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ABSTRACT: A major chemical challenge facing implementation of *Ac in targeted alpha
therapy—an emerging technology that has potential for treatment of disease—is identifying an ***Ac
chelator that is compatible with in vivo applications. It is unclear how to tailor a chelator for Ac
binding because Ac coordination chemistry is poorly defined. Most Ac chemistry is inferred from
radiochemical experiments carried out on microscopic scales. Of the few Ac compounds that have
been characterized spectroscopically, success has only been reported for simple inorganic ligands.
Toward advancing understanding in Ac chelation chemistry, we have developed a method for
characterizing Ac complexes that contain highly complex chelating agents using small quantities (ug)

M(DOTP)*>
M =Ac, Am, Cm, La

of *’Ac. We successfully characterized the chelation of Ac** by DOTP®" using EXAFS, NMR, and

DFT techniques. To develop confidence and credibility in the Ac results, comparisons with +3 cations (Am, Cm, and La) that
could be handled on the mg scale were carried out. We discovered that all M>* cations (M = Ac, Am, Cm, La) were completely
encapsulated within the binding pocket of the DOTP®™ macrocycle. The computational results highlighted the stability of the

M(DOTP)*~ complexes.

B INTRODUCTION

Radiopharmaceuticals are having a widespread impact on
global health. Contributions from *™Tc alone in the medical
field are staggering,' Their use enables imaging of numerous
organs (from brains to gallbladders and skeletons to tumors) in
millions of patients per year. Advancing technologies for other
radionuclides have potential for equal impact. For example,
25Ac has shown promise in targeted a-therapeutic treatment
of disease.”™'* The high-energy a-particles (>5 MeV) emitted
from ??’Ac are attractive because they have short biological
path lengths, ~100 ym."" Therefore, the diseased cell can be
selectively killed after targeting and subsequent ***Ac decay,
while surrounding healthy tissue remains unharmed.>®'"'*'*

Despite the potential for **Ac therapeutics, numerous
technical developments are needed for widespread implemen-
tation of ***Ac radiopharmaceuticals. One significant chemical
obstacle lies in chelator development. A desirable construct will
quickly bind Ac** at moderate temperatures so that the
integrity of the biological targeting vector (i.e. antibodies) is
maintained. Equally important is irreversible ***Ac binding
during transport within the patient to the target. To date, one
of the most promising A chelators involves 1,4,7,10-
tetraazacyclododecane (H,DOTA; Figure 1).13’15’16 Unfortu-
nately, owing to poor labeling kinetics, the HJDOTA results
are mixed. There are successful **Ac treatment examples;*®"”
however, the complicated DOTA*™ labeling reaction is not
well suited for many applications.'®'*'¥'® Alternatives to
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Figure 1. Formation of M(DOTP)*~ complexes.

DOTA*" would broaden significantly **Ac therapeutic
applications.'®'¥72°

One of the biggest obstacles facing identification of a
DOTA*" alternative for Ac*" is associated with the fact that
Ac** coordination chemistry is poorly defined. No Ac*
coordination complexes that are relevant for medical
applications have been characterized using common spectro-
scopic methods (e.g., X-ray diffraction, NMR, UV-—vis,
fluorescence, etc.). Even the first Ac bond distance was not
measured until 2016.*' To date, only simple inorgzanic salts
have been characterized, albeit to a marginal extent. 2731 The
paucity of Ac** coordination chemistry is primarily the result of



limited availability and difficulty in handling large quantities of
the highly radioactive *Ac [t;, = 9.920(3) d].>* These
challenges are magnified by the electronic ground state of Ac**
(5f° 6d°), which is essentially invisible to common spectros-
copies used to characterize coordination complexes (e.g,
ultraviolet—visible, fluorescence, electron paramagnetic reso-
nance). Advancing understanding of Ac** chelation chemistry
would improve our predictive capability and provide a
foundation for innovative Ac chelator development.

