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ABSTRACT: A phosphinate-bearing picolinic acid-based chelating ligand
(H6dappa) was synthesized and characterized to assess its potential as a bifunctional
chelator (BFC) for inorganic radiopharmaceuticals. Nuclear magnetic resonance
(NMR) spectroscopy was employed to investigate the chelator coordination
chemistry with a variety of nonradioactive trivalent metal ions (In3+, Lu3+, Y3+, Sc3+,
La3+, Bi3+). Density functional theory (DFT) calculations explored the coordination
environments of aforementioned metal complexes. The thermodynamic stability of
H6dappa with four metal ions (In3+, Lu3+, Y3+, Sc3+) was deeply investigated via
potentiometric and spectrophotometric (UV−vis) titrations, employing a
combination of acidic in-batch, joint potentiometric/spectrophotometric, and
ligand−ligand competition titrations; high stability constants and pM values were
calculated for all four metal complexes. Radiolabeling conditions for three clinically
relevant radiometal ions were optimized ([111In]In3+, [177Lu]Lu3+, [90Y]Y3+), and
the serum stability of [111In][In(dappa)]3− was studied. Through concentration-,
time-, temperature-, and pH-dependent labeling experiments, it was determined that H6dappa radiolabels most effectively at near-
physiological pH for all radiometal ions. Furthermore, very rapid radiolabeling at ambient temperature was observed, as maximal
radiolabeling was achieved in less than 1 min. Molar activities of 29.8 GBq/μmol and 28.2 GBq/μmol were achieved for [111In]In3+

and [177Lu]Lu3+, respectively. For H6dappa, high thermodynamic stability did not correlate with kinetic inertnesslability was
observed in serum stability studies, suggesting that its metal complexes might not be suitable as a BFC in radiopharmaceuticals.

■ INTRODUCTION

Radiopharmaceuticals are drugs that rely on the physical decay
of a radionuclide to elicit a diagnostic or therapeutic response.
While “organically-derived” radiotracers, which employ non-
metal radionuclides (e.g., 18F, 11C, 123I), have received
considerable attention in the field of nuclear medicine,
metal-based radiopharmaceuticals are undoubtedly more
versatile and hold great promise, particularly with respect to
therapeutics.1 Their protean nature is owed to the range of
radionuclides that span main-group, transition, and f-block
metals and afford a wide-variety of decay types/energies, half-
lives, and chemical properties. For example, [111In]In3+ (t1/2 =
67.2 h) is a clinically used single-photon emission computed
tomography (SPECT) imaging radionuclide due to its low
energy γ-emission (Eγ = 171 and 245 keV; Iγ = 91 and 94%,
respectively) following electron capture, which has led to its
inclusion in a number of clinically approved radiotracer
agents.1,2 Alternatively, [177Lu]Lu3+ (t1/2 = 159 h) is a
therapeutic radionuclide due to its low-energy β− emission
(Eβ−avg = 134 keV, 100%), which has been proven to exert a
significant therapeutic effect and recently received FDA
approval for the treatment of somatostatin receptor-positive
gastroenteropancreatic neuroendocrine tumors under the

brand name Lutathera ([177Lu][Lu-DOTA-TATE]).3,4 The
differences between these two radiometals alone exemplify the
variety of decay characteristics available across the Periodic
Table (or more specifically the Chart of Radionuclides5),
which permit inorganic radiochemists to harness an excep-
tionally broad range of properties during the drug discovery
process. When paired with the increasingly powerful
technology surrounding in vivo targeting, inorganic nuclear
medicine has become an exciting field of research with an
abundance of potential.
The multitude of choice associated with inorganic radio-

nuclides is accompanied by a caveat: to ensure the selected
radiometal ion accumulates at the desired tissues in vivo,
bioconjugates are commonly required to serve as targeting
vehicles. Direct radiolabeling of these biological molecules is a
rarity; rather bioconjugates are typically modified with
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bifunctional chelating ligands (BFCs), which securely coor-
dinate and hold radiometal ions, and also provide a handle for
covalent linkage with a bioconjugate. While the latter is
typically achieved through only a handful of common strategies
(e.g., amide, thiourea, maleimide, and 1,2,3-triazole link-
ages),6,7 radiometal ion chelation is a complex and diverse
topic, requiring detailed knowledge of fundamental coordina-
tion chemistry to properly match chelators to radiometals8 and
achieve optimal drug performance. As the diversity of chemical
and physical properties across metal ions precludes a one-size-
fits-all chelator, continued research in the field of chelator
development is crucial to discover chelating ligands capable of
forming thermodynamically stable and kinetically inert
complexes with each radiometal of interest.
The investigation of phosphonate-containing chelators has

seen continued interest over recent years (Chart 1), in part due
to the versatility of their coordination chemistry and biological
applications. In general, phosphonates are known for their
rapid exchange kinetics and “hard” coordinating properties
(denoting ionic-dominated interactions with metals).9 Expect-
edly, phosphonate incorporation in chelators designed for hard
metals (e.g., [67/68Ga]Ga3+, [153Sm]Sm3+, [177Lu]Lu3+) has
yielded very encouraging results, notably at the clinical
level.10−13 Also intriguing are examples of “borderline-soft”
metal ions (e.g., [64Cu]Cu2+, [111In]In3+, [213Bi]Bi3+) forming
stable complexes with phosphonate-containing chelators.14−16

