HA group.

56. A composition of claim 54, comprising a structure:

HO OH

R1q
\N

Rz

|\/\/\/\/\J\
/" /\

Rig R1g
R18

|| R17

R,, R4, Ris, Rys, and Ryg, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon
atoms;

R17 comprises SH, NH,, or C(=O)OH; and

r can be from 0 to 4.

HO OH

wherein:

57. A composition of claim 54, comprising a structure:
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HO OH
O
R
14\N
Tz
Lt o
N S 16 19
\
O OH
R18
j"/ R17
wherein

R,, R4, Ris, Rys, and Ryg, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon
atoms;

R17 comprises SH, NH,, or C(=O)OH; and
ris fromOto 4.

58. A composition of claim 54, comprising a structure:

i OH
R14 \ )J;N<
N R2o

) )L
A Non
5 Rqg Rig
HO OH =
18
r 17
HO/
e}
wherein:
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R, R14, R1s, Rig, Rig, and Ry, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon
atoms;
R17 comprises SH, NH,, or C(=O)OH; and

rcan be from 0 to 4.

59. A composition of claim 54, comprising a structure:
i OH
o My
14\N \
Rao
N /N /N\
N\ 5 R1g Rig OH
O OH =
18
\N NM\ .
r 17
HO/
O E}
wherein:

R, R14, R1s, Rig, R1g, and Ry, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon
atoms;

R17 comprises SH, NH,, or C(=O)OH; and

r can be from 0 to 4.

60. A composition of claim 54, comprising a structure:
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Y

R2

7/ \ l\/\/\/\/\)L
AN

R R
N o) 16 19
R18

|| r R17

R,, Ri4, Ris, Ris, and Ryg, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon
atoms;

wherein:

R17 comprises SH, NH,, or C(=O)OH; and
ris fromOto 4.

61. A composition of claim 54, comprising a structure:

e\

Rz

l\/\/\/\/\)k
a /\

R R
o 16 19

Ris

N
N M\
/N r Rz

HO

HO OH

wherein:

R,, R4, Ry, Ryg, and Ryg, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon
atoms;
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R17 comprises SH, NH,, or C(=O)OH,;

ris fromOto 4.

62. A composition, comprising a structure:
l 0 0
Ra2s

e

. N%N%{U\NM\
d Ros
OH R2s OH

wherein:

R>; and Ry, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon atoms;

R,s comprises H, OH, an alkyl group having from 1 to 10 carbon atoms, or (CH,).R,, where R, is SH,
C(=O)OH, or NHy;

R,4 comprises a substituent having a CAM group, a 1,2-HOPO group, or a HA group;

a, b, and c, individually, are from 1 to 10;

dis from 1 to 4; and

e is from 1 to 10.

63. A composition of claim 62, wherein R,4 comprises a substituent having SH, C(=O)OH, or NH,,

64. A composition of claim 62, comprising a structure:
R
o o (|)H |27 o
)I\ PN N\/\/\/N /V\/\

Ros N N N N Rog

| | I s

OH O O OH

Ras
(0]
HO
OH |

wherein:

R2s, R2s, and Ry, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon atoms;
R,s comprises H, an alkyl group having from 1 to 5 carbon atoms, SH, NH,, or C(=O)OH; and
s is from O to 4.

65. A composition of claim 62, comprising a structure:
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Ro7
(I)H
)I\ NN NN AN
Ras 'i‘ N 'il N g Res
OH | (0] (0] OH
R [o}——
26 /R30
N
R29\MO\/_
t ——0
HO
HO ,
wherein:

Ras, Ras, Ra7, and Rag, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon atoms;
R,s and Ry, individually, comprise H, an alkyl group having from 1 to 5 carbon atoms, SH, NH,, or
C(=0O)OH;

sis from 0 to 4; and

tis from 0 to 4.