Herein is described a method for characterizing Ac chelation
chemistry that uses state-of-the-art spectroscopic techniques
that we believe can be applied broadly. We contribute the first
characterization of Ac** complexed by a potentially medically
relevant macrocyclic chelating agent, namely 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetra(methylene)phosphonic acid
(HgDOTP; Figure 1). This macrocycle was selected for
numerous reasons. Most notably, the binding pocket in
DOTP?" is slightly larger than that of DOTA*", which may
be beneficial for binding the large Ac®* cation. The DOTP*~
ligand is also known to bind numerous radioisotopes,® >*
including Ac**.** As the short half-life of the medically relevant
Ac (t, = 9.920(3) d*) precludes access to spectroscopi-
cally viable amounts (micrograms) of material, we used the
longest-lived actinium isotope, **’Ac, with halflife (t,,) =
21.772(3) y.** We conducted experiments in ways that were
compatible with the radioactive properties of **’Ac and
accommodated the microscopic (~28 ug) **’Ac quantities
available for experimentation.””***! The complex was
characterized using L;-edge X-ray absorption fine structure
(XAFS) and *'P nuclear magnetic resonance (NMR) spectros-
copies. To place our results in broader context and establish
confidence for experiments made on microscopic quantities of
27Ac (pg), these data were compared with analogous
measurements made on macroscopic (mg) sized samples:
La**, Am*, and Cm?*". Lanthanum was selected because it is
the closest size-matched +3 cation to Ac** that is stable to air
in aqueous solutions. The Am*" and Cm>®' cations were
similarly selected because they provide the next opportunity
along the actinide series to access air- and moisture-stable +3
oxidation states. Experimental results were presented alongside
M*-DOTP®* vs M**~DOTA*" thermodynamic constants
determined computationally using density functional theory
(DFT). Overall, this study highlights some advantages that
DOTP?® has in Ac chelation chemistry.

B RESULTS AND DISCUSSION

Synthesis. Our synthetic method for preparing M-
(DOTP)*™ (M = Ac, Am, Cm, La) was inspired by Sherry
and Geraldes's reports for making Ln(DOTP)*~ (Figure
1).3373%%94! This required generation of +3 f-element stock
solutions in nitric acid (HNOj; 8 M). Next, a nitrate residue
was obtained by repeatedly (3 times) evaporating the solutions
and dissolving the residues in HNO; (8 M). The H{DOTP
chelator was dissolved in an appropriate buffer solution, whose
pH was characterized using pH paper. The aqueous matrixes
used for EXAFS measurements contained the non-coordinat-
ing H(MES)/NH,(MES) buffer, pH 10; 0.1 M; MES = 2-(N-
morpholino)ethanesulfonic acid. Acetate buffer (deuterated;
pH 10; 0.1 M) was used for NMR studies, which avoided
interferences from the MES proton resonances. A pH of 10
was selected to ensure that the DOTP®™ ligand was completely
deprotonated. After the f-element nitrate residues were

dissolved in the DOTP® -containing solutions, samples were
gently heated (40 °C; 30 min) to give clear, colorless solutions.
For the radioactive actinides, samples were triply contained
and handled with controls that mitigated radiological
hazards.>® Given the scarcity and value of Ac, PAm, and
*8Cm, the previously published recycling methods were
demonstrated (on a small scale) for isotope recovery from
DOTP?~ containing solutions prior to conducting large-scale
syntheses of An(DOTP)*~ (28 ug for Ac, 1-5 mg for Am and
Crm) 2122313742

(NH,;)sLa(DOTP)(D,0) Structure. Single crystals of
ammonium lanthanum(III) 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetra(methylene) phosphonate monodeuterate,
(NH,);La(DOTP)(D,0), were grown for X-ray diffraction
by slow evaporation (~4 weeks) from an NMR sample (Figure
2). The X-ray studies reveled that the La** cation was

Figure 2. Thermal ellipsoid plot of (NH,);La(DOTP)(H,0).
Thermal ellipsoids set at a probability level of 30%. Red: oxygen,
gray: carbon, purple: phosphorus, blue: nitrogen, and yellow:
lanthanum. NH," cations and hydrogen atoms have been omitted.

incorporated into the DOTP®~ pocket. The average La—O and
La—N bond distances were 2.46(3) and 2.84(2) A (errors
reported as standard deviation from the mean, 15). The large
La* cation also accommodated a face-capping D,O ligand
along the C,-rotational axis, with a 2.673(8) A La—Op, o bond

distance. These distances were comparable to those observed
in related structures.’***7*® Comparisons between La-
(DOTP)(D,0)’" and previously reported Na[La(DOTA)La-
(HDOTA)]-10 H,0* highlighted the larger DOTP®™ metal
binding pocket. For example, Na[La(DOTA)] crystallizes as a
one-dimensional single chain extended solid,*” while La-
(DOTP)(D,0)° was a discrete molecule. This difference is
attributable to the longer C . ocycte=Pphosphonate aVerage
distances in DOTP®™ (1.82(1) A) vs the shorter C
Cocerate average (1.52(1) A) distances in DOTA*.Y

