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ABSTRACT: A family of phosphonate-bearing chelators was
synthesized to study their potential in metal-based (radio)-

pharmaceuticals. Three ligands (H¢phospa, Hedipedpa, Hgeppy;

structures illustrated in manuscript) were fully characterized, o H:;,ﬁ—\u,—\u,—%:n

including X-ray crystallographic structures of Hgphospa and A o | o 8on (=, A

Hgdipedpa. NMR spectroscopy techniques were used to confirm d{ v, S Ved C/;O,. ol o o
q q q q g 225 /o = v X

the complexation of each ligand with selected trivalent metal ions. £ ARy O D AN

These methods were particularly useful in discerning structural F=; ¢ "y oo---7° I “gon =

information for Sc** and La** complexes. Solution studies were “'s e j_]., on "6

conducted to evaluate the complex stability of 15 metal complexes. B YL e 2 3

As a general trend, Hgphospa was noted to form the most stable T ey

complexes, and Hgeppy associated with the least stable complexes.

Moreover, In** complexes were determined to be the most stable, and complexes with La®* were the least stable, across all metals.
Density functional theory (DFT) was employed to calculate structures of Hgphospa and Hydipedpa complexes with La** and Sc**. A
comparison of experimental "H NMR spectra with calculated '"H NMR spectra using DFT-optimized structures was used as a
method of structure validation. It was noted that theoretical NMR spectra were very sensitive to a number of variables, such as ligand
configuration, protonation state, and the number/orientation of explicit water molecules. In general, the inclusion of an explicit
second shell of water molecules qualitatively improved the agreement between theoretical and experimental NMR spectra versus a
polarizable continuum solvent model alone. Formation constants were also calculated from DFT results using potential-energy
optimized structures. Strong dependence of molecular free energies on explicit water molecule number, water molecule
configuration, and protonation state was observed, highlighting the need for dynamic data in accurate first-principles calculations of
metal—ligand stability constants.

H INTRODUCTION necessitate the delivery of metal ions without their release,
delivery and release of metal ions can be achieved through the
rational tuning of chelators. This can be particularly useful
when metal ion incorporation into tissue is required to elicit
the desired biological response. Imaging of bone metastases
and treatment of bone resorption disorders with La®* are
applications that illustrate this point. In these cases, chelators
chauffeur (radio)metal ions to regions with an abnormally high
bone growth rate or rapid bone turnover. Upon release, the
(radio)metal ions may become adsorbed onto bone or even
incorporated into hydroxyapatite (HA, the mineral matrix that
makes up cortical bone), where they can evoke a localized
response.” Moreover, chelators may be used to decrease
unusually high levels of free metal ions in vivo, as is commonly
achieved during chelation therapy. In this case, toxic

Chelators have a wide range of utility due to the powerful
repercussions of metal coordination. Many common applica-
tions of chelators capitalize on the biocompatible nature of
these species by using them to securely deliver, release, or
uptake metal ions within the human body. For example,
nuclear medicine is a fast-growing field that has seen much
success as a result of the development of metal-based
radiopharmaceuticals.”” Bifunctional chelators (BFCs) are
often key components of contemporary metallo-radiopharma-
ceuticals, as they prevent the release of free radionuclides in
vivo by maintaining a high thermodynamic stability and kinetic
inertness to ensure the secure delivery of radioactive cargo."”
Magnetic resonance imaging (MRI) contrast agents similarly
require the metal complex to remain intact for an optimal
performance. Unlike radiopharmaceuticals, however, MRI
detects the T relaxation of water within magnetic fields, and
so these contrast agents aim to deliver metal ions capable of
increasing the water relaxation rate at specific sites (e.g., the
brain), often as a result of water coordination to a
noncoordinatively saturated hi%hly paramagnetic metal ion
(e.g, Gd**, Mn>*/3*, Cu®>").” While these applications
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Chart 1. Examples of Multidentate Ligands and Their Potential Medical Applications”
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concentrations of endogenous (e.g., Fe*, Cu®**) or exogenous
(e.g, Pb**, Hg**) metal ions can be diminished through an
administration of chelators to sequester free metal ions and
more rapidly excrete them, mitigating deleterious effects such
as an excessive formation of reactive oxygen species (ROS).S’6
Chelators also serve in many useful roles outside the medical
realm (e.g., water treatment, heavy metal extraction); however,
for brevity, these topics will not be discussed further here.
Clearly, chelators offer much utility to the medical world and
beyond (Chart 1).

Phosphonate-bearing chelators have seen continued interest
over recent years due to their well-known “hard” (predom-
inantly ionic) coordination electronics as well as their rapid
kinetics of complexation.”” In comparison to more commonly
employed carboxylic acids, phosphonates are particularly well-
suited toward the coordination of hard metal ions, such as
small high-valent main-group (e.g, Ga**, AI’**) and transition
metals (e.g.,, Fe**, Sc®*) as well as the entire lanthanide series.'”
Another interesting feature of (bis)phosphonates is their
natural tendency to interact with bone. Phosphonates are a
fundamental component of HA (along with Ca** and OH"),
and so naturally their interactions have been studied to
investigate any medicinal properties that can be harnessed to
treat bone disorders.” While the long-term efficacy remains
unclear,"" bisphosphonates such as alendronate (trade name:
Fosamax) have long been established as agents capable of
increasing the bone density in patients suffering from
osteoporosis.'”'® Taken together, the hard and labile
coordination properties of phosphonates, along with their
affinity toward HA, has led to their elegant application as
metal-based bone-targeting agents. ['**Sm][Sm(EDTMP)]*"
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and (more recently) ["’Lu][Lu(EDTMP)]>~ are prime
examples of multifunctional phosphonate species."*'> Not
only does (P—0), - M* (M = Sm, Lu) coordination form
the majority of the energetic drive for this species to exist but
the delivery of the radionuclides to their target (i.e, bone
metastases) is also firmly rooted in phosphonate-dominated
interactions. It is worth noting that noncoordinating (bis)-
phosphonate donors are better-suited for bone targeting, while
metal coordination can mitigate this targeting effect and
instead permit bioconjugate-dominated bioactivity.'*™"* An-
other method to stifle bone targeting is the use of phosphinate
groups, which present a convenient handle for bifunctionaliza-
tion if targeted radionuclide delivery is the goal. Phosphonate
P—OH bonds are commonly converted to P-CH,—R bonds,
where R leads to a group capable of covalent linkage (e.%.,
NCS, COOH, maleimide, alkyne) with a targeting vector.””
This conversion is generally synthetically straightforward and
helps shorten the time between the identification of a
promising chelator and in vivo trials. Clearly, phosphonates
are multifaceted functional groups whose application in
chelating ligands warrants further investigation.

Picolinic acids are another motif commonly found in
modern chelators. Their broad applicability”* ™" has led to a
tremendous number of chelator variants; however, a very few
bearing both picolinic and phosphonic acids have been
reported. Hgphospa is a well-known derivative due to its
simplicity of design, and it was originally studied as a Gd**-
based contrast agent.’’ As a BFC for radiopharmaceuticals,
incompatibility with [¥Zr]Zr* and complex lability with
[""In]In** and ["’Lu]Lu** when conjugated to trastuzumab
(HER2/neu-targeting monoclonal antibody; mAb) have been

https://dx.doi.org/10.1021/acs.inorgchem.1c00290
Inorg. Chem. 2021, 60, 5343—5361


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00290?fig=cht1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00290?fig=cht1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.1c00290?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Chart 2. Phosphonate-Bearing Picolinic Acid-Derived Chelators®
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reported.”” No investigation of Hgphospa thermodynamic
parameters have been explored. Another more recent report is
of the phosphinate-bearing picolinic acid derivative Hgdappa.™
While a similar lability with [""'In]In*" was reported, in-depth
thermodynamic studies and density functional theory (DFT)
calculations provide insight into the reason behind the
complex’s low kinetic inertness and how to mitigate lability if
desired. Lastly, H,dppa is a condensed, hexadentate scaffold
intended for use with [**Ga]Ga®" as well as for the potential
delivery of La** to HA for the treatment of bone resorption
disorders.™

Herein, we report the synthesis and characterization of three
ligands, namely, H¢phospa, Hdipedpa, and Heeppy (Chart 2),
in order to study the effect that structural differences have on
the coordination chemistry and future ligand application.
Crystal structures of the first two ligands were obtained. The
metal complexation of these three molecules was investigated
by NMR spectroscopy with five trivalent metal ions of varying
sizes and electronics (ie., In**, Lu*, Y%, Sc**, and La®).
Thermodynamic parameters (log Ky and pM) were
calculated for all 15 complexes and were used to compare
and rationalize the stability across varying ligand and metal
series. DFT structures of several La®* and Sc** complexes were
calculated, and some were validated through a comparison of
experimental and theoretical NMR spectra. Lastly, binding
energies of several complexes were calculated from DFT
structures.