The biological role of phosphonates on BFCs is also quite
multifaceted. Naturally, the high affinity of (bis)phosphonates
toward hydroxyapatite (HAthe mineral matrix that makes
up cortical bone)17 has led to extensive use as bone targeting
agents, most notably in [153Sm][Sm(EDTMP)]5− (Quad-
ramet) and [177Lu][Lu(EDTMP)]5− for bone pain pallia-
tion.12,18 Nontargeting (purely coordinating) phosphonate-

containing BFCs with in vivo behavior dictated by
bioconjugates also exist in the literature,14,19,20 albeit to a
much lesser extent. This is likely due to difficulties controlling
the inherent affinity of (bis)phosphonates toward bone; this
issue appears to be mitigated through the use of phosphinates,
which are similarly “hard” and present a low kinetic barrier for
coordination but scantily adsorb to HA.21 The most
recognizable examples of this alteration in nuclear medicine
come from variation of the phosphonate-containing [9]aneN3,
NOTP,22,23 to phosphinate-containing derivates, TRAP24−27

and NOPO.28,29 Not only does this modification lessen the
likelihood of bone accumulation (of [68Ga]Ga3+), but it also
presents a site for bioconjugation.
In 2014, our group reported H6phospa-trastuzumab, an

acyclic picolinic acid-based chelating ligand containing two
pendant phosphonate groups for radiometal ion coordination,
conjugated to a common HER2-targeting monoclonal anti-
body.15 While high molar activity with [111In]In3+ and
[177Lu]Lu3+ was achieved, bone accumulation in vivo was a
clear sign of poor complex kinetic inertness. It was our
hypothesis that the conversion of the phosphonates to
phosphinates would mitigate bone accumulation, as well as
present an interesting alternative to p-SCN-Bn bifunctionaliza-
tion of our family of picolinic acid (pa) chelators (Scheme 1).
Herein, we report the bifunctional chelator, H6dappa, as a

phosphinate-containing octadentate chelator for the high
coordination number radiometal ions [90Y]Y3+, [111In]In3+,
and [177Lu]Lu3+; we describe the synthesis, nonradioactive
metal complexation, solution studies, radiolabeling, and
structural analysis via density functional theory (DFT)
calculation of H6dappa.

Chart 1. Chemical Structures of Selected Chelators

Scheme 1. Design Principal of H6dappa
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■ RESULTS AND DISCUSSION
Ligand Synthesis and Characterization. The strategy

for the synthesis of H6dappa (6,9-bis[{6-carboxypyridin-2-
yl}methyl]-4,11-dihydroxy-4,11-dioxo-6,9-diaza-4λ5,11λ5-di-
phosphatetradecanedioic acid) was to separately synthesize
each pair of coordinating arm groups (compounds 1 and 2)
and then add them stepwise to ethylene diamine following
benzyl protection/deprotection (Scheme 2). The synthesis of
compound 1 (methyl-6-bromomethylpicolinate) was achieved
through the asymmetric reduction of dimethyl pyridine-2,6-
dicarboxylate with NaBH4, resulting in an alcohol primed for
halogenation. PBr3 is a very effective reagent for this purpose,
especially considering the highly electron-poor nature of the
methylene bridge. Although previous reports from us30 and
others31,32 have purified the alcohol prior to bromination, this
was found to be unnecessary, as the dimethyl pyridine-2,6-
dicarboxylate starting material undergoes no change in the
following reaction and is removed during column purification,
and the over-reduced product (pyridine-2,6-diyldimethanol) is

twice brominated to 2,6-bis(bromomethyl)pyridine and is
separated from the desired product using hexane and ethyl
acetate as eluents during column purification. These reactions
are scalable (∼10 g) and extremely reliable. Compound 2 is
slightly more challenging to synthesize due to the pyrophoric
nature of bis(trimethylsilyl) phosphonite and the time-
dependent nature of the Michael-type addition. Fortunately,
with careful monitoring, neither step requires purification and
both are high yielding. These reactions are also easily scalable
(∼10−40 g)for a detailed description see Notni et al.33

Reductive alkylation of ethylene diamine with benzaldehyde
and sodium borohydride was high yielding and conveniently
purified, as 3 M HCl was used to salt-out the desired product
as a dihydrochloride salt. Conveniently, following quenching of
the reaction and evaporation of solvent, simple precipitation,
filtration, and washing yield pure product. Again, this reaction
is very reliable and easy, ultimately yielding three components
(compounds 1, 2, and 3) that can be produced in large

Scheme 2. Synthetic Scheme for H6dappa
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quantities in preparation for the following three reactions
(Scheme 2).
Compound 4 is produced through an SN2 reaction wherein

each of the secondary amines of 3 attacks the bromomethylene
bridge of 1. A large excess (∼7 equiv) of K2CO3 is used to
neutralize the 2 equiv of HCl from 3 and maintain a very basic
environment to facilitate amine deprotonation. Liquid−liquid

(DCM/H2O) extraction and purification via silica column
chromatography with hexane and ethyl acetate led to a
moderate yield (57%) on a sufficiently large scale (∼1.5−2.0
g). Compound 5 is produced by deprotection of benzyl groups
via palladium on carbon (Pd/C) hydrogenation. This
straightforward procedure is achieved at ambient temperature
and does not require further purification following filtration (to

Figure 1. (a) 1H NMR spectra of H6dappa, [La(Hxdappa)]
x−3, [In(H2dappa)]

−, and [Bi(Hxdappa)]
x−3 (top to bottom) (D2O, 400 MHz, 298 K).

(b) 31P{1H} NMR spectra of H6dappa, [La(Hxdappa)]
x−3, [In(H2dappa)]

−, and [Bi(Hxdappa)]
x−3 (top to bottom) (D2O, 162 MHz, 298 K). (c)