3P NMR Spectra. The DOTP® macrocycle has
advantages over many other chelates in that the phosphorus
atoms provided access to *'P NMR spectroscopy. For example,
interpreting 'H and '*C NMR spectra from macrocycles can be
quite difficult, owing to complicated splitting patterns and
proton inequivalences associated with the chelate scaffolding.
This problem is exacerbated with very low analyte masses, like
those associated with our Ac®* measurements (~15 pug of P),
as 'H resonances from DOTP®*" can be difficult to detect
alongside substantial contributions to the '"H NMR spectrum

macrocycle™



from protiated water and trace organic impurities. Conducting
3P NMR spectroscopy on DOTP®™ provided an avenue to
circumvent these NMR challenges.

Beginning with the free ligand, the *'P NMR spectrum from
DOTP®~ (Figure 3 and Table 1) contained a single *'P signal
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Figure 3. Comparison of the 3P NMR (D,0, pD 10) spectrum from
DOTP®~ (black trace) vs M(DOTP)*>~ (M = La, Ac, Am; blue, green,
and red traces respectively). The inset contains an expanded view of
the M = La and M = Ac spectra to show the small splitting found for
M = Ac.

that was broadened (full-width half-maximum; fwhm = 378
Hz) by fluxional processes. Addition of La** caused the peaks
to sharpen significantly (fwhm = 3.3 Hz) and shift downfield
(8p = 17.9 ppm). These spectral changes were consistent with
the formation of La(DOTP)*", especially the small fwhm of
3.3 Hz, as metal binding limits the fluxional processes
accessible to the chelate. It was unclear what to expect for
the *'P NMR spectrum from Am(DOTP)*", as we have been
unable to find any reported *'P NMR spectra of an americium
compound. However, a single peak was observed from the
reaction product between Am** and DOTP®". This resonance
was broad (fwhm = 236 Hz) and shifted far downfield (5, =

69.5 ppm), owing to Am*" temperature independent para-
magnetism.” We interpreted the data as indicating Am-
(DOTP)®" existed in solution in analogy to La(DOTP)"".

The *'P NMR spectrum from reactions between diamag-
netic Ac** and DOTP®™ were similar to La(DOTP)%™ and
Am(DOTP)*", in that it indicated formation of a single
complex. Despite microscopic reagent quantities (27.8 ug of
Ac* and 67 ug DOTP® in 25 yL) a spectrum was obtained
with reasonable signal-to-noise within 12 h (Figure 3). This
experiment represented the first time NMR spectroscopy—of
any kind—has been conducted on an actinium complex. The
spectrum contained a sharp *'P signal (8, = 20.2 ppm; fwhm =
8 Hz) shifted downfield by 3 ppm vs La(DOTP)®". This
Ac(DOTP)*" resonance was additionally unique in that it was
slightly split (6 Hz) into an unequal doublet (~3:1 by area).
We propose that this splitting resulted from slow (on the NMR
time scale) exchange of two closely related Ac(DOTP)>~
isomers, possibly the square antiprism and twisted square
antiprism, as proposed for some Ln(DOTAY~ complexes.**’
However, it is also possible that the 3'P peak splitting from
Ac(DOTP)*™ may have alternative origins and efforts to refine
our interpretation are ongoing. Finally, for reactions between
Cm*" and DOTP?®" there is little to report, as the significant
Cm®" (5f7) paramagnetism generated 'H and *'P NMR silent
species.

EXAFS Spectra. Consistent with the 3'P NMR results,
EXAFS analyses also suggested M(DOTP)>~ complexes
formed when Ac**, Am*, Cm*", and La®" were reacted with
DOTP?®" in solutions at room temperature. The 0.15—0.20 A
scattering pathway resolution [k ranges varied from 2 to 10—
12.5 A7 resolution = 77/(2Ak)]%° enabled us to distinguish O,
P, N, and C neighboring atoms within M(DOTP)*~ (Figure
4). The Am*" and Cm*" Lj-edge EXAFS spectra were nearly
identical, showing a single-pulse at 2 A™' followed by a double-
pulse near 5 A™', a single-pulse near 6.5 A™, and then two
asymmetric double-pulses at high energy. One of these high-
energy pulses leaned left (near 9 A™') and the other leaned
right (~10 A™"). The Ac L;-edge spectrum was quite similar, in
that the single-pulse/double-pulse pattern was reproduced.