B RESULTS AND DISCUSSION

Ligand Synthesis and Characterization. The strategy
for the synthesis of Hgphospa and Hydipedpa (Scheme 1) was
to build first the dipicolinate ethylenediamine scaffold through
the synthesis of 1 (as reported elsewhere’*’) and then to
functionalize the resultant secondary amines to yield two
distinct ligands, differing only in the length of the amine-
phosphonate bridging unit. Hgphospa was synthesized via a
Kabachnik-Fields reaction, which forms a methylene bridge
between the amine and phosphonate group following the
dissolution and heating of 1 and phosphorous acid in
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Scheme 1. Hgphospa and Hydipedpa Syntheses

HOJ' “—OH
PN/ R
HaPO, HO —N N— OH
Paraformaldehyde —
7N\
NN N
6 M HCI =
Reflux, 48 h OH HO
N/_\H AW Hgphospa
2
— 7\
W N
/
o o0
o /7 o o o]
HO~p B-OH

(1)

W\ /— /o

N N:
OH HO
(o) (o]

Hgdipedpa
@)

i) Diethyl vinylphosphonate

i) H0, pH 9-10, reflux, 24 h
i) 12 M HCI, reflux, 24 h

hydrochloric acid (HCl; 6 M) and the slow addition of
paraformaldehyde. The harsh conditions required for this
reaction also conveniently deprotect the methyl esters of 1,
obviating a step. Hydipedpa was synthesized through an aza-
Michael addition between 1 and diethyl vinylphosphonate in a
refluxing aqueous solution at pH 9—10 to ensure an adequate
nucleophilicity of secondary amines. Upon addition of two
phosphonate arms, the excess diethyl vinylphosphonate can be
extracted with dichloromethane. Although the intermediate is
somewhat hydrophobic due to the pyridine rings and ethyl-
protected phosphonate groups, the picolinic acid groups
become deprotected under reaction conditions due to the
combination of basic pH and high heat, as supported by mass
spectroscopy (low-resolution electrospray ionization mass
spectrometry (LR-ESI-MS)). This results in the desired
intermediate remaining in the aqueous phase. Deprotection
of the phosphonate groups is achieved through the rotary
evaporation of solution followed by the addition and refluxing
of concentrated (conc) HCL Unlike most other picolinic acid
(“pa”) family ligands, Hephospa and Hydipedpa do not require
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Scheme 2. H¢eppy Synthesis
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Figure 1. ORTEP diagrams of Hiphospa (left) and Hydipedpa (right).

011

high-performance liquid chromatography (HPLC) for purifi-
cation; the phosphonate groups on both ligands instead enable
the use of a two-solvent precipitation to yield pure products.
Following the HCI reflux and the complete evaporation of
solvent, dissolving the crude product in minimal water, then
precipitating out the product with acetone yields a crude
brown oil once the precipitate is allowed to settle. Decanting of
the solution and washing the oil with acetone yields the pure
ligand as a hydrated HCl salt (i.e., Hephospa-0.3HCI-1.8H,0
and Hdipedpa-4HCI-2H,0). The simplicity of these syntheses
and the luxury of obviating time-consuming HPLC purification
are very attractive features indeed.

Hgeppy is a unique derivative in the pa family of ligands, as
the picolinic acid groups have been replaced with pyridine-
methylenephosphonates. While (by definition) it is not part of
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the pa family, Hgeppy does provide an interesting comparative
study with the aforementioned ligands and was therefore the
aim of this synthetic endeavor. Similar to the synthesis of
Hephospa and Hgdipedpa, the strategy to make Hgeppy
(Scheme 2) was to base the design around an ethylene diamine
backbone and add the desired arms sequentially. Taking
inspiration from the optimized synthesis of H,octapa,” instead
of adding acetate arms to a protected ethylene diamine starting
material, a simple Fischer esterification of ethylenediamine-
N,N’-diacetic acid (EDDA) resulted in the desired backbone
(8), with secondary amines available for subsequent arm
attachment via Sy2. The synthesis of the pyridine-phosphonate
arm (7) builds upon the methyl-6-bromomethylpicolinate arm
(4) used in the above syntheses. With triethylphosphite and
zinc(1I) bromide as a catalyst, the Michaelis-Arbuzov reaction

https://dx.doi.org/10.1021/acs.inorgchem.1c00290
Inorg. Chem. 2021, 60, 5343—5361
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Figure 2. '"H NMR spectra of (a) Hgphospa, (b) Hedipedpa, and (c) Hgeppy and their corresponding La** and Sc** complexes (D,0, 25 °C, 400
MHz); stars in the [Sc(dipedpa)]*~ spectrum represent neighboring ethylene protons of the asymmetric complex. Labels indicate dominant metal
complexes in solution. See Figures S47—S61 for complete speciation diagrams.

results in a replacement of the bromine group with a protected
phosphonate. The reduction of the methyl ester with NaBH,
primes the alcohol for a bromination with PBr;. Note that 7 is
prone to decomposition, as reported by Abada et al.** Thus,
immediately following its synthesis, the arm was combined
with 8 to produce the protected ligand (9). For this reaction,
the temperature is crucial, as temperatures above 40 °C were
noted to complicate the ensuing purification. It is speculated
that a high temperature promotes the cyclization of backbone
8, which is then exceedingly difficult to separate from the
desired product. Lastly, deprotection is achieved by dissolving
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9 in conc HCI and then refluxing for 48 h. Similar to the
purification of Hyphospa and Hydipedpa, crude Hyeppy can be
purified by a dissolution in minimal water and precipitated
with acetone. After the accumulation of precipitate as droplets
of brown oil, the solution can be decanted, yielding the pure
ligand as an HCI salt (Hgeppy-4.SHCI-3H,0) following
additional washing with acetone and lyophilization.

X-ray Crystal Structures. X-ray quality single crystals of
both Hg¢phospa and Hgdipedpa were obtained through the
two-vial vapor diffusion technique, where acetone slowly
diffused into an aqueous solution containing the compound of

https://dx.doi.org/10.1021/acs.inorgchem.1c00290
Inorg. Chem. 2021, 60, 5343—5361
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Figure 3. Speciation plots of Hephospa, H¢dipedpa, and Heeppy. *'P chemical shift dependence on the pH of H¢phospa and HypNMR200

843

fitting overlaps the speciation plot; the dashed line indicates the physiological pH of 7.4.

interest, with an approximate concentration of 8 mM and no
further adjustment of pH. The Oak Ridge Thermal-Ellipsoid
Plot (ORTEP) diagrams of the ligands are shown in Figure 1.
Crystallographic information and selected bond lengths/angles
can be found in Tables S2—S6. From Figure 1, it can be seen
that Hgphospa and Hgdipedpa are neutral, zwitterionic species
(deprotonated phosphonates; protonated amines) consistent
with calculated pK, values (vide infra), given the pH =~ 2
solution from which the crystals were grown. The config-
uration of Hgphospa reveals a symmetric, closed-structure
conformation with an intramolecular hydrogen bonding
between the protonated picolinic acid, deprotonated phospho-
nate, and protonated amine groups. Conversely, the config-
uration of Hgdipedpa is a symmetric, open-chain structure,
with evident phosphonate-water hydrogen-bonding (shown in
Figure $62) in lieu of intramolecular interactions.

Metal Complexation Studies. Complexation studies were
conducted primarily through the use of "H NMR spectroscopy
and 'H-'H correlation spectroscopy (COSY) as well as
*P{'H} NMR spectroscopy and high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS). These studies
were performed not only to confirm the metal chelation but
also to gain insight into the complex symmetry, fluxionality,
and approximate ligand configurations in solution. The
trivalent metal ions In**, Sc*, Lu®*, and Y** were selected
because of the availability of radioisotope counterparts (i.e.,
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["Mn]In®, [*Sc]Sc™, ["Lu]Lu®, and [*°Y]Y**), which have
varying degrees of clinical utility, ranging from primarily
preclinical research (e.g, [*Sc]Sc**) to routine clinical use
(e.g, [""Lu]Lu’"). Moreover, La** was studied (in the absence
of a more suitable candidate) as it is considered a “cold”
surrogate for the now-famous a-emitter, [**Ac]Ac®". Addi-
tionally, excluding In**, this series of (pseudo)lanthanides
presents an opportunity to study how an ionic radius impacts
the chelation chemistry, as size increases across the series, yet
chemical hardness remains virtually identical (as measured by
the Drago—Wayland metric I, )10

Typical evidence of ligand chelation is a qualitative
observation of diastereotopic splitting in "H NMR spectra,
which can be confirmed by '"H—'H COSY. These splitting
patterns are a result of previously equivalent protons of freely
rotating and symmetric ligands (often C,, point groups for pa
ligands) becoming inequivalent due to metal ion chelation,
which results in structural rigidity. For example, the
observation of a singlet peak in the 'H NMR spectra of a
free ligand being replaced by two doublet peaks (each with a
half integration of the singlet) following the addition of metal
ion is a common sign of chelation. For symmetric complexes,
the simplicity of resulting splitting patterns often makes spectra
straightforward to interpret. When metal complexes are
asymmetric, however, the interpretation can be more
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Table 1. Protonation Constants (log K,) of the Discussed Ligands

equilibrium reaction Hphospa
I + H' s H™

HL'™ + H' 5 H,I*” 10.05 (1)”(N,,)
H,L'” + H' 5 HI~ 8.00 (2)"(P—OH)
5.83 (2)?(P—OH)

4.73 (1)?(py-COOH)

H,L’” + H" 5 H,L*”
HLU™ +H' 5 HL
HL + H" s HL 3.18 (2)”(py-COOH)
HL + H' 5 H,I' 1.85 (9)?(P—OH)
HL' + H' 5 H,** 0.3 (1)“(P—OH)

Ylog K {[H,L]/[H, LI[H']} 45.37 (1);45.44 (1)

11.43 (1)% 11.50 (1)%(N,,)

Hedipedpa Hgeppy

11.02 (1)°(N.,) 9.22 (1)”(N,,)
9.20 (1)*(N,,) 7.86 (1)°(P—OH)
7.42 (1)?(P—OH)
6.40 (1)°(P—OH)

4.97 (1)?(py-COOH)

7.13 (1)?(P—OH)
5.74 (1)°(N,,)

3.71 (1)"(COOH)
3.19 (1)?(py-COOH) 2.29 (2)"(COOH)
2.30 (2)?(P—OH) 0.88 (3)°(P—OH)

0.8 (1)°(P—OH) ~0.16 (2°(P—OH)

45.3 (1) 36.67 (2)

“Using 'H and *'P NMR titrations. bUsing UV-potentiometric titrations. “Using UV batch titration, T = 25 °C, I = 0.16 M NaCl (when possible).

challenging due to the twofold increase in signals, which can
overlap and become difficult to differentiate.