66. A composition of claim 62, comprising a structure:
Ra7
0 0 (I)H | 0

N N AN /ﬁ\

st)j\,il/\/\/\NM SN NT N Rag
OH | 0 0 OH

Ras 0= R3o

4

Rzg\M/O\>;
] —

HO
N X

a

wherein:

R2s, Ras, Rz7, and Rag, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon atoms;
R,s and Ry, individually, comprise H, an alkyl group having from 1 to 5 carbon atoms, SH, NH,, or
C(=0O)OH;

sis from 0 to 4; and

tis from 0 to 4.

67. A composition of claim 62, comprising a structure:
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R2

7
O O ?H | O
)J\ NN NN 0 VI VN /eg\
R25 [il N [il N S R28
OH | O O OH
Ras 0= Rao
o N

t ——0

HO——N
Ra1

wherein:

Ras, Ras, R27, Rsp, and Rj4, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon
atoms;

R,s and Ry, individually, comprise H, an alkyl group having from 1 to 5 carbon atoms, SH, NH,, or
C(=0O)OH;

sis from 0 to 4; and

tis from O to 4.

68. A composition of claim 62, comprising a structure:
o o (I)H T” o
)I\ /\/\/\ N\/\/\/N H
Ros T N T N SR28
OH l O O OH
26 o \
N
HO/ /
O E}

wherein

R2s, R2s, and Ry, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon atoms;
R,s comprises H, an alkyl group having from 1 to 5 carbon atoms, SH, NH,, or C(=O)OH; and

s is from O to 4.

69. A composition of claim 62, comprising a structure:
o) 0 (I)H T” 0
)k /\/\/\ )‘\/\’(N\/\/\/NN /\/\/\ M
Ros’ N N N N Rag
I | I s
OH ! 0 0 OH Ry
26 o T/
OH ,
wherein:
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R2s, R2s, Ra7, and Rjy, individually, comprise H, OH, or an alkyl group having from 1 to 10 carbon atoms;

R,s comprises H, an alkyl group having from 1 to 5 carbon atoms, SH, NH,, or C(=O)OH; and
sis from 0 to 4.

70. A composition, comprising a structure:
O
O

R (A) /9\ YO
R\ | \

o o

h
wherein:

A, B, C, and D, individually, comprise one or more amide groups, one or more amine groups, or an alkyl
group having from 1 to 10 carbon atoms;

Ras, Ras, Ras, and Rag, individually, comprise a CAM group, a 1,2-HOPO group, or a HA group; and
g, h, i, and j, individually, are from 1 to 10.

71. A composition of claim 70, comprising g a structure:

OH 0] OH
OH |
Rao JK/N
Rag \N
N
0]
o N
N 0]
0]
0] N
R37 N R41
M}k N/\H/ \R39 HO

OH 0] OH

wherein:

Rs7 and Ry, individually, comprise H, an alkyl group having from 1 to 5 carbon atoms, SH, C(=O)OH, or
NHZ;

Ris, Rag, R4o, and Ryq, individually, comprise H, OH, or an alkyl group having from 1 to 5 carbon atoms;
and
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u and v, individually, are from 0 to 5.

72. A composition of claim 70, comprising a structure:

o) (|)H
Rao )k/N
\N

N 0]
0]
N \
N Raq NP
\MLN \R39 HO/
OH 0] 0]

wherein:

Rs7 and Ry, individually, comprise H, an alkyl group having from 1 to 5 carbon atoms, SH, C(=O)OH, or
NHZ;

Ris, Rag, R4o, and Ryq, individually, comprise H, OH, or an alkyl group having from 1 to 5 carbon atoms;
and

u and v, individually, are from 0 to 5.

73. A composition of claim 70, comprising a structure:
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O OH

OH |

R N

N/ R38 40\ )K/
N
N
O
© N
N
O

o)
0 N AN
Ra7 N Ra1 N /
N ~ Rao Ho™
v
o o ,

H O

/\

wherein:

Rs7 and Ry, individually, comprise H, an alkyl group having from 1 to 5 carbon atoms, SH, C(=O)OH, or
NHZ;

Ris, Rag, R4o, and Ryq, individually, comprise H, OH, or an alkyl group having from 1 to 5 carbon atoms;
and

u and v, individually, are from 0 to 5.

74. A composition comprising a siderocalin bound to any of the structures of claims 32-73.
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