Table 1. Parameters for Room Temperature Solution-Phase *'P NMR, An (An = Cm, Am, Ac) L;-Edge, and La K-Edge EXAFS

Spectra from M(DOTP)*™*

EXAFS parameters 3P NMR
M M-0 (A) M-N (A) M—CH, (A) M-P (A) M-0-P (A) M—C, o (A) AE (eV) o (ppm)
none 11
Cm 2.35(1) 2.67(1) 3.32(1) 3.51(1) 3.59(2) 4.07(3) 1.5(8) not obs.
Am 2.36(1) 2.69(1) 3.34(1) 3.51(1) 3.59(2) 4.04(2) 0(3) 68
La 2.47(1) 2.82(1) 3.42(1) 3.60(1) 3.62(1) 4.13(1) —-5(1) 18
Ac 2.49(1) 2.87(3) 3.48(3) 3.67(1) 3.74(5) 4.24(2) 1(1) 21
M Ocn (ﬁXEd) Nen (ﬁxed) CHZ,CN (ﬁXEd) Pen (ﬁxed) M-0-Pcy (ﬁxed) Ccrown,CN (ﬁXEd)
all 4 4 4 4 8 8
M o (A?) o’y (A% o CH, (A% o*p (A%) ri—o—p (A%) o Coronn (A% R-factor
Cm 0.0048(6) 0.011(1) A0 0.006(2) s A’ 0.003
Am 0.0037(6) 0.009(1) AL 0.006(1) &’ A’ 0.02
La 0.0057(5) 0.011(2) A0 0.008(2) &’ A’ 0.004
Ac 0.003(1) 0.016(5) A 0.005(2) I A’ 0.01

“The 3'P NMR data was obtained in D,0/deuterated ammonium acetate (pH 10; 0.1 M), while EXAFS measurements were made in H(MES)/
NH,(MES) (pH 10; 0.1 M) solutions. S,> = 0.9 for all fits. “Where noted, ¢® was set equal to the referenced parameter.
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Figure 4. Room-temperature solution-phase An (An = Ac, Cm, Am)
L;-edge and La K-edge EXAFS function k*(k) from M(DOTP)*~ in
H(MES)/NH,(MES) (pH 10; 0.1 M) solutions. Fits (red traces) are
overlaid on the experimental data (O). Spectra are presented—top to
bottom—in order of increasing ionic radii.

However, moving from the small Am*" and Cm®" metals to the
larger Ac®" cation imparted two notable changes. There was
the frequency change associated with changes in Ac—ligand
bond distances; frequency is inversely related to the
interatomic distances. Also of consequence, was the double
pulse near 8 A™! in the Ac** spectrum, which indicated that
scattering oscillations that likely summed near 9 A™' in parent
Am*" and Cm*" data sets were moving out of phase in the Ac**
spectrum. As observed for the actinide L;-edge EXAFS data
discussed above, La K-edge EXAFS data from La(DOTP)*"
also contained a series of alternating single (near 4 and 8 A™")
and double pulses (~S, 8.5, and 10 A™"). Unfortunately,
analogous comparisons between the La(DOTP)* k-space data
with the An L;-edge spectra were less satisfying, as this La** K-
edge data was collected under different experimental
conditions.

To guide interpretation of these spectra, we performed shell-
by-shell fits of the Fourier transformed-EXAFS spectra based
on structural models obtained from DFT geometry optimized
M(DOTP)*” (M = Ac, Cm, Am, La) structures (Figures 4, S,
6). The DFT calculated atomic coordinates (see Table 2) were
used as inputs to calculate scattering pathways using
FEFF6.>' > The three peaks in the Fourier transformed
spectra were then modeled with six scattering pathways. Figure
6 describes the interpretation of the data with Ac(DOTP)>™ as
a representative example. First was the short scattering
pathway associated with oxygen atoms from phosphonate
groups. This feature was followed closely by scattering from
the nitrogen atoms of the macrocycle. Subsequently identified
were scattering pathways from (1) phosphorus atoms, (2)
methylene groups from the phosphonate arms, and (3)
scattering off macrocyclic carbon atoms.