Figure 2 illustrates characteristic spectral changes as a result
of chelation, both from symmetric and asymmetric complexes.
Lanthanum(III) complexes derived from pa family chelators
are often rigid and symmetric as a result of the lanthanum large
radius (1.16 A, coordination number (CN) = 8),*” which fills
the dedpa-like (N,N’-dipicolinate ethylenediamine)* coordi-
nation sphere and permits facile coordination of pendant arms
to (near) coordinatively saturate the metal ion. Indeed, both
Hephospa and Hgdipedpa conform to this tendency, as
supported by simple diastereotopic splitting patterns in 'H
NMR spectra. Medium-sized metal ions (e.g., Y**, In**, Lu*")
have less predictable behavior with the pa family of chelators,
as small differences in functional groups have historically led to
a range of behaviors with respect to isomers, fluxionality, and
symmetry,”* "' as is the case with the pa ligands studied in this
work (see Figures S19—S42 for NMR spectra of these
complexes). Scandium(III) complexes of pa family ligands
have only recently*” seen interest due to the increasing
availability of [*/#7Sc]Sc**. Interestingly, with both Hephospa
and H¢dipedpa, resulting Sc** complexes are rigid and
asymmetric. Figure 2ab illustrates the differences in spectral
complexity between these symmetric La** and asymmetric Sc**
complexes.

While the coordinating functional groups of Hgeppy are
identical to those of Hgphospa and Hdipedpa [N,0,(PO),],
the rearrangement of phosphonate and carboxylate groups
excludes Hyeppy from the pa family and has led to a number of
interesting differences in metal ion chelation. The most striking
difference comes from a comparison of the Sc** complexes.
Scandium(III) complexes of Hgphospa and Hgdipedpa are
asymmetric, likely as a result of the pyridine rings conforming
to a perpendicular coordination environment (~90° N,

N,, bond angle) to accommodate the small metal ion (Sc**
ionic radius = 0.87 A, CN = 8),”” which does not adequately
fill the usual dedpa-like coordination sphere. Conversely,
replacement of the aromatic carboxylic acids with methylene-
bridged phosphonate groups results in less contortion of the
pyridine rings and ethylene backbone as a result of the
additional points of free rotation (i.e., py-CH,-P(O)(OH),).
As supported by the simple diastereotopic splitting seen in
Figure 2c, a rigid, symmetric Sc** complex is the result of this
alteration. The relative broadness of the [La(H,eppy)]™
complex can also be rationalized when considering the ligand
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flexibility. The rigid nature of picolinic acid groups and the
close match of La** to the binding pocket of pa family ligands
generally lead to symmetric and highly rigid La** complexes, as
seen in Figure 2a,b. While Hyeppy appears to maintain the
symmetry when chelating La**, the peak broadness in the 'H
NMR spectrum suggests a fluxional behavior of the complex,
which is logically a result of a decreased ligand rigidness.
Solution Thermodynamics of Hgphospa, Hedipedpa,
and Hgeppy. Since the basicity of different donor atoms of
the ligand affects metal complexation, detailed protonation
constants of Hgphospa, Hgdipedpa, and Hgeppy were
determined. For each of the ligands, 10 protonation sites are
possible; however, even in very acidic solutions, protonation
constants of the two most acidic donor atoms were not
accessible. Thus, at that acidic pH, those donor atoms are
deprotonated and can readily coordinate metal ions. For each
ligand, two different methods were used for the pK,
determination: acidic UV-in-batch spectrophotometric titra-
tions and combined UV-potentiometric titrations. The spectral
evolution of each ligand, with respect to pH, and the
corresponding speciation plots are shown in Figures S44—
S46. For Hephospa, additional *'P and 'H NMR titrations
were performed to assign more accurately and determine the
most acidic and most basic pK, values (Figures 3 and S43).
Because of the structural similarity of the three ligands,
comparisons can be made to investigate the influence of the
substituent position and nature on ligand protonation
constants and the metal coordination. Hgphospa and
Hgdipedpa differ in the amine—phosphonate bridging group.
Hgphospa has a methylene bridge, while Hgdipedpa has an
ethylene bridge (Chart 2). The most basic groups in these
ligands are the tertiary N atoms (N,,) in the ethylenediamine
backbone. The basicity of those amines in Hgphospa (log K; =
11.43(1); 11.50(1); log K, = 10.05(1)) are greater than those
in Hedipedpa (log K; = 11.02(1); log K, = 9.20(1)). This is
due to the greater stabilization offered by the strong
intramolecular hydrogen-bond interactions of the phospho-
nates in Hgphospa with the protonated tertiary amines. This
explanation is supported by the X-ray structure of the ligand
(Figure 1). *'P{"H} NMR and 'H NMR titrations of Hgphospa
support the existence of H-bond interactions in these
protonation steps, as a large change in the *'P chemical shift
occurs in the range of 10 < pH < 12 (Figures 3 and $43).
Protonation constants of the phosphonate functionalities for
Hephospa and Hdipedpa are close to those found for similar
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Table 2. Stability Constants (log Ky ) and the Corresponding Stepwise Protonation Constants log K;,,(MH,L)“ of Hgphospa,

Hqdipedpa, and Hgeppy with Metal Ions of Interest”

SC3+ In3+

log Kyo;(ML) 34.92 (3) 38.64 (3)
log K;;;(MHL) 5.94 (4) 5.45 (6)
log Ky, (MH,L) 428 (4) 4.06 (3)
log Ky3;(MH,L) 2.96 (2) 2.98 (3)
log K,_;;(M(OH)L) 9.65 (4) 10.43 (3)
log K;; (ML) 25.17 (3) 31.12 (2)
log K;;;(MHL) 6.59 (3) 6.93 (2)
log Ky, (MH,L) 4.52 (2) 411 (2)
log K3, (MH;L) 3.05 (2) 3.19 (1)
log K;_;;(M(OH)L) 8.08 (2) 8.74 (3)
log K,_;(M(OH),L) 9.76 (2)

log K;; (ML) 22.03 (2) 26.56 (2)
log Ky;,(MHL) 474 (4) 6.40 (2)
log K;5(MH,L) 435 (3) 435 (3)
log K;3,(MH,L) 3.06 (4) 2.88 (3)
log K;_1;(M(OH)L) 7.73 (2) 8.62 (3)
log K;_,;(M(OH),L) 9.93 (3)

Lu3+ Y3+ La3+
Hgphospa
29.90 (6) 28.01 (4) 27.99 (4)
647 (7) 6.19 (1) 541 (1)
4.07 (6) 4.68 (2) 4.57 (3)
3.55 (1) 2.38 (2) 297 (2)
9.48 (7) 1144 (4) 10.54 (4)
Hgdipedpa
23.96 (3) 23.90 (2) 25.82 (3)
7.13 (3) 7.11 (2) 471 (2)
5.00 (1) 4.74 (2) 340 (3)
2.76 (1) 2.89 (3) 340 (3)
9.17 (3) 9.47 (3) 7.02 (3)
1022 (3)
Hgeppy
18.44 (3) 17.85 (1) 15.60 (2)
8.29 (3) 8.45 (1) 7.32 (2)
442 (4) 4,01 (1) 5.26 (2)
10.65 (5) 10.65 (2) 10.73 (2)

“Kyq = [MH,L]/[MH,_,L][H]% (g — 1) = —1 denotes OH. “T = 25 °C, I = 0.16 M NaCl.

ligands (Table 1).”** The differences in phosphonate
protonation constants between H¢phospa (log K; — log K, =
2.17) and Hgdipedpa (log K; — log K, = 1.02) are worth
noting and are explained by the higher intramolecular
hydrogen-bond interaction in Hgphospa, together with the
higher charge repulsion with the closer phosphonate moieties.
Following those protonations are the pyridylcarboxylic acid
substituents (py-COOH), which compared to the ones in
H,octapa®*® are slightly higher. Finally, the protonation
constants for the most acidic phosphonates in both ligands are
comparable, with the Hgphospa values being slightly more
acidic. The protonation scheme of Hsphospa, assignments, and
values are confirmed through the dependence of experimental
chemical shifts on pH in *'P NMR and 'H NMR titrations.

Another effect on pK, caused by the replacement of
substituents can be observed by comparing Hgphospa with
Hgeppy. The exchange of the carboxylic acid in the pyridine
ring for a phosphonic acid drastically lowers the overall ligand
basicity (Table 1). The higher protonation constants found for
the N, atoms in Hsphospa now are reduced ~2.28 units for
the most basic proton (log K; = 9.22) and 4.31 units for the
second most basic proton (log K, = 5.74). This is reasonable
and supported by the H-bond interaction between the N, and
the phosphonate groups in Hgphospa, which are presumably
absent in Hgeppy. These lower pK, values of Hyeppy are very
close to those of H,octapa® due to their identical ethylenedi-
amine diacetic acid backbone. In Hgeppy, protonation
constants of the phosphonate substituents (log K, = 7.86;
log K5 = 7.13) are closer to one another than in Hgphospa, and
they are followed by the protonation of the carboxylic acid
substituents (log K = 3.71; log K = 2.29). The most acidic
protons are most likely bound to the remaining phosphonate
groups (log K, = 0.88; log Kg = —0.16).