1H−1H COSY-45 NMR spectrum of [La(Hxdappa)]
x−3 (x = not determined). Ligand/La3+ spectra pD 7, In3+/Bi3+ spectra pD 1.
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remove Pd/C) and evaporation of solvent. The final ligand
(H6dappa; 6) is prepared via tandem acid-mediated methyl
ester hydrolysis and Kabachnik−Fields reaction, where 5 and
an excess of 2 (4 equiv) are dissolved in refluxing 6 M HCl and
a large excess of paraformaldehyde (15 equiv) added over 48 h.
A challenging aspect of this final step is the removal of the
excess 2 and presumed side-product (3-[hydroxyl-
{hydroxymethyl}phosphoryl]propanoic acid) due to their
similar retention on our HPLC column (Phenomenex Synergi
4 μm hydro-RP 80 Å), which led to inefficient and time-
consuming separation. Instead, crude purification by cation-
exchange chromatography (DOWEX 50WX2, H+ form) easily
separated the amine-containing H6dappa from neutral and
anionic impurities. Following concentration of the semipure
eluate, HPLC purification (Figure S8) and lyophilization
yielded pure H6dappa as a fluffy white solid.
Metal Complexation. Complexation was studied with the

nonradioactive metal ions In3+, Y3+, Lu3+, and Sc3+ due to our
interest in eventual study of their radioisotope counterparts
(i.e., [111In]In3+, [86/90Y]Y3+, [177Lu]Lu3+, and [44/47Sc]Sc3+).
Additional experiments were conducted with Bi3+ and La3+ to
gain further understanding of H6dappa coordination chemistry.
Characterization was confirmed by 1H/31P{1H} NMR

spectroscopy and high-resolution electrospray ionization mass
spectrometry (HR-ESI-MS), as well as 1H−1H correlated
spectroscopy (COSY) and 1H{31P} NMR when appropriate. A
characteristic sign of metal complex formation is diastereotopic
splitting of methylene protons that are equivalent in the 1H
NMR spectra of the free ligand. This phenomenon is observed
with each of the studied metal ions, with varying degrees of
spectral complexity and fluxionality. For example, the [In-
(H2dappa)]

− 1H NMR spectrum reveals relatively sharp peaks,
with protons on the ethylene backbone, an amine-methylene-
phosphinate bridge, and protons adjacent to the terminal
aliphatic carboxylic acids exhibiting diastereotopic splitting.
Cross-peaks in the 1H−1H COSY spectrum (Figure S11)
confirmed our interpretation. The downfield shift in the
31P{1H} NMR spectra also confirms the coordination of the
phosphinate group. The simplicity of all [In(H2dappa)]

− NMR
spectra suggests a rigid symmetric complex (In3+ ionic radius =
0.92 Å, CN = 8).34 Spectra of the yttrium(III), lutetium(III),
and scandium(III) complexes are increasingly complicated.
Complexation of Y3+, the largest of the three rare-earth metals
(ionic radius = 1.02 Å, CN = 8),34 results in a moderately
convoluted 1H NMR spectrum; however, identification of
major and minor isomers was possible by analyzing the
aromatic protons with 1H−1H COSY (Figure S14). More
complicated were the spectra of Lu3+ (ionic radius = 0.98 Å,
CN = 8)34 and Sc3+ (ionic radius = 0.87 Å, CN = 8);34 the
31P{1H} NMR spectra of both complexes reveal the presence
of multiple isomers, which can also be noted in the aromatic
region of the 1H NMR spectra. The complicated nature of
these spectra made it difficult to draw conclusions beyond
confirming complexation.
To further investigate the relationship between metal ion

size and spectral complexity, two additional metal ions were
studiedLa3+ (ionic radius = 1.16 Å, CN = 8)34 and Bi3+

(ionic radius = 1.17 Å, CN = 8).34 As seen in Figure 1a, the
La3+ complex behaved as expected, with the 1H NMR
spectrum displaying sharp peaks with characteristic diaster-
eotopic splitting, indicative of a highly rigid and symmetrical
structure. 1H−1H COSY and 1H{31P} experiments (Figure 1c
and Figure S20, respectively) confirmed peak assignments. The

1H NMR spectrum of the Bi3+ complex was also easily
interpreted and clearly representative of a symmetrical
coordination complex, albeit with a minor isomer present.

Solution Thermodynamics of H6dappa. Before inter-
actions of new chelators with metal ions can be probed, the
ligand itself must first be studied to quantify the acidity of
ionizable protons, as they play a competitive role in the
complex formation equilibria with metal ions. Combined
potentiometric−spectrophotometric titrations were performed
to determine protonation constants of H6dappa between pH
2−11.5. Due to electrode limitations below pH 2, potentio-
metric titrations were not possible; acidic in-batch UV
titrations were conducted to determine the most acidic pKa
values. In theory, there are ten H6dappa pKa values to be
observed; however, determination of the most acidic proton
dissociation with standard methods proved ineffective. Table 1

contains the calculated protonation constants of H6dappa;
HypSpec201435 and Hyperquad201336 programs were used to
fit spectrophotometric and potentiometric titration data,
respectively.
The first deprotonation observed was at pH −0.11(1) and is

attributed to a pyridine proton. This assignment is based on
precedent from similar compounds30,37,38 and the decrease in
UV absorbance upon deprotonation of the picolinate
chromophore (Figure S25). We hypothesize that the other
pyridine deprotonates below pH −0.11(1). The next two
deprotonation events occur at pH 1.00(1) and 1.67(2) and are
attributed to the phosphinate groups, both because of the
theoretical acidity of phosphinates versus other ionizable
protons on H6dappa, as well as the agreement of the less acidic
phosphinate’s pKa with that reported for TRAP.33 Next, the
remaining four acid groups deprotonate in their expected pH
rangesthe picolinic acids at 2.42(2) and 2.71(3), followed by
the aliphatic carboxylic acids at 4.13(2) and 4.63(2). These
values also closely match similar “pa” based ligands30,37 and
TRAP,33 respectively. The remaining deprotonation events
must then be a result of amine deprotonation at pH 5.48(2)
and 7.96(1). Figure S26 illustrates the speciation with respect
to pH of H6dappa and was calculated using HySS software.39

Interestingly, due to the multitude of ionizable protons, at any
given pH < 8, three or more species exist in solution.