In the final model, coordination numbers were fixed based
on the proposed M(DOTP)®™ structure, and interatomic
distances (SR) and the Debye—Waller factors (6%) were
optimized using a least-squares algorithm for O, N, and P
scattering pathways. To maintain a reasonable number of free
variables and avoid overparameterization of the fits (typically
~75% of the maximum number of variables allowed for the
fitted region), the metal-methylene 6R was constrained to

Fourier Transform

Figure S. Fourier transform (magnitude, O; real parts, black trace) for
room temperature solution-phase An (An = Cm, Am, Ac) L;-edge
and La K-edge k>-EXAFS spectra from M(DOTP)>™ in H(MES)/
NH,(MES) (pH 10; 0.1 M) solutions. Fits (red traces) are overlaid
on the experimental data.
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Figure 6. Fourier transform of room temperature solution-phase Ac
Ly-edge k-EXAFS spectrum from Ac(DOTP)®” in H(MES)/
NH,(MES) (pH 10; 0.1 M) solution. Scattering pathway contribu-
tions to the fit have been stacked below the experimental data (O),
which is overlaid on the fit (red trace). The molecular structure is
presented in the upper right corner, with atoms colored same as the fit
contributions.

1/2[AR(P) + AR(N)]. The ¢ values from both methylene
(phosphonate arm) and azacrown carbons were also fixed to
be equivalent to the macrocyclic nitrogen shell. Additional
confidence in the model was obtained by including a M---O---P



Table 2. Comparison of the Experimentally Determined M—O and M—N Bond Distances from M(DOTP)~ (M = Ac, Am,
Cm, La) with the DFT Optimized Structures”

XRD
M M-0 M-N M-0O
Cm - - 2.35(1)
Am - - 2.36(1)
La 2.46(3) 2.84(2) 2.47(1)
Ac - - 2.49(1)

“Experimental values were obtained using single-crystal XRD or M L;-

coordinated water molecules.

EXAFS DFT
M-N M-0O M-N
2.67(1) 2.369(3) 2.779(6)
2.69(1) 2.391(2) 2.750(4)
2.82(1) 2.449(3) 2.857(4)
2.87(3) 2.514(5) 2.92(1)

and K-edge EXAFS spectroscopy. The DFT models contained no

multiple scattering pathway (SR was floated and ¢ fixed to
phosphorus), which significantly improved the fit as
determined by Hamilton tests.** Our final M(DOTP)*" fits
contained 12 floated parameters that converged to reasonable
values. These models were stable when compared to other fits,
where combinations of fixed vs floated parameters were tested.
We concluded that our EXAFS spectra were consistent with
the DFT-geometry optimized structures, indicating that the
metal was held within the DOTP®~ binding pocket.
Interatomic distances determined by EXAFS were in
agreement with results from the single-crystal
La(DOTP)(H,0)*” X-ray diffraction structure (Table 1,
Table 2, Figure 7). As expected—based on the relative size
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Figure 7. Chart showing M—O, M—N, and M-P interatomic
distances determined by EXAFS (O), DFT (A), and XRD (M = La,
p) for the M(DOTP)*>™ (M = La, Ac, Am, and Cm) complexes. The
DFT models contained no water molecules.

of the f-element cations—the bond distances naturally grouped
into two pairs. There was a group for the large (La*" and Ac*")
cations and another for the small (Am* and Cm?*) cations.
Distances within a given pair were statistically equivalent, i.e.,
M—O distances were 2.47(1) vs 2.49(1) A for Ac and La and
2.35(1) vs 2.36(1) A for Am and Cm. The M(DOTP)>~

DOTP®

M(DOTA)" + ==
M(DOTA)H,0)" + DOTP® —
M(DOTA)H,0)" + DOTP* + (H,0), — ==
M(DOTA)" + DOTP® + (H0), —=

structures could be predicted with high accuracy using DFT
methods (Figure 7). The M—O and M—P bond distances in
the DFT optimized structures—those not including coordi-
nated H,O—were in excellent agreement with those
determined experimentally, either by EXAFS or by single-
crystal X-ray diffractions (for La). The calculations also
accurately predicted M—N distances for the solid and
solution-phase La—N bond distance measurements. However,
there was substantial deviation between theory and experiment
for An—N (An = Ac, Am, Cm) distances. The calculations
overestimated the An—N distances determined by EXAFS by
~0.1 A, predicting that the An®" cations sat higher in the
DOTP®" binding pocket than experimentally observed. It is
unclear what was causing mismatch between actinide theory
and experiment. Origins for the discrepancy are being
investigated.