We recently reported the decadentate phosphinate-contain-
ing ligand Hedappa® (Chart 2), which can also be compared
with Hgphospa. The substitution of a carboxyethyl phosphinic
acid for a phosphonic acid in Hgphospa greatly increases the
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basicity of the N, atoms (from log K; = 7.96(1) and log K, =
5.48(2) to log K; = 11.43(1) and log K, = 10.05(1)) and the
overall basicity over those two steps log f3, (from 13.44(1) to
21.48(1)) due to the electronic differences between
phosphonates and phosphinates, as well as the hydrogen
bonding present in Hgphospa.

A final comparison between Hgdipedpa and its smaller
analogue H,dppa®* can be made. The ethylenediamino-N,N’-
diethyl phosphonic acid backbone, as opposed to the
aminoethyl phosphonic acid, not only increases the overall
basicity but also the coordination number and the metal
complex stability with lanthanum ions. Nonetheless,
Hgdipedpa and H,dppa share the same protonation scheme,
with the most acidic pK, belonging to the phosphonate
group(s), followed by both picolinic acid protonation
constants, then the more basic phosphonates. Lastly, in each
case the amine backbone has the most basic pK, value(s) of
each ligand. Because of the very acidic phosphonate protons,
H,dppa protonation constants were obtained using both
potentiometric and 3'P/'H NMR titrations.>*

B COMPLEX FORMATION EQUILIBRIA OF
HsPHOSPA, H,DIPEDPA, AND H(,EPPY WITH IN3*,
LU3*, Y3+, SC3*, AND LA3*

Complex formation equilibria of Hgphospa, Hydipedpa, and
Hgeppy with Sc**, In**, Lu*, Y**, and La** were studied
through combined UV-potentiometric titrations, and for metal
complexes where complexation occurred below the electrode
threshold, acidic UV-in-batch spectrophotometric titrations
were performed to determine the first protonated metal
complex species. Stability constants were calculated with
HypSpec2014™* and Hyperquad2013*® (Table 2), and the
speciation plots were generated with Hyss.”® For all three
ligands, metal complexes species [M(H;L)], [M(H,L)]
[M(HL)]*~, [ML]*>", and [M(OH)L]*" were identified, as
well as [M(OH),L]*~ for Hedipedpa and Hgeppy.

https://dx.doi.org/10.1021/acs.inorgchem.1c00290
Inorg. Chem. 2021, 60, 5343—5361


pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.1c00290?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

35 35 T
Hgphospa pPH=74 :
—@- Hgdipedpa 30 H
* A 1
30+ Piat —-@- Hgeppy g d
8 d \\ —%-H,pypa "-_—"ut i
s * IS —K-H,octapa | “, 254 :
= , x\ \ ~O-Hgdappa | &, :
87 25 , /9\\\ \ o '
- s 1, A\ \ o
~ o v AR Y ‘* T 204 H
g v Yy T ok I :
3 4 \ LN ===x - = o ]
© * ] ===z 3 :
> 20 \\\ - = * (/2] !

= \§::° == 2 15+ : Hgphospa

o < \‘ﬁ\ : —=— Hdipedpa

Tt~ i ——Heeppy
15 S~ P 10 4 E Hedappa
sc¥*  In®t Y3+ Ludt La%* H ——H,pypa
T T T T T T e F S T v T — T T T
0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 0 2 4 6 8 10 12

lonic radius (CN = 8)

pH

Figure 4. pM values (M** = Sc**, In**, Y**, Lu*, La*") vs ionic radii (CN = 8) for discussed chelating ligands (left) and the Sc** scavenging ability
of the discussed ligands with pH (right). Dashed line indicates the physiological pH of 7.4.

Metal complex stability for the three ligands follows the
order Hyphospa > Hgdipedpa > Hgeppy. It is worth noting
that, despite the equal overall basicity of Hgphospa and
Hgdipedpa, complex formation equilibria are energetically
more favored for Hgphospa. Complex formation of Hgphospa
for each of the metal ions starts at a lower pH than the
corresponding ones for Hedipedpa or Hgeppy. Additionally,
from Table 2 it can be noted that, when comparing Hyphospa
and Hgdipedpa metal complexes, protonation constants of
[M(HL)]*~ and [M(H,L)]™ species are comparable for both
ligands. The major difference lies in the protonation of the
[ML]*" species for each of the metal ions (excluding La*"),
which is higher for Hqdipedpa, ultimately leading to a higher
stability of the [ML]*~ species for Hgphospa complexes.

When comparing the metal complex stability with different
chelating ligands, a superior metric to log Ky, is the pM value.
Not only is pM linearly correlated to the stability of metal
complexes but it also accounts for the ligand basicity, denticity,
and stoichiometries of metal complexes. pM is defined as
—log[M]g.. at (mostly) standard conditions ([L] = 10 uM,
[M] = 1 uM and pH = 7.4)." It is generally considered as the
metal scavenging ability of a ligand (the lower the [M]g,,, the
higher the pM) and allows the comparison of both the affinity
of different ligands for a specific metal ion as well as the metal
selectivity of a ligand for different metal ions. Figure 4 is a plot
of pM values (M = Sc**, In*, Lu**, Y**, La*") for the ligands
studied in this work, as well as similar ligands developed for use
as radiopharmaceutical agents. For Hphospa, Hedipedpa, and
Hgeppy, pM follows the trend pIn > pSc > pLu > pY > pLa,
with the exception of Hydipedpa, for which pLa is higher than
pY and pLu. More interesting however is Figure 4, where the
free metal (pSc) has been plotted versus pH for comparable
chelators. In addition to comparing the metal scavenging
ability of different chelators at pH 7.4 (essential in medicinal
applications to avoid transmetalation reactions in vivo), the
pM value allows for the quantification of the free metal ions
from pH 0 to 12. This can be useful when a high selectivity is
required at a specific pH (e.g., radionuclide purification, water
purification, biological media). It is interesting to note the
different profiles of the curves. For ligands like Hg¢dappa and
H,pypa with similar and lower overall basicities (Table S1),
pSc grows from lower pH exponentially, reaching a plateau

before pH 7.4, while for more basic ligands like Hgphospa,
H¢dipedpa, and Hgeppy, pSc follows a continued exponential
growth. This reflects how ligands with lower overall basicities
have less proton competition for the metal ion and have a
broader pH range with a static complex stability (due to the
stability plateau). On an encouraging note, as shown by the
graph, Hgphospa has the highest pSc value reported at
physiological pH and above, which provides auspicious
evidence for further study with the theranostic radionuclide
pair [*/47Sc]Sc.

Density Functional Theory Calculations. The struc-
tures, coordination geometries, free energies, and theoretical
NMR spectra of [La(quhospa)(HZO)](q_3), [Sc-
(quhospa)](q_3), [La(quipedpa)](q_3), and [Sc-
(quipedpa)](q_3) were studied using DFT calculations at
the PBE0-D3/def2-TZVP level of theory in a range of
protonation states (large basis sets with effective core
potentials were used for the metal ions; see the Experimental
Section for details). These complexes were chosen because of
the interesting features noted in their 'H NMR spectra.
Moreover, as rare-earth ions, La®>" and Sc** have a similar ionic
bonding character despite their drastic differences in ionic
radii.'”” Thus, a comparison of La** and Sc** metal
complexes affords the opportunity to directly observe the
effect of metal ion size on corresponding coordination
complexes.

Theoretical NMR Spectra. Theoretical NMR shielding
constants in solution are known to be exceedingly difficult to
calculate accurately.**™>' Here, we achieved reasonably
accurate results compared to experiment by computing NMR
using DFT with the PBEO hybrid exchange-correlation
functional®® and the pcSseg-3 basis set”” for hydrogen atoms
on a single energy-optimized reference geometry.

J-Coupling constants were not calculated. Chemical shifts
were calculated with respect to an energy-optimized model
tetramethylsilane (TMS) molecule at the same level of theory,
surrounded by a shell of explicit water molecules. We found
that the inclusion of a second shell of 12—17 explicit water
molecules around the metal—ligand complex, in addition to a
polarizable continuum model (PCM), improved the agreement
between DFT-calculated and experimental NMRs compared
with the PCM alone. This is presumably due to the improved
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modeling of charge transfer effects to which NMR signals are a)'
highly sensitive.

By repeating calculations using different (energy-minimized)
arrangements of water molecules around the metal—ligand
complexes, we observed that the calculated chemical shifts of
the aliphatic hydrogen atoms (which are no more than four
bonds removed from H-bonding sites) depend quite strongly
on the precise configuration, protonation state, and number of
explicit water molecules in the second shell. On the one hand,
this is in accordance with previous work that suggests a better
agreement between theoretical and experimental NMR spectra
can only be achieved by conformationally averaging calculated
chemical shifts over a large sample of configurations with, for
example, Monte Carlo or molecular dynamics ap-
proaches.”**™° On the other hand, the calculated NMR
chemical shifts of the aromatic hydrogen atoms in the nonpolar
regions of the complexes, which agree best with experimental
NMR chemical shifts, were found to depend only weakly on
the metal—ligand complex configuration and arrangement of
explicit water molecules and to depend moderately on the
overall system charge.

In panel (a) of Figures 5—8, we present comparisons
between experimental and DFT-calculated NMR spectra for

: .
oo Experiment

[La(Hg‘phospha)(HQO)]’ (Symmetric)

*

oo

a) o Experiment

Figure 6. (a) Comparison of the experimental NMR of La(phospha)
at pH 4 in D,0 and DFT-calculated NMR spectra of symmetrically
coordinated [La(H,phospha)(H,0)]". (b) Corresponding NMR
peak assignments. (c) DFT-optimized structure of [La(H,phospha)-
(H,0)]~ with an explicit second shell of water molecules solvated in
an H,O-parametrized PCM. Ligand hydrogens and second-shell water
molecules omitted for clarity.