Complex Formation Equilibria of H6dappa with In3+,
Lu3+, Sc3+, and Y3+. The formation of thermodynamically
stable metal complexes is a requirement of a good chelator.
While the degree of required or desired complex stability varies

Table 1. Protonation Constants of H6dappa

Equilibrium Reaction log β log K

L6− + H+ ⇆ HL5− 7.96(1) 7.96(1)a

HL5− + H+ ⇆ H2L
4− 13.44(2) 5.48(2)a

H2L
4− + H+ ⇆ H3L

3− 18.07(2) 4.63(2)a

H3L
3− + H+ ⇆ H4L

2− 22.20(2) 4.13(2)a

H4L
2− + H+ ⇆ H5L

− 24.91(3) 2.71(3)a

H5L
− + H+ ⇆ H6L 27.33(2) 2.42(2)a

H6L + H+ ⇆ H7L
+ 29.00(2) 1.67(2)b

H7L
+ + H+ ⇆ H8L

2+ 30.00(1) 1.00(1)b

H8L
2+ + H+ ⇆ H9L

3+ 29.89(1) −0.11(1)b,c
aFrom potentiometric and spectrophotometric titrations, I = 0.16 M
(NaCl) and 298 K. bFrom in-batch UV spectrophotometric titrations,
I = 0.16 M (NaCl) and 298 K. cAt 298 K, not evaluated at constant
ionic strength.
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across applications (e.g., chelation therapy, treatment of bone
disorders, metal chaperones), for tumor-targeting radiophar-
maceuticals (excluding bone metastases), typically the goal is
to achieve as stable a complex as possible. Stability is
commonly conveyed in terms of formation constants (log
KMpHrLq), which convey the thermodynamic drive for complex
formation through the sum of numerous equilibrium equations
and are conventionally expressed and compared in terms of
metal ion (M) and ligand (L) association (pM3+ + qLz‑ + rH+

↔ MpHrLq3p+r‑qz). It should be noted that protons (H+) also
play a role in this equilibrium, as they compete with metals for
occupation of coordinating electron pairs of ligands
(chelators). pM values (pM = −log[Mfree]) are another useful
thermodynamic parameter that expresses the metal sequester-
ing ability of a ligand in terms of free metal ion concentration
under standard conditions ([L] = 10 μM, [M] = 1 μM, pH
7.4).40 The power of pM values is the ability to more justifiably
compare them across different ligands, protonation states,
denticities, and metal ions, as well as their linear correlation
with stability constants. In both cases, high values indicate high
thermodynamic stability.
Complex formation equilibria studies with H6dappa were

carried out with stable natural isotopes of In3+, Lu3+, Sc3+, and
Y3+ (due to the concomitant availability of attractive
radioisotopes) with several methods to ensure data complete-
ness and result validation. Direct potentiometric−spectropho-
tometric titrations were used to detect MHxL (x = 3, 2, 1, 0,
−1) deprotonation events and ligand−ligand competition
titrations (with H6TTHA or H4EDTA; Tables S3 and S4) used
to substantiate these values. In each case, metal complexes
formed below pH 2, likely as a result of deprotonated
phosphinate groups maintaining high affinity for free metal
ions as low as pH 0. Thus, acidic in-batch UV spectrophoto-
metric titrations were necessary to monitor complex formation,
and were achieved by taking advantage of differences between
ligand and metal−ligand complex UV absorbance profiles
(Figures S27−S31). Iterative fitting was performed using
HypSpec201435 and Hyperquad201336 to ensure accuracy of
calculated values; stability constants are presented in Table 2.
Speciation plots were calculated using HySS software39 and are
presented in Figure 2.
H6dappa forms highly stable complexes with In3+, Lu3+, Sc3+,

and Y3+ as evidenced by the high stability constants and pM
values (Figure 3). Of particular interest is the impressive pIn
value (27.7), which is greater than that for either widely used
and commercially available chelators DOTA (1,4,7,10-
tetracyclododecane-1,4,7,10-tetraacetic acid; 18.8) or DTPA
(1,1,4,7,7,-diethylenetriaminepentaacetic acid; 25.7), as well as
other strongly performing chelators such as H4octapa

30 (26.5),
H4neunpa

41 (23.6), and H4octox
42 (25.0) (Table S5). The

pLu value (18.6) is also notable; it exceeds that of DOTA43

(17.1) and H4octox
42 (18.2) and is comparable to that of

DTPA43 (19.1) or H4octapa
43 (19.8). The speciation diagrams

illustrate the one species present at physiological pH for each
metal complexa desirable characteristic as multiple species
can present challenges throughout additional studies, most
notably in vivo. Ultimately, these encouraging results led to
further experiments probing the ability of H6dappa to serve as
a bifunctional chelator for radiopharmaceutically relevant metal
ions.
Preliminary Radiolabeling and Human Serum Chal-

lenge Experiments. The mark of a promising chelator is the
ability to achieve high molar activity (i.e., high radiochemical

yield [RCY] at low ligand concentration) and for the complex
to remain kinetically inert when challenged with extraneous
ligands or metal ions. Our preliminary radiolabeling experi-
ments explore the highest possible molar activity achievable
with H6dappa using a variety of clinically relevant radio-
nuclides. This goal was achieved through concentration-, time-,
temperature-, and pH-dependent radiolabeling experiments, all
of which were monitored by radio-TLC (thin-layer chroma-
tography). The mobile phase used was a mixture of NH4OH/
MeOH/H2O (1/10/20), which has been used to study RCY
with a number of other phosphonate-bearing chelators.44−47

HPLC was initially pursued as a method of RCY
determination; however, the high hydrophilicity of
[M(Hxdappa)]