Modeling the M(DOTP)®~ EXAFS spectra with capping
H, O molecules bound to the central metal cation, analogous to
the (NH,);La(DOTP)(D,0) X-ray diffraction structure,
proved difficult. It was hard to resolve M—Oy, scattering

pathways from the M—Opqrp shell. For example, the solid-
state La(DOTP)(D,0)>" data showed the La—Op,, distance
to be 0.211 A longer than the La—Opo,. This difference is

pushing the resolution of our EXAFS data. Additionally, the
amplitude for the O shell was heavily influenced by the spline
fit, which removes low-frequency noise (Rbkg parameter). Note,
in the final fits, Ry, was fixed at 1. There was also appreciable
overlap between this O-scattering pathway and those from the
subsequent N shell. Combined with the limitations associated
with the number of free variables available for modeling our
data and the inherent insensitivity for quantifying coordination
numbers by EXAFS,*® it was not justifiable to include a
separate scattering pathway solely for an H,O ligand. Attempts
to combine an H,O scattering pathway with the phosphonate
oxygen shell also proved inconclusive. For example, allowing
the oxygen coordination number to independently float
returned an intermediate oxygen atom occupancy of 4.2 +
0.6; there were four oxygens in La(DOTP)®” and five in
La(DOTP)(D,0)*". Given the likelihood of rapid H,0
exchange in solution, as seen in Gd(DOTP)*~,% we concluded
that our EXAFS results were unable to distinguish M(DOTP)-
(H,0)*>" from M(DOTP)>".

M(DOTP)> + DOTA* (1
M(DOTP)H,0)> + DOTA* )
M(DOTP)> + DOTA* + (H,0),, )

M(DOTP)H,0)* + DOTA* + (H,0),,



Thermodynamic Stabilities. Relative stabilities of
M(DOTP)>™ (M = Ac, Am, Cm, La) vs M(DOTA)™ (a
standard actinium chelate) were evaluated computationally
using hybrid DFT methods. With DFT geometry optimized
structures, a series of calculations were carried out to
determine relative thermodynamic stabilities from computed
Gibbs free energies for substituting DOTP®~ for DOTA*" (eq
1).

Since experimental results were inconclusive regarding
H,0-M(DOTP)*>" binding, additional calculations were
performed with and without water molecules (eqs 2—4).
Multiple models were considered to account for water
coordination to the metal (see the Supporting Information
(SI)). The results described in the main text included a single
water molecule with the hydrogen atoms rotated away from
the chelator to simulate their geometry in solution and allow
for hydrogen bonding with subsequent shells of hydration (see
SI). Coordination of H,O to the M** cation pulls the metal ion
away from the nitrogen plane. This change also shifts the
nitrogen atoms up slightly and pushes the phosphonate oxygen
atoms away from the M>* cation (see SI).

For all four reactions in eqs 1—4, formation of M(DOTP)*>~
was predicted to be significantly favorable over M(DOTA)"~
(see Table 3). Hence, we are currently working to

Table 3. Relative Free Energies, G (kcal/mol), Calculated as
a Function of Metal Ions (Ac®*, La**, Am3", Cm?®") for the
Reactions Shown in Eqs 1—4

M eq 1l eq 2 eq 3 eq 4
Ac —27.1 —214 =251 —-23.4
La -32.2 —26.3 =372 —-21.3
Am —-28.0 —17.8 —35.7 —10.1
Cm —28.1 —-19.3 —34.5 -12.9

experimentally validate the predicted trends that M>" binding
with DOTP®™ is preferred over that with DOTA*". It is
important to remember limitations associated with comparing
calculations from Ac(DOTP)®*™ with Ac(DOTA)™ as well as
with the Cm** and Am®* analogues. As demonstrated by these
calculations, the influence of H,O binding has significant
impact on the calculated complex stabilities. Hence, there is
significant need to accurately characterize the first and second
hydration shells around the actinide cation using experimental
methods. Without this data, the calculations cannot be
validated and caution must be exercised to avoid over-
interpreting the computational results. Furthermore, in a
biologically relevant setting, it may not be possible to maintain
DOTP?" in the presence of Ac** in aqueous media for chelator
labeling, which occurs near pH 5—7. Protonation of DOTP*~
at pH 5—8 to form H,DOTP® ™ is likely.*'