8 6

5 4 2
Chemical Shift (ppm)

b) o 0o c)
Figure 5. (a) Comparison of the experimental NMR of La(dipedpa) O/ e Q9 x 7—{"/\0
. e

at pH 7 in D,0 and DFT-calculated NMR spectra of symmetrically
coordinated [La(dipedpa)]*~. (b) Corresponding NMR peak assign-
ments. (c) DFT-optimized structure of [La(dipedpa)]®*~ with an
explicit second shell of water molecules solvated in an H,O-
parametrized PCM. Ligand hydrogens and second-shell water
molecules omitted for clarity.

Figure 7. (a) Comparison of the experimental NMR of Sc(dipedpa)
the aforementioned complexes. The corresponding peak at pH 7 in D,0O and DFT-calculated NMR spectra of asymmetrically
assignments are conveyed by the adjacent (b) panels. The coordinated [Sc(dipefipf‘)]s_~ (b) Corresponding NMR gfﬁk assign-
protonation state selected for metal—ligand complexes in the ments. (c) DET-optimized structure of [Sc(dlpedpa),] with an
theoretical NMR. calculation was selected as the most explicit s.econd shell c.wf water molecules solvated in an H,O-
abundant protonation state of the complexes found at the Ir?:f;?sltgzzdmitlt)ecdl\gc;r I;llagre;nd hydrogens and second-shell water
pH of the corresponding experimental NMR spectra, as o

determined by solution studies. Both symmetric and
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Experiment

a)

Figure 8. (a) Comparison of the experimental NMR of Sc(phospha)
at pH 4 in D,0 and DFT-calculated NMR spectra of asymmetrically
coordinated [Sc(H,phospha)]™. (b) Corresponding NMR peak
assignments. (c) DFT-optimized structure of [Sc(H,phospha)]”
with an explicit second shell of water molecules solvated in an
H,O-parametrized PCM. Ligand hydrogens and second-shell water
molecules omitted for clarity.

asymmetric ligand bonding patterns were tested in the case of
the scandium complexes, but the resulting single-configuration
theoretical aliphatic "H NMR chemical shifts are too imprecise
compared with experiment to conclude if either is a better
match (Figures S69 and S$70). The DFT calculations, however,
confirm that the Sc**-dipedpa and -phospha complexes are
lower in energy when bound asymmetrically than symmetri-
cally (see Table S7 for full DFT thermochemical results of the
calculated Sc** and La** complexes).

From Figures 5—8 it is evident that calculated spectra of
La** complexes are qualitatively in better agreement with
experimental spectra than calculated spectra of Sc** complexes.
We attribute this to the greater need for conformational
averaging in the Sc** complexes caused by a less rigid
chelation, which is due to the mismatch between the Sc** ion
and the binding pocket sizes of Hyphospha and Hdipedpa.

DFT-Calculated Complexation Constants. Ligand—Metal
stability constants are characterized by the equilibrium reaction
given in eq 5. The stability constant is connected to the free
energy difference between the reactants and products, which
can be calculated theoretically. However, the theoretical
prediction of ligand—metal binding free energies and complex-
ation constants in solution is generally regarded as an
exceedingly complicated problem requiring a rigorous
calculation of thermodynamic variables, which is currently
computationally intractable.””*® Assuming that accurate
electronic structures can be calculated, sampling a sufficiently
large number of thermodynamically important configurations
of both reactants and products is a necessity, which includes
the need to accurately account for the possible configurations
of solvation shells and protonation states. A handful of recent
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studies®”* %> have attempted to simplify the problem by
assuming a single minimized energy reference conformation in
both the reactants and products while ignoring possible effects
from multiple protonation states, usually opting for a fully
deprotonated structure with a PCM solvent model combined
with two explicit solvation shells for the solvated metal ion.
Although the resulting calculated stability constants are not
generally in agreement with experiment, the errors are
systematic and can be corrected by a simple linear correction
to match experimental values.

The stability constant calculation method used here is
similar to that discussed above but accounts for protonation
states and opts for a higher-accuracy solvation model. Here, we
calculate stability constants from free energies calculated via
DFT by assuming a linear combination of reaction products
with differing protonation states (eq 1), where G are the free
energies, a are the

G

product

= ) %,GIM(H,L)(H,0),] W
- 1

protonation states with corresponding mole fraction x,, and b
varies (from 12—17) with each particular structure such that a
full explicit second shell of H,O is achieved in each case, and
all possible hydrogen-bonding sites are quenched in the
complex. Each structure is taken to be an energy-minimized
configuration including an explicit second solvation shell in
addition to the usual PCM. The protonation states of the
reaction products depend on the pH of interest and are taken
from solution studies (see Figure 3 for speciation plots). From
this total free energy, we subtract the free energy of all acidic
protons in the product complexes, which we model as a
solvated proton in an energy-minimized cluster of 23 H,O
molecules. Additionally, the energy of all explicit water
molecules must be subtracted from both the product and
reactant sides, as they may not be equal in our model. The free
energy of water was taken to be the average free energy per
molecule of an energy-minimized cluster of 23 water molecules
at the same level of theory. Hence, the net product free energy
in our model is eq 2.

= " x(GIM(H,L)(H,0),] — aG[H*(H,0),]

a

- (b - C)G[Hzo])

G

product

)

A pH-dependent mixture of free-ligand protonation states was
also used to calculate reactant free energies. As for the
products, all free ligands were solvated in an explicit shell (of
18—19) of water molecules in addition to the PCM, such that
all H-bonding sites in the ligand were quenched. For each
reactant, the energy of all labile protons and explicit solvent
molecules was subtracted in order to balance the proton and
water count on each side of the equation. The total free energy
of reactants is then taken to be a linear combination of all
protonation states, whose coeflicients are simply the
experimental mole fractions at a given pH (determined by
the experimental pH corresponding to the metal complex of
interest). Finally, the free metal ion was modeled with two
explicit solvation shells of water, in addition to the PCM used
to approximate the bulk effects of water. The total reactant free
energy in our model is as in eq 3.

https://dx.doi.org/10.1021/acs.inorgchem.1c00290
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Table 3. Comparison of DFT-Calculated Equilibrium Constants for La®>" and Sc** phospa/dipedpa Complexes”

species symmetry
[La(H,phospha)(H,0)]~ Symmetric
[La(Hphospha)(H,0)]*~ Symmetric
[Sc(H,phospha)]~ Symmetric
[Sc(H,phospha)]~ Asymmetric
[Sc(Hphospha)]*~ Symmetric
[Sc(Hphospha)]*~ Asymmetric
[La(dipedpa)]*~ Symmetric
[Sc(dipedpa)]*~ Symmetric
[Sc(dipedpa)]*~ Asymmetric

log K (theory)

19.04
18.59
24.63
26.64
26.86
29.68
11.09
17.01
18.58

log K (experimental) A(AG,,) (kJ/mol)

37.97 (3) 107.98
33.40 (1) 84.47
45.14 (4) 117.10
105.68
40.86 (4) 79.98
63.88
25.82 (3) 84.05
25.17 (3) 46.55
37.59

“Structures calculated in H,O-parametrized PCM with explicit second shell of water molecules. The final column lists the difference in reaction free
energy between theoretical and experimental, A(AG,,) = AG,,(DFT) — AG,,,(Experiment).

D" x(GI(H L)(H,0),] — aG[H"(H,0),]

a

— (b - ¢)G[H,0]) + GIM**(H,0),] — dG[H,0]

reactant —

©)
From these free energies, the theoretical metal-complex
formation constant is readily calculated as in eq 4.

logK = log(e_(Gpmduct_Greactant)/RT) (4)

In all cases, the free energies are calculated by approximate
thermodynamic corrections to the minimized potential energy,
as produced automatically via a harmonic frequency calculation
in Gaussian.”’ In Table 3, we compare the experimental and
theoretical formation constants, as calculated by the model
described above with T = 25.0 °C (298.15 K). These results
highlight the inherent difficulty in obtaining accurate complex-
ation constants. We found that our DFT-calculated formation
constants are systematically lower than those of the experi-
ment. We find (through a linear regression of theoretical vs
experimental formation constants, R* = 0.67) that our DFT-
calculated formation constants can be corrected to agree with
experiment within 7.5 log K units by adding a systematic
correction factor of b = 14.08 to the DFT-calculated values. No
scaling is necessary, as the least-squares correlation slope m
between theory and experiment was found to be near unity.
In the course of our research, we found that the calculated
complexation constants are highly dependent on the particular
arrangement of explicit water molecules surrounding the
product complex. This is primarily because the geometry
optimization procedure does not optimize for free energy.
Instead, the potential energy is minimized. Consequently, it is
challenging to obtain a representative sample of geometries
with free energy minima from our existing structures. These
low free energy configurations are the arrangements that must
be sampled for an accurate estimate of the true free energy
difference between reactants and products; thus, we hypothe-
size that an optimization of structures on the basis of lowest
free energy, if possible, may ultimately lead to more accurate
predictions of metal complex formation constants in the future.
Generally, denser and more ordered configurations of
explicit water molecules have lower overall potential energies
due to additional H bonding, but these states come at a
significant zero-point vibrational energy “cost” due to the more
rigid high-frequency vibrational modes. We found that the
zero-point energy cost was significant enough to generally
overcome any potential energy advantage imparted by a denser
arrangement of water molecules with more H bonding. Hence,
purposely arranging water molecules was futile, as more
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randomly ordered explicit water shells were found to be lower
in free energy. However, these randomly arranged water
molecules impart a large uncertainty in the resulting calculated
free energies, as the resulting free energy after optimization
varies significantly. In summary, we find that our approach to
the theoretical metal—ligand complexation constant calculation
has intrinsic limits on its accuracy, which may go beyond the
inherent accuracy of the underlying electronic structure theory.
Accuracy beyond what is found here is unlikely to be obtained
from sampling only a single energy-minimized configuration.
The use of an algorithm to minimize free energy rather than
potential energy may improve the accuracy, while sampling the
free energy of an ensemble of configurations is likely required
for high accuracy.