3−x (x = 1, 2) prevented the differentiation of
free radiometal ions and complexes due to elution of both
radiometal species at the solvent front (Figure S32). It was
noted that the difference in peak shape between free
[111In]In3+ and labeled activity using an isocratic HPLC
gradient (broad vs sharp) did qualitatively suggest successful
radiolabeling.
Given the promising thermodynamic results with Y3+, In3+,

and Lu3+ (vide supra) optimizing the RCYs with [90Y]Y3+,
[111In]In3+, and [177Lu]Lu3+ was the focus. Typically, “pa”
family ligands are radiolabeled at pH 4;30,41,48,49 thus, our first
radiochemical studies with [177Lu]Lu3+ were conducted at pH
2, 4, 5.5, and 7. Labeling reactions were spotted on TLC plates
at 1, 5, 10, 15, and 30 min to study radiolabeling kinetics.
Ligand concentrations were also varied stepwise, decreasing by
a factor of 10 from 10−4 M until 10−7 M. Reactions were also
done at ambient temperature and at 50 °C to study the effect
of heating on RCY and labeling kinetics. Several trends can be
noted from the preliminary results presented in Table S6.
Clearly, radiolabeling H6dappa with [177Lu]Lu3+ at higher pH
resulted in higher RCY, most notably at 10−6 M and 10−7 M
ligand concentrationa molar activity of 28.2 GBq/μmol was
achieved. Figure 4d illustrates a unique feature of H6dappa
not only is there no difference between RCY at ambient
temperature versus 50 °C labeling experiments, but under both
conditions maximum radiolabeling occurs after just 1 min.
Indeed, this characteristic could translate well into a clinical
settingthe current gold-standard (DOTA) requires high

Table 2. Stepwise Stability Constants (log K) of H6dappa
with In3+, Lu3+, Sc3+, and Y3+

Equilibrium
reaction In3+ Lu3+ Sc3+ Y3+

M + L ⇆
ML

27.39(2)a;
27.55(5)b

18.35(3)a,
18.71(5)b

22.86(4)a;
22.75(3)d

16.50(3)a;
16.79(6)d

ML + H+ ⇆
MHL

4.81(2)a;
4.82(5)b

4.73(5)a,
5.19(5)b

4.75(4)a;
4.69(3)d

4.83(4)a;
4.56(6)d

MHL + H+

⇆ MH2L
4.43(4)c;
3.99(6)b

3.72(2)c,
3.79(5)b

3.20(5)a;
3.69(5)d

3.96(3)c;
4.12(8)d

MH2L + H+

⇆ MH3L
1.26(6)c

ML(OH) +
H+ ⇆ ML

9.67(3)a;
9.78(5)b

9.89(4)a 9.23(6)a;
9.42(5)d

9.55(4)a;
9.46(8)d

pMe 27.7 18.6 23.2 16.8
aPotentiometric and spectrophotometric titrations, I = 0.16 M
(NaCl) and 298 K. bLigand−ligand potentiometric competition with
H6ttha, I = 0.16 M (NaCl), 298 K. cIn-batch acidic spectrophoto-
metric titration, T = 298 K. dLigand−ligand potentiometric
competition with H4edta at I = 0.16 M (NaCl), 298 K. epM is
defined as −log [M]free at [L] = 10 μM, [M] = 1 μM, and pH 7.4.
Charges omitted for clarity.
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temperature (95 °C) and a long waiting period (∼30 min) to
radiolabel. These early studies suggest that H6dappa radio-
labeling with [111In]In3+ is slightly superior than with
[177Lu]Lu3+. Similar time-, temperature-, pH-, and concen-
tration-dependent labeling was observed, with the 95% RCY at

pH 7 to obtain molar activity of 29.8 GBq/μmol being the
most notable trial. It was hypothesized that studies with
[90Y]Y3+ would be the least successful due to discouraging
thermodynamic parameters with [natY]Y3+ in the solution
studies. While, at high ligand concentration, RCYs in the realm
of 90% were observed, a sharp decrease in RCY was noted
even at [L] = 10−5 M. As the main difference between Y3+ and
Lu3+ is the ionic radius, which is quite stark due to the well-
known lanthanide contraction,50 it is speculated that the size of
yttrium is poorly suited to the binding cavity of H6dappa.
The combination of encouraging results from thermody-

namic studies and RCY optimization with [nat/111In]In3+

(respectively) led us to conduct human serum challenge
experiments with [111In][In(dappa)]3−. The complex was
formed at pH 7.5, diluted with PBS buffer, and then incubated
in equal volume human serum proteins. PD-10 size-exclusion
desalting columns were used to separate [111In][In(dappa)]3−

from serum-bound [111In]In3+. Aliquots were taken at 1, 48,
72, 96, and 120 h to yield a time-dependent plot describing the
percentage of intact complex remaining in solution. Table 3
illustrates the rapid decomplexation of [111In][In(dappa)]3−,
where after just 1 h nearly half of the initial [111In]In3+

becomes associated with competing serum proteins. Decom-

Figure 2. Speciation diagrams for H6dappa complexes calculated from values in Table 2 (298 K, I = 0.16 M NaCl); dashed lines indicate
physiological pH (7.4) (conditions simulated with HySS: [H6dappa] = 1 mM, [M3+] = 1 mM).

Figure 3. pM values versus ionic radii for [M(dappa)]3− complexes
(CN = 8).
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plexation continues at a slower rate for the next 5 days. Figure
S36 illustrates a comparison of 111In-dappa stability with “gold
standard” ligands DOTA, CHX-A′′-DTPA, and H4octapa. The
low kinetic inertness of the H6dappa complex is easily
rationalized when considering the rate of radiolabeling. The
kinetic barrier toward complex formation must be low for such

rapid labeling to occur; while this is beneficial during
formation, it inherently leads to an easily transmetalated
complex due to kinetic lability. If injected into a mammal, this
would translate into (undesirable) off-target dose. Moreover,
indirect evidence of instability can be found in RCY
optimization data, as TLC peak tailing can be a sign of
decomplexation. This observation may be a surprise consid-
ering the high thermodynamic stability of In-dappa (vide
supra); however, in reality it appropriately highlights the fact
that thermodynamic stability constants are not predictors of
kinetic inertness or in vivo stability (as described else-
where).51,52 Indeed, the large difference in pIn between
H6dappa and DOTA (27.7 vs 18.8, respectively) is effectively
irrelevant with respect to kinetic inertness. This is not to say
that thermodynamic stability is not necessary for BFCs, but
rather, above a certain (undefined) threshold, the magnitude of
stability is less crucial.