B OUTLOOK

We have characterized a series of M(DOTP)>™ (M = Ac, Am,
Cm, La) coordination complexes in solution using *'P NMR
and EXAFS spectroscopy. These results showed that DOTP®~
forms well-defined complexes with Ac**, Am**, Cm*, and La**
ions. In all cases the +3 cations were completely encapsulated
within the macrocyclic pocket. Computational studies high-
lighted the stability of M(DOTP)"™ and indicated that the
large DOTP®~ binding pocket might be better size-matched for
the large Ac®* cation. In terms of advancing fundamental
understanding of f-element chelation chemistry, results from

Am** and Cm®" are important, as few coordination chemistry
studies have been reported for these elements.**”~%” The
Ac* results are also significant because previous coordination
chemistry efforts focused on characterizing Ac** chemistry with
simple inorganic salts or aquo complexes.”"****”3! From this
perspective, characterization of Ac(DOTP)®™ is an exciting
advancement. It represents the first time a chelating ligand has
been spectroscopically observed to bind Ac** rather than
inferred from radiochemical separation studies. Beyond
highlighting (1) the compatibility of DOTP®~ for chelating
+3 f elements and (2) expanding potential applications for
DOTP?" in advanced chelating strategies, the results
provocatively suggest that EXAFS and NMR can be more
extensively used in evaluating Ac** interactions with chelating
ligands, e.g, in characterizing speciation, binding kinetics,
binding constants, etc. Overall, this work builds upon an
ongoing international movement to advance use of radio-
nuclides in therapeutic treatment of disease,' "> and shows
promise to impact a variety of fields, ranging from targeted a-
therapy to actinide decorporation therapy.

B METHODS

General Considerations. Caution: Because of nuclear decay,
which generates @, f, 7, and (in the case of ***Cm) neutron emissions,
the *’Ac, **Am, and ***Cm isotopes and daughter products present
severe radiological hazards. Hence, sample manipulation occurred in
radiological facilities equipped with administrative and engineering
controls for sample handling. These controls included use of certified
HEPA filtered fume hoods within dedicated laboratories that
contained appropriate @, f, 7, and neutron detecting instruments
for 2’Ac, **Am, and 2**Cm work.

The **’Ac and **Am isotopes were supplied by the United States
Department of Energy Office of Science Isotope Program in the
Office of Nuclear Physics. ***Cm was recovered from a poorly defined
legacy sample using a published radiochemical purification
procedure.3 42 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetra-
(methylene phosphonic acid) (HDOTP; Macrocyclics), anhydrous
lanthanum triflate [La(OTf)4; Sigma-Aldrich], ammonium hydroxide
(NH,OH; Sigma-Aldrich), acetic acid (HO,CCHS,; Fisher), ammo-
nium-d, deuteroxide (ND,OD; Alfa-Aesar), acetic acid-d,
(DO,CCD;; Sigma-Aldrich), sodium 2-(N-morpholino)-
ethanesulfonate [Na(MES), Sigma-Aldrich], and deuterium oxide
(D,0, “100% D”; Cambridge Isotopes) reagents were purchased from
commercial sources and used as received. Water was passed through a
Millipore purification system to achieve a resistivity of 18 MQ/cm
and further purified using a sub-boiling Teflon still. All NMR
experiments were conducted using a Bruker Avance 400 MHz NMR
and processed with MestReNova v10. These NMR spectra were
referenced to residual solvent peaks ('H spectra) or to the solvent
lock signal according to the IUPAC secondary referencing method
(®'P spectra).®® To minimize radiolysis effects the ’Ac and NMR
and XAFS measurements were made within 2 weeks of sample
purification. Measurements on >*Cm and **Am were also made
within 2 weeks of purification.

Crystallization of Ammonium Lanthanum(lll) 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetra(methylene) Phospho-
nate Monohydrate, (NH,)sLa(DOTP)(H,0). Single crystals were
obtained by slow evaporation of an NMR sample. Crystals were
mounted on MiTeGen mounts with krytox oil and were aligned
optically on a D8 Bruker Quest diffractometer with a sealed tube Mo
source (Mo Ka, A = 0.71073 A). All data was collected at 100 K under
a constant stream of nitrogen. Standard APEX II software was used
for determination of the unit cells and data collection control. The
intensities of the reflections of a sphere were collected by combining
four sets of exposures (frames), which totaled to 1464 frames with an
exposure time of 30 s per frame. APEX II software was used for data
integration including Lorentz and polarization corrections. The crystal


