DFT-Optimized Complexes: Structural Features. As
previously discussed, the most evident difference between
La* and Sc** complexes of Hgphospa and Hgdipedpa is
symmetry. As seen in panel (c) of Figures S and 6, the larger
La*" ion completely fills the binding pockets of Hgphospa and
Hgdipedpa, resulting in a rigid, symmetric complex that, in the
case of [La(H,phospa)]”, becomes coordinatively saturated
upon inclusion of an explicit water molecule. We did not
observe an additional water molecule to coordinate [La-
(dipedpa)]*7; instead, [La(dipedpa)]®~ was found to exhibit a
coordination of two oxygen atoms from one of the phosphate
groups, which was not observed for [La(H,phospha)]™.
Conversely, the smaller Sc** ion is too small to accommodate
the typical twisted picolinic acid binding motif of many pa
family ligands and, as such, conforms to an asymmetric
configuration, where pyridine rings coordinate perpendicular
to one another, and phosphonate arms lie uncharacteristically
adjacent. No water coordination is possible in [Sc-
(H,phospa)]~ due to the small metal ion size and coordination
requirements of Sc**. Despite its structural differences with
[La(H,phospa)(H,0)]~, [Sc(H,phospa)]™ is also rigid in
solution, as evinced by the peaks in the 'H NMR spectrum.
Analysis of the DFT-optimized bond lengths presented in
Table S10 reveals predictably longer bond lengths for the La®*
complex as a consequence of its larger ionic radii. Surprisingly,
despite the asymmetric conformation of the Sc** complex,
bond distances of identical functional groups (e.g,, N1 vs N2)
are uniform, except in [Sc(dipedpa)]®~. For both complexes,
coordinating phosphonate bonds are the shortest, followed
sequentially by pyridine amines, picolinates, and backbone
tertiary amines.

https://dx.doi.org/10.1021/acs.inorgchem.1c00290
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B CONCLUSIONS

Hephospa, H¢dipedpa, and Hgeppy were successfully synthe-
sized and fully characterized. X-ray quality crystals of Hgphospa
and Hdipedpa further confirmed the characterization and, in
the former case, revealed intramolecular hydrogen bonding.
Metal ion chelation was studied by NMR (‘H, *P{'H})
spectroscopy and 'H—'H COSY. Picolinic acid bearing ligands
were determined to form rigid, symmetric complexes with La**
and rigid, asymmetric complexes with Sc**. This tendency was
not observed with Heeppy. Instead a rigid, symmetric complex
was observed with Sc**, and broad peaks were noted in the 'H
NMR spectrum with La*". Solution studies (potentiometric,
spectrophotometric) were conducted to determine the
protonation constants of each ligand. The most basic pK, of
Hgphospa was validated by *P{'H} and 'H NMR titrations.
Thermodynamic stabilities of each ligand with In*, Y**, Sc**,
Lu*, and La’>" were determined; in each case, speciation
diagrams and pM values were calculated. In general, Hgphospa
produced the most stable complexes, and Hgeppy made the
least stable complexes. Moreover, In** complexes were the
most stable, and the La** complexes were the least stable.
Structures of La** and Sc** complexes of Hgphospa and
Hidipedpa were calculated. The symmetry of calculated
complexes is consistent with observations from NMR spectra.
To further validate the data, NMR spectra and equilibrium
constants of La’*/Sc ** Hgphospha and Hdipedpa complexes
were generated from DFT-optimized structures and compared
to experimental spectra. The number of explicit water
molecules, protonation states, and configurations were varied
in an attempt to discern their importance for modeling these
coordination complexes. The models with the most explicit
water molecules were observed to qualitatively fit the
experimental data best, although a strong free energy and
NMR shielding constant dependence on the exact arrangement
of explicit water molecules was observed. We hypothesize that
a better accuracy in the calculation of theoretical metal—ligand
complexation constants and proton NMR shielding constants
is likely to require configurational averaging in some way, or
possibly a free energy minimization scheme to properly sample
the most important configurations of both the reactants and
products.

B EXPERIMENTAL SECTION

Materials and Methods. All solvents and reagents were
purchased from commercial suppliers (Sigma-Aldrich, Fisher
Scientific, TCI America, Alfa Aesar, AK Scientific, Fluka) and were
used as received. Synthetic reactions were monitored by thin-layer
chromatography (TLC) (MERCK Silicagel 60 F254, aluminum
sheet). Flash chromatography was performed using Redisep Rf high
performance (HP) silica columns and a Teledyne Isco Combiflash Rf
automated system. Water was ultrapure (18.2 MQ cm™ at 25 °C,
Milli-Q, Millipore). 'H, *C{'H}, and 3'P{'"H} NMR spectra were
recorded at ambient temperature on Bruker AV300 and AV400
instruments; unless otherwise specified, the NMR spectra are
expressed on the ¢ scale and referenced to residual solvent peaks.
LR-ESI-MS was performed using a Waters ZG spectrometer with an
electrospray chemical ionization (ESCI) source, and HR-ESI-MS was
performed on a Micromass LCT time-of-flight instrument at the
Department of Chemistry, University of British Columbia. Micro-
analyses for C, H, and N were performed on a Carlo Erba elemental
analyzer EA 1108.

Synthesis and Characterization. Dimethyl-6,6'-([ethane-1,2-
diylbis{azanediyl}bis[methylene])dipicolinate (1). Compound 1
was prepared according to the literature with appropriate character-
istic spectra.3‘
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Hsphospa (2). Compound 2 was prepared according to the
literature with appropriate characteristic spectra.”> HR-ESI-MS calcd
for [C,4H,4N,0,,P, + K]*: §57.0605; found [M + K]* = 557.0601.
Elemental analysis: calcd% for Hgphospa-0.3HCI-1.8H,0: C 38.55, H
5.00, N 9.99; found: C 39.03, H 4.95, N 9.78.

Hedipedpa (3). Compound 1 (400 mg, 1.12 mmol) was added to a
stirring solution of deionized water (diH,0, 4 mL) in a 10 mL round-
bottom flask, and the solution pH was adjusted to 9—10 (measured by
pH paper) with 1 M NaOH. Compound 1 was observed to dissolve
only above ~pH 7. Diethyl vinylphosphonate (720 L, 769 mg, 4.68
mmol) was added to the stirring aqueous solution, after which point
the solution was heated to reflux and left to stir overnight. Following a
confirmation of the desired intermediate (double Michael-addition
product) by mass spectrometry, the solution was cooled and extracted
with dichloromethane (DCM) (S mL X 3) in a separatory funnel to
remove excess diethyl vinylphosphonate. The aqueous phase was
evaporated, and upon drying, conc HCI (6 mL) was added to the
resultant oil. The solution was refluxed and stirred overnight. The
solution was allowed to cool to ambient temperature (precipitate was
noted following the cooling), and the HCl was evaporated in vacuo.
Residual HCI was removed by repeatedly adding H,O (10 mL X 3)
and evaporating to near-dryness. To the residual water, acetone (1S
mL) was added, at which point a fine light brown colored precipitate
formed. After it sat untouched for 30 min, the fine precipitate formed
small droplets of an oil-like liquid along the sides and bottom of the
flask. The acetone solution was decanted, and the oil was washed with
acetone and filtered to yield a fine white powder. The acetone
solution was evaporated, and the process was repeated twice or thrice
until the purity of the product declined (18%, 145.7 mg, 0.20 mmol).
'"H NMR (400 MHz, D,0, 25 °C): § 7.84 (t, ] = 7.7 Hz, 1H), 7.80 (d,
J = 7.6 Hz, 1H), 7.44 (d, ] = 7.3 Hz, 1H), 4.20 (s, 2H), 3.29 (s, 2H),
3.25 (m, 2H), 1.98 (m, 2H). *C{'H} NMR (75 MHz, D,0, 25 °C):
5 1722, 152.7, 138.7, 125.5, 123.3, 51.6, 48.8, 25.0, 23.7. 3'P{'H}
NMR (162 MHz, D,0, 25 °C): 19.07. HR-ESI-MS caled for
[CyoH,sN,O,P, + HJ*: 547.1359; found [M + K]* = 547.1362.
Elemental analysis: calcd% for Hdipedpa-4HCI-2H,0: C 32.94, H
4.99, N 7.68; found: C 32.92, H 5.09, N 7.56.

Methyl-6-bromomethylpicolinate (4). Compound 4 was prepared
according to the literature with appropriate characteristic spectra.®*

Methyl 6-((diethoxyphosphoryl)methyl)picolinate (5). To a
solution of (4) (1.5 g, 6.52 mmol) in acetonitrile (ACN) (100 mL)
in a 250 mL round-bottom flask was added P(OEt); (2.85 mL, 16.6
mmol) and ZnBr, (0.44 g 1.96 mmol). The reaction mixture was
heated to 60 °C and stirred for 48 h and monitored by TLC (DCM,
10% MeOH) until completion. The reaction mixture was quenched
with distilled water and extracted with DCM (4 X 100 mL); the
organic layers were combined and dried over anhydrous MgSO,. After
filtration, the crude product was adsorbed to silica and purified by
silica chromatography (CombiFlash Rf automated column system 40
g of HP silica; solid (pause) preparation; A: DCM, B: MeOH, 100%
A to 20% B, to yield a semipure product (yield over two reactions
shown in the next step). "H NMR (300 MHz, CDCl,, 25 °C): § 8.04
(d, 1H), 7.84 (t, 1H), 7.66 (d, 1H), 4.17—4.05 (m, 4H), 4.00 (s, 3H),
3.60 (d, 2H), 127 (t, 6H). LR-ESI-MS caled for [Cp,H,{NOGP +
Na]*: 310.0; found [M + H]* = 310.1.