Density Functional Theory Calculations. The structures
and coordination geometry of aforementioned metal com-

Figure 4. Concentration- and pH-dependent radiolabeling of H6dappa (10 min, RT) in NH4OAc solution (0.1 M) with (A) [111In]In3+, (B)
[177Lu]Lu3+, and (C) [90Y]Y3+. (D) Time- and temperature-dependent radiolabeling of H6dappa (10

−5 M) in NH4OAc solution (0.1 M, pH 5)
with [177Lu]Lu3+.

Table 3. Serum Stability of [111In][In(dappa)]3−

Time (h) Stability (%)a

1 53 ± 1
48 44 ± 2
72 41 ± 1
96 35 ± 1
120 31 ± 2

aExperiments done in triplicate. 37 MBq (1 mCi) quantitatively
labeled with 10−5 M Hdappa5− (pH 7.5) then mixed with an equal
volume of human serum and incubated at 37 °C. PD10 size exclusion
columns used to separate intact complexes versus transchelated
radiometal ions.
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plexes (i.e., Sc3+, In3+, Y3+, Lu3+, and La3+) in solution were
studied using DFT calculations. The results are summarized in
Figures 5 and S37. Aliphatic carboxylates in some structures
(Figure S37) have been omitted for simplicity.

The calculated In3+ complex reveals coordination of all 8
donor atoms (N4O4) with distorted square antiprism
geometry, resulting in a symmetric structure. To gain
additional insight into the kinetic inertness of [111In][In-
(dappa)]3−, we compared our calculated structure with the
similar but more inert [In(octapa)]−.30 These results are
summarized in Table 4 and Movie S1. As shown in the latter,

the metal coordination geometries of the two structures are
almost identical, with the main differences arising from the
geometric and electronic influence of the phosphinate
groupsthe bite angle of phosphinate is known to be larger
than that of carboxylate. Not only does this induce strain
within the five membered N−In−OP coordination ring, but
the steric constraint on the backbone also prevents the
picolinic acids from conforming to the highly favorable twisted
conformation (illustrated in Figure 2 of Boros et al.49). The
asymmetry of coordinative bond lengths (Table 4) is also likely
a result of this steric strain. In terms of electronics, the
hardness of the phosphinate groups draws the In3+ away from
the backbone and pyridine amines and closer to the picolinic
acid groups (relative to [In(octapa)]−) resulting in shallower
encapsulation of the metal ion within the binding pocket.
Calculated coordinative bond lengths support this assertion
and can be found in Table 4.
NMR spectra of In-dappa at physiological pH (Figure S11)

point to the presence of fluxional isomers, as indicated by
broad peaks in the 1H NMR spectrum and a single broadened

peak in the 31P NMR spectrum. In addition to the structure
shown in Figure 5 (minimum energy isomer), additional
structures and their energies have been calculated (Figure S37)
to explore the isomers responsible for this fluxionality.
Coordination of both picolinic acid groups is supported by
the single set of aromatic peaks in the 1H NMR spectrum;
thus, the ultimate goal of these calculations was to determine
which two of the six remaining coordinating groups can
reasonably be noncoordinating (since CNIn = 8).34 All
calculations with noncoordinating backbone amines either
failed or were too energetically unfavorable, confirming a
dedpa-like (N,N′-dipicolinate ethylene diamine) metal binding
pocket.49 Calculations with one or both carboxylic acids
replacing adjacent phosphinates in the In3+ coordination
sphere yielded reasonable geometries and energies, allowing
us to conclude that NMR spectra broadness is likely a result of
fluxional coordination between phosphinate and aliphatic
carboxylic groups.
Taken together, we propose strained geometry, poor metal

ion embedment within the binding cavity, and complex
fluxionality at physiological pH all contribute to the rapid
dissociation of [111In][In(dappa)]3− observed during serum
stability experiments
The La3+-dappa complex (Figure 5) is also of interest due to

its distinct differences from previously reported octadentate
ligand complexes, [La(octapa)]− and [La(octox)]−.38,42 These
octadentate ligands (N4O4) encapsulate La3+ while two water
molecules coordinatively saturate the resulting decadentate
metal ion. Conversely, due to crowding around the oxygen
coordinating plane of La3+, the dappa complex only permits
coordination of one water molecule, resulting in a nonadentate
metal ion. Furthermore, in agreement with 1H and 31P NMR
spectra, the optimized DFT structure is symmetrical.

■ CONCLUSIONS
H6dappa was successfully synthesized and fully characterized;
its metal ion chelation was studied with a number of metal ions
(In3+, Lu3+, Y3+, Sc3+, La3+, Bi3+), chosen based on the
respective existence of radioisotopes that are of clinical interest
for nuclear medicine. Metal chelation was first studied with
NMR to confirm the formation of metal complexes, as well as
gain insight into the degree of symmetry and/or disorder of the
molecule. It was observed that the La3+ and In3+ complexes
were highly symmetrical, evidenced by the clear diastereotopic
splitting in the 1H NMR spectra. Conversely, Bi3+, Y3+, Lu3+,
and Sc3+ complexes exhibited increasingly convoluted 1H
NMR spectra, likely as a result of the formation of multiple
isomers. Solution studies (potentiometric and spectrophoto-
metric titrations) were undertaken to probe the protonation
constants of H6dappa and thermodynamic stability of its
complexes with In3+, Lu3+, Y3+, and Sc3+. Speciation diagrams,
formation constants, and pM values were calculated. In each
case, only one species predominated at physiological pH (7.4).
The In3+ complex demonstrated the highest formation
constant (log KML = 27.5) and pM value (27.7), making it
the most stable complex of the four studied. Radiolabeling
experiments were conducted to investigate the highest molar
activity achievable with three clinically relevant radionuclides
([111In]In3+, [177Lu]Lu3+, [90Y]Y3+). As expected, these results
mimicked those found during solution studies. High molar
activity was observed when radiolabeling [111In]In3+ with
H6dappa, with the maximum of 29.8 GBq/μmol occurring at
[H6dappa] = 10−6 M with a RCY > 95%. Studies with

Figure 5. Structures of selected DFT calculated metal complexes.

Table 4. Comparison of DFT Calculated In−O and In−N
Bond Lengths in In-octapa and In-dappa Complexes

In3+-octapa In3+-dappa

Atom 1 Atom 2 Length (Å) Atom 1 Atom 2 Length (Å)

In N1 2.9416 In N1 2.6227
In N2 2.9309 In N2 3.7031
In N3 2.3387 In N3 3.0942
In N4 2.3423 In N4 2.2961
In O1 2.1098 In O1 2.1749
In O2 2.1128 In O2 2.0946
In O3 2.1607 In O3 2.0218
In O4 2.1578 In O4 2.0600
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[177Lu]Lu3+ also yielded high molar activity (28.2 GBq/μmol
at [H6dappa] = 10−6 M with a RCY > 90%). The formation
constant and pM value of Y3+-dappa were the lowest of the
studied metal ions, and similarly the radiolabeling of [90Y]Y3+

resulted in the lowest RCYs and molar activities. Very mild and
rapid radiolabeling was observed for all radionuclides studied,
as only 1 min at room temperature was required to reach the
maximum RCY. The kinetic inertness of the [111In3+][In-
(dappa)]3− complex was explored via serum stability studies. It
was observed that rapid decomplexation occurred upon
introduction of human serum proteins to a solution containing
[111In][In(dappa)]3−, with near 50% degradation in 1 h, an
outcome highlighting that thermodynamic stability is not a
valid predictor or kinetic inertness or in vivo stability. DFT
calculations revealed the rapid dissociation is likely a result of
poor encapsulation of [111In]In3+ in the binding pocket of
H6dappa. This is unlike what has previously been observed
with H4octapa,

30 leading to the conclusion that the
replacement of carboxylic acids with phosphinates has an
undesirable kinetic effect for “pa” family targeted radionuclide
delivery, likely as a result of the steric and electronic effects of
these newly introduced functional groups. Moreover, coordi-
nation by the aliphatic carboxylic acids likely results in the
formation of fluxional isomers at physiological pH; future
studies with amide-functionalized H6dappa are of further
interest to probe the influence of these proximal acid groups.
Overall, H6dappa may be better suited for applications
requiring rapid metal coordination.

■ 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. Human serum was purchased frozen from Sigma-
Aldrich. Synthetic reactions were monitored by TLC (MERCK
Silicagel 60 F254, aluminum sheet). Radiolabeling reactions were
monitored by TLC (Silicagel 60 RP-18 F254S, aluminum sheet) and
HPLC (Knauer Smartline System consisting of Smartline 1000 pump,
K2501 diode array detector, Raytest Ramona Star activity detector,
Chromgate 2.8 software and a Smartline 5000 manager with a Zobax
SB-C18 column; Agilent 4.6 × 250 mm, 5 μm). Radio-TLC
chromatograms were scanned using a radioisotope thin layer analyzer
(BIOSCAN system 200 imaging scanner, Rita Star or Fuji BAS-
1800II, raytest); evaluation program AIDA. Flash chromatography
was performed using Redisep Rf HP silica columns and a Teledyne
Isco (Lincoln, NE) Combiflash Rf automated system. Water used was
ultrapure (18.2 MΩ cm−1 at 298 K, Milli-Q, Millipore, Billerica, MA).
1H, 13C{1H}, and 31P{1H} NMR spectra were recorded at ambient
temperature on Bruker AV300 and AV400 instruments; unless
otherwise specified the NMR spectra are expressed on the δ scale and
referenced to residual solvent peaks. Low resolution (LR) mass
spectrometry was performed using a Waters ZG spectrometer with an
ESCI electrospray/chemical-ionization source, and high-resolution
electrospray ionization mass spectrometry (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. The HPLC system used for analysis and
purification of nonradioactive compounds consisted of a Waters 600
controller, A Waters 2487 dual wavelength absorbance detector and a
Waters delta 600 pump with a Phenomenex Synergi 4 μm hydro-RP
80 Å column (250 mm × 21.2 mm semipreparative) or a Zorbax
(Agilent) 300SB-C18, 300 Å, 5 μm, 9.4 mm × 250 mm column were
used for purification of H6dappa (6).

111InCl3 was cyclotron-produced
[112Cd(p,2n)111In; no carrier added; Fe, Cd, Cu, Pb, Zn, Ni each
≤100 ng/mCi] and purchased from BWX Technologies as 0.05 M

HCl solution or from Curium Pharma as 0.02 M HCl solution.
177LuCl3 was produced by reactor-based indirect strategy53,54

[176Yb(n,γ)177Yb → 177Lu, no carrier added; specific activity 3800−
3000 GBq/mg] and was purchased from ITG (Isotope Technologies
Garching) GmbH as 0.04 M HCl solution. 90YCl3 [90Sr/90Y
generator; carrier free] was purchased from Eckert & Ziegler
Strahlen- and Medizintechnik AG as 0.04 M HCl solution.
Radionuclide solutions were used within one-half-life (upon arrival)
to minimize reduction in specific activity.

Synthesis and Characterization. Methyl-6-bromomethylpico-
linate (1). Compound 1 was prepared according to the literature
preparation with appropriate characteristic spectra.55

(2-Carboxyethyl)phosphinic Acid (2). Compound 2 was prepared
according to the literature preparation with appropriate characteristic
spectra.33

N,N′-Dibenzylethane-1,2-diamine·2HCl (3). Ethylene diamine
(3.00 g, 3.34 mL, 49.9 mmol) and benzaldehyde (11.7 g, 11.2 mL,
110 mmol) were dissolved in MeOH (150 mL) in a round-bottom
flask. The solution was stirred and heated to reflux for 5 h, during
which time the yellow solution darkened into a yellow-orange color.
The solution was then allowed to cool to ambient temperature and
then cooled to 0 °C in an ice bath. NaBH4 (6.61 g, 175 mmol) was
added in several portions, and the solution was allowed to warm to
ambient temperature and stirred for 24 h. After LR-MS revealed
complete reduction of the imine intermediate, the solution was
evaporated via rotary evaporator to yield a yellow oil. Aqueous HCl (3
M, 50 mL) was slowly added to the oil to yield a white solid that was
filtered out and washed with acetone to yield 3 as a dihydrochloric
acid salt (13.1 g, 95%). 1H NMR (300 MHz, 298 K, D2O + NaOD):
δ 7.51−7.46 (m, 10H), 4.23 (s, 4 H), 3.37 (s, 4H). 13C{1H} NMR
(100 MHz, 298 K, D2O + NaOD): 131.3, 129.6, 129.6, 129.3, 51.6,
43.0. LR-ESI-MS: calcd for [C16H20N2 + H]+: 241.2; found [M +
H]+: 241.3. Elemental analysis: calcd % for C16H20N2·2HCl: C 61.35,
H 7.08, N 8.94; found: C 61.67, H 6.93, N 8.94.

Dimethyl-6,6′([ethane-1,2-diylbis{benzylazanediyl}]bis-
[methylene])dipicolinate (4). Compounds 1 (3.40 g, 14.7 mmol) and
3 (1.87 g, 5.97 mmol) were dissolved in ACN (120 mL) in a round-
bottom flask. K2CO3 (5.61 g, 40.6 mmol) was then added, and the
solution was stirred and heated to reflux for 3 d. The reaction mixture
was quenched with H2O (100 mL), and then DCM (140 mL) was
added for the first extraction. The phases were separated and the
aqueous phase was further washed with DCM (3 × 100 mL); the
combined organic phases were dried over MgSO4, filtered, and loaded
onto Celite and dried. The product was purified via column
chromatography using a silica column (CombiFlash Rf automated
column system, 120 g gold silica column, 100% hexane to 100%
EtOAc). The product fractions were rotary evaporated to yield an oil,
which solidified to a yellow solid upon standing at ambient
temperature (1.82 g, 57%). 1H NMR (400 MHz, 298 K, CDCl3): δ
7.95 (t, J = 4.4 Hz, 1H), 7.69 (d, J = 4.5 Hz, 2H), 7.30−7.15 (m,
∼5H; overlap with CDCl3), 3.97 (s, 3H), 3.82 (s, 2H), 3.57 (s, 2H),
2.68 (s, 2H). 13C{1H} NMR (100 MHz, 298 K, CDCl3): 165.8, 161.1,
147.1, 139.0, 137.3, 128.7, 128.3, 127.0, 125.9, 123.5, 60.5, 59.1, 52.9,
52.0. LR-ESI-MS: calcd for [C32H34N4O4 + H]+: 539.3; found [M +
H]+: 539.3.

Dimethyl-6,6′-([ethane-1,2-diylbis{azanediyl}]bis[methylene])-
dipicolinate (5). Compound 4 (1.18 g, 2.19 mmol) was dissolved in
50 mL of glacial acetic acid in a two-neck round-bottom flask. The
flask was purged with N2 and 10% w/w Pd/C (375 mg, 0.35 mmol)
added under a stream of N2. The flask was thrice purged with N2 and
then filled with H2 from a balloon. The mixture was stirred at room
temperature overnight under H2, and then Pd/C was removed by
filter paper, which was washed alternately with ACN (3 × 30 mL) and
3 M aqueous HCl (2 × 10 mL). The solution was evaporated and the
dark orange oil dissolved in minimal ACN and then run through a
small Celite plug to remove residual Pd/C. The solvent was removed
by rotary evaporator with EtOH added and evaporated twice to
remove residual acetic acid. Following in vacuo solvent removal, the
dark orange oil solidified (712 mg, 90%) and was used without further
purification. 1H NMR (400 MHz, 298 K, D2O): δ 8.20 (d, J = 7.4 Hz,
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1H), 8.12 (t, J = 7.8 Hz, 1H), 7.75 (d, J = 7.7 Hz, 1H), 4.70 (s, 2H),
3.91 (s, 3H), 3.73 (s, 2H). 13C{1H} NMR (100 MHz, 298 K, D2O):
166.7, 151.1, 146.5, 140.0, 127.4, 125.7, 53.5, 50.6, 43.9. LR-ESI-MS:
calcd for [C18H22N4O4 + H]+: 359.2; found [M + H]+: 359.1.
H6dappa (6). Compounds 5 (500 mg, 1.40 mmol) and 2 (773 mg,

5.60 mmol) were added to 6 M HCl (1.5 mL) in a two-dram (7.4
mL) vial. Upon heating to 80 °C the components dissolved to yield a
brownish-orange solution. Over the course of 24 h, paraformaldehyde
(628 mg, 20.9 mmol) was added in small portions. After full addition
of the paraformaldehyde, the solution was refluxed for an additional
24 h. The solvent was removed by rotary evaporator and most of the
remaining HCl removed by repeatedly adding small portions of water
and then evaporating to dryness. The dark brown oil was dissolved in
water (5 mL) and neutralized with 1 M NaOH. The crude product
was first purified by chromatography on ion-exchange resin (DOWEX
50W2, H+-form, 100−200 mesh; column size 32 cm × 2 cm; eluent:
water). Impurities were removed with the first 200 mL of eluate. The
next 250 mL of eluate, containing semipure product, was collected
and the solvent removed by rotary evaporator. The pale yellow oil was
dissolved in water (2 mL) and purified by HPLC (Phenomenex
Synergi 4 μm hydro-RP 80 Å column, 250 mm × 21.2 mm