Diethyl ((6-(hydroxymethyl)pyridin-2-yl)methyl)phosphonate
(6). To a solution of (5) (1.69 g, 5.9 mmol) in a mixture of 7:3
DCM/MeOH (100 mL) in a 250 mL round-bottom flask at 0 °C was
added NaBH, (0.27 g, 7.1 mmol) over 1 h. The reaction mixture was
stirred, allowed to warm to room temperature, and left to react
overnight (~16 h). It was then quenched with distilled water, and the
phases were separated; the aqueous phase was evaporated to remove
MeOH. The residue was then washed with DCM (3 X 100 mL), and
the organic phases were then combined and dried over anhydrous
MgSO,. After a filtration, the crude product was adsorbed to
diatomaceous earth and purified by silica chromatography (Combi-
Flash Rf automated column system 40 g HP silica; solid (pause)
preparation; A: DCM, B: MeOH, 100% A to 25% B, to yield the pure
product (58% over two steps, 0.98 g). '"H NMR (400 MHz, CDCl,,
25°C): 6 7.62 (t, ] = 7.7 Hz, 1H), 7.28—7.22 (m, 1H), 7.15 (d, ] =
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7.3 Hz, 1H), 4.70 (s, 2H), 4.05 (dq, ] = 8.2, 7.1 Hz, 4H), 3.40 (d, ] =
22.0 Hz, 2H), 1.24 (t, J = 7.1 Hz, 6H). *C{'H} NMR (101 MHz,
CDCl, 25 °C): 159.2 (d, J = 2.4 Hz), 151.7 (d, ] = 8.4 Hz), 137.4 (d,
J=27Hz), 1229 (d,] = 5.3 Hz), 118.8 (d, ] = 3.3 Hz), 64.0, 62.4 (d,
J = 6.6 Hz), 364 (d, ] = 135.7 Hz), 16.5 (d, ] = 6.1 Hz). 3P{'H}
NMR (162 MHz, CDCl,, 25 °C, externally referenced to 85%
phosphoric acid): 23.08. LR-ESI-MS calcd for [C;;H;sNO,P + Na]*:
282.1; found [M + Na]* = 282.2.

Diethyl ((6-(bromomethyl)pyridin-2-yl)methyl)phosphonate (7).
To a solution of (6) (0.35 g, 1.35 mmol) in ACN (20 mL) in a SO mL
round-bottom flask at 0 °C was added PBr; (0.13 mL, 1.35 mol)
dropwise. The reaction mixture was stirred, allowed to warm to room
temperature, and monitored by TLC (DCM, 10% MeOH). After 3 h,
the reaction mixture was quenched with dilute NaHCO; and
extracted with DCM (4 X 20 mL). The organic phases were
combined and dried over anhydrous MgSO,. Filtration and
evaporation yielded the pure product (85%, 0.37 g). Note! Product
prone to decomposition—use immediately or refrigerate and use within 48
h. '"H NMR (400 MHz, CDCl,, 25 °C): § 7.64 (t, ] = 7.7 Hz, 1H),
7.36—7.27 (m, 2H), 4.51 (s, 2H), 4.08 (dq, J = 7.2 Hz, 4H), 3.40 (d, ]
=22.0 Hz, 2H), 1.26 (t, ] = 7.0 Hz, 6H). C{'"H} NMR (101 MHz,
CDCl,, 25 °C) 156.5 (d, J = 2.5 Hz), 152.8 (d, ] = 8.2 Hz), 137.6 (d,
J=27Hz),123.6 (d, ] =48 Hz), 121.7 (d,] = 3.1 Hz), 62.3 (d, ] =
6.5 Hz), 36.5 (d, ] = 134.7), 33.8, 16.4 (d, ] = 6.2 Hz). ¥ P{"H} NMR
(162 MHz, CDCI,, 25 °C, externally referenced to 85% phosphoric
acid): 24.53. LR-ESI-MS calcd for [C,;H;iBrNO,P + HJ]*: 322.0;
found [M + H]* = 322.1

Ethylenediaminediacetic Acid Dimethyl Ester Dihydrochloride
(8). Thionyl chloride (6.2 mL, 56.8 mmol) was slowly added to
MeOH (150 mL) at 0 °C in a 500 mL round-bottom flask and was
allowed to stir for 30 min. Ethylenediaminediacetic acid (5.00 g, 28.4
mmol) was then added, and the reaction mixture was heated to reflux
for 24 h. Solvent was then evaporated, and the crude product washed
twice with hexanes to remove residual HCL. The resulting solid was
recrystallized in MeOH to yield the pure product as the
dihydrochloride salt (80%, 6.27 g, 22.6 mmol). 'H NMR (400
MHz, D,0, 25 °C): § 4.04 (s, 2H), 3.77 (s, 3H), 3.50 (s, 2H).
BC{'H} NMR (100 MHz, 25 °C, D,0 + NaOD): 167.5, 53.7, 47.7,
42.9. LR-ESI-MS calcd for [CgH(N,O, + H]*: 205.1; found [M +
H]* = 205.3 Elemental analysis: calcd% for C;4H,N,-2HCl: C 61.4,
H 7.08, N 8.94; found: C 61.67, H 6.95, N 8.94.

Dimethyl 2,2'-(ethane-1,2-diylbis(((6-((diethoxyphosphoryl)-
methyl)pyridin-2-yl)methyl)-azanediyl))diacetate (9). To a solution
of (8) (0.2 g, 0.62 mmol) in ACN (S mL) in a 20 mL conical vial was
added Na,CO; (0.1 g, 1.2 mmol). The solution was stirred and
heated to 40 °C before the slow addition of (9) (65 mg, 0.27 mmol).
The reaction was allowed to proceed for 3 d and monitored by LR-
ESI-MS. Upon completion, the reaction mixture was washed with
water to remove salt and extracted with DCM (3 X 20 mL). The
organic phases were combined and dried over anhydrous MgSO,.
After filtration, the product was absorbed to diatomaceous earth and
purified by silica chromatography (CombiFlash Rf automated column
system) with 12 g of HP silica; solid (pause) preparation; A: DCM, B:
MeOH, 100% A to 20% B, to yield the pure product (42%, 78 mg).
'H NMR (400 MHz, CDCl,, 25 °C): 8 7.56 (br s, 1H), 7.32—7.28
(br m, 1H), 7.21 (d, 1H) 4.02 (m, 4H), 3.89 (s, 2H), 3.63 (s, 3H),
3.42—-3.35 (m, 4H), 2.84 (s, 2H) 1.21 (t, 6H). *C{'H} NMR (101
MHz, CDCly, 25 °C): 171.7, 158.8, 152.0, 137.0, 122.6, 121.1, 62.2
(d, J,°€ = 6.5 Hz), 60.0, 54.9, 52.2, 51.4, 37.0, 36.3 (d, J,"¢ = 136.0
Hz), 16.3 (d, J,°¢ = 6.2 Hz). 3'P{'"H} NMR (162 MHz, CDCI3, 25
°C): 25.8. LRESI-MS caled for [CyHsN,Op P, + Nal*: 709.3;
found [M + Na]" = 709.3

Hseppy (10). To conc HCI (S mL) in a 20 mL conical vial was
added (9) (78 mg, 0.11 mmol), which was stirred and heated at reflux
for 48 h. The solvent was then evaporated, and the product was
dissolved in a minimal amount of water. Next, acetone was added to
the solution, forming a slurry of white solid as well as a sticky oil. The
mixture was allowed to sit for 30 min and then decanted and dried
under reduced pressure to yield the pure product (75%, 47 mg). 'H
NMR (300 MHz, D,0, 25 °C): 8.30 (t, 1H), 7.80 (m, 2H), 4.50 (s,

5356

2H) 3.83 (s, 2H), 3.53 (d, 2H), 3.42 (s, 2H). *C{'H} NMR (75
MHz, D,0, 25 °C): 171.8, 152.3, 148.7, 145.5, 127.6, 127.6, 1254,
55.6, 54.4, 51.4, 35.5, 34.3. 3'P{"H} NMR (120 MHz, CDCI,, 25 °C):
14.7 (s). HR-ESI-MS: calcd for [CyoH,5N,0,0P, + H]*: 547.1359;
found: 547.1360. Elemental analysis: calcd% for Hgeppy-4.SHCI-
3H,0: C 3138, H 5.10, N 7.32; found: C 31.46, H 5.19, N 7.22.

Metal Complexation. NMR spectra of Hgphospa, Hdipedpa,
and Hgeppy complexes with In**, Lu**, Y**, Sc**, and La*" were
obtained by making separate ligand and metal solutions in D,0 (16
mM) and then mixing the given ligand (L) solution with a given metal
(M) solution in a molar ratio of 1:1.1 L/M (V, = 525 uL). If
necessary, the solution pD was altered with freshly prepared ~0.1 M
and/or 1 M NaOD (diluted from 40 wt % NaOD) and measured with
a Ross combined electrode and corrected pD = pH,,ciqurea + 04
Solutions were allowed to stand for at least 15 min at room
temperature before NMR spectra were collected. Complexation was
also confirmed by HR-ESI-MS (see Table S11).

X-ray Crystallography. Single white needle-shaped crystals of
Hgphospa (2) and Hdipedpa (3) were obtained by a recrystallization
from a slow evaporation of acetone into ligand solution. Suitable
crystals 0.03 X 0.01 X 0.001 mm® and 0.01 X 0.01 X 0.001 mm>
(respectively) were selected and mounted on a suitable support on a
Bruker APEX II area detector diffractometer. The crystal was kept at a
steady T = 90 K during the data collection. The structure was solved
with the ShelXT® structure solution program using the Intrinsic
Phasing solution method and by using Olex2® as the graphical
interface. The model was refined with version 2018/1 of ShelXL®®
using a least-squares minimization.

Solution Thermodynamics. In general, aqueous metal—ligand
systems and their cumulative stability constants, defined by the
associations ﬂ(MPHqu) (e.g, ligand species HL, metal complexes
species M,H,L,, and metal hydrolysis species M,H_), can be defined
by eq S, where M is the metal ion, L is the fully deprotonated
chelating ligand, and p, g, and r are the stoichiometric numbers of the
components.

pM + gH + rL & MpHqLr

AMHL,) = [M,H,L,]1/[M],[H],[L],

J

©)

Protonation constants were calculated with HypSpec2014,**
HypNMR2008,"” and HyperQuad2013* software and are presented
in Table 1.

All combined UV-potentiometric titrations were performed in a 20
mL 25 °C thermostated glass cell with an inlet—outlet tube for
nitrogen gas (purified through a 10% NaOH solution to exclude CO,
prior to and during the course of the titration). The titration
apparatus comprised a Metrohm Titrando 809, a Metrohm Dosino
800 equipped with a Ross combined electrode, and an optic dip probe
(0.2 cm) connected to a Varian Cary 60 UV/vis spectrophotometer
(200—400 nm). The electrode was calibrated daily in a hydrogen ion
concentration by direct titration of HCI with freshly prepared NaOH
solution, and the results were analyzed with the Gran procedure®® in
order to obtain the standard potential (E°) and the ionic product of
water pK,, with T = 25 °C and 0.16 M NaCl as a supporting
electrolyte. Solutions were titrated with carbonate-free NaOH (~0.16
M) that was standardized against freshly recrystallized potassium
hydrogen phthalate. Each titration consisted of 100—150 equilibrium
points in the pH range of 1.8—11.5; equilibration times for titrations
were 2 min for pK, titrations and up to 5 min for metal complex
titrations. Protonation equilibria of the ligands (H¢L = Hgphospa,
Hdipedpa, and Hgeppy) were studied by combined UV-potentio-
metric titrations of solutions containing the ligands ([Hgphospa]
4.84 X 10™* M, [Hqdipedpa] = 6.76 X 10™* M and [Heeppy] = 7.15 X
107* M) at T =25 °C, [ = 0.2 cm, and 0.16 M NaCl ionic strength in
the pH range of 1.8—11.5. The most acidic protonation constants
corresponding to a phosphonate functionality were determined by
acidic UV-batch experiments (I = 1 cm). The H* concentration in this
UV in-batch titration procedure at low pH solutions (0 < pH < 2)
was calculated from solution stoichiometry, not measured with a glass
electrode, and the correct acidity scale H® was used.”” In-batch
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solutions were prepared by adding to the ligand solutions and
standardized HCI and NaCl to set the ionic strength constant at 0.16
M when possible.

All the spectrophotometric and potentiometric data were analyzed
with HypSpec2014* and HyperQuad2013* to obtain the proto-
nation constants in Table 1. Additional *'P and '"H NMR titrations
were employed to determine the most acidic protonation constant
(P—OH) and more basic pK, (N,,) in Hgphospa. NMR data were
processed using the HypNMR™ software.

Complex formation equilibria of Hgphospa, Hgdipedpa, and
Hgeppy with the metal ions In**, Sc**, Y**, Lu*, and La*" were
studied by two different methods. The first method used UV—vis
batch spectrophotometric measurements (! = 1 cm) on a set of
solutions containing a 1:1 metal-to-ligand molar ratio ([Hgphospa] =
7.44 X 107° M and M*" = In*, Sc**, Y**, Lu**, La*; [Hqdipedpa] =
7.10 X 107> M and M** = In*; [Hgeppy] = 7.32 X 107> M and M* =
In*") and different amounts of standardized HCI and NaCl to set the
ionic strength constant at 0.16 M when possible. The molar
absorptivities of all the protonated species of each of the ligands
calculated with HypSpec2014* from the protonation constant
experiments described above were included in the calculations of
the metal complexes. The second method as in the case of
protonation constants was combined UV-potentiometric titrations
(25 °C, I = 0.16 M NaCl and I = 0.2 cm). Ligands and metal
concentrations were in the range of (4.05—5.9) X 10™* M. M*" metal
ion solutions were prepared by adding the atomic absorption (AA)
standard solution to each of the different ligands of known
concentration in the 1:1 metal-to-ligand molar ratio. The exact
amount of acid present in the AA standard solution was determined
by the Gran method®® titrating equimolar solutions of M*" and
Na,H,-ethylenediamine tetraacetic acid (EDTA). Each titration
consisted of 100—150 equilibrium points in the pH range of 1.6—
11.5; the equilibration time for titrations was up to S min for metal
complex titrations. Three replicates of each titration were performed.
Relying on the stability constants for the species M(H;L) obtained by
the acidic batch method, the fitting of the direct potentiometric
titrations was possible yielding the stability constants in Table 2. All
the potentiometric measurements were processed using the Hyper-
quad2013 software,* while the obtained spectrophotometric data
were processed with the HypSpec2014** program. Proton dissocia-
tion constants corresponding to the hydrolysis of M(III) aqueous ions
included in the calculations were taken from Baes and Mesmer.”® The
overall equilibrium (formation) constants log f referred to the overall
equilibria: pM + gH + rL 5 M,H,L, (charges omitted), where p
might also be 0 in the case of protonation equilibria, and g can be
negative for metal-hydroxo species. Stepwise equilibrium constants
log K correspond to the difference in log units between the overall
constants of sequentially protonated (or hydroxo) species. The most
useful parameter used to calculate the metal scavenging ability of a
ligand toward a metal ion, pM, is defined as —log [M"*];.. at [ligand]
=10 yM and [M™] = 1 uM at pH = 7.4.%

DFT Calculations. All DFT calculations were performed using
Gaussian 16 rev. c01.”' Self-consistent field (SCF) convergence
criteria were set to their default values (SCF = Tight in Gaussian).
Structure optimizations were performed without symmetry con-
straints using the Berny algorithm”” with default settings, starting
from initial structures built manually. Each structure was optimized,
and free energies were calculated, using DFT with the PBEO hybrid
exchange-correlation functional,”> added D3(BJ)”*~”° dispersion
corrections, and the def2-TZVP basis set’® for all nonmetal atoms.
Effective core potentials (ECPs) were used to account for scalar
relativistic effects in metal core electrons. Specifically, the Stuttgart
relativistic small core (RSC) 1997 ECP basis set’”’® was used for
scandium atoms, while the Stuttgart RSC segmented valence basis set
and ECP”*® were used for lanthanum. These metal basis sets were
also used in NMR shielding calculations. Metal basis sets were
downloaded from the Basis Set Exchange Web site.”' ™ The PBEO
functional was chosen due to its previous success in structure
prediction and thermochemistry of transition-metal complexes,®*™**
while the def2-TZVP basis was chosen as a reasonable trade-off
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between speed and accuracy for the large system sizes under
study.*””® A local minimum of energy was confirmed after each
optimization via a harmonic frequency analysis using analytical second
derivatives, which also yields calculated thermochemical variables
under standard-state conditions (25 °C, 1 atm). The integral equation
formalism of the polarizable continuum model (IEFPCM) was used
as an implicit water model in all calculations to simulate the average
bulk dielectric effects of the solvent. Default IEFPCM parameters
were used, as implemented in Gaussian (¢ = 78.36, van der Waals
surface without added spheres). Initially, each calculation was
repeated with 0, 6, 9, and 12 explicit water molecules, which were
placed randomly by the PACKMOL code’” in a sphere up to 4.5 A
from the center of mass of each system. Adjustments were then made
before optimization to move the randomly placed water molecules
closer to hydrogen-bond centers, such as phosphonate and carboxyl
groups. In revised calculations, 12—19 water molecules were placed
deliberately around all hydrogen-bonding sites until all possible ligand
hydrogen bonds were fully saturated with explicit water molecules—
we consider this a full “second shell” of water molecules. 'H NMR
isotropic shielding constant calculations were performed on the
revised, fully optimized structures using DFT with the gauge-
including atomic orbital (GIAO) method »%3 and PBEO functional,
as it has also been shown to gerform well for the calculation of 'H
NMR shielding constants.*”*"”* The choice of basis set is extremely
important for the calculation of accurate NMR shielding constants,
especially on the atoms of interest and those directly bound. Hence,
we adopted the “locally dense” approach” for the calculation of 'H
NMR shielding constants by utilizing the pcSseg-3 basis set>
(quadruple-¢ valence quality) on H atoms within the ligand and on
any atom directly bound to ligand H atoms. Any atom two bonds
away from a ligand H atom was given the smaller pcseg-2 basis set,”®
and all remaining atoms (including solvent atoms but not metal
atoms) were given the pcseg-1 basis set. Calculation results were
visualized and interpreted using GaussView version 6.0.””
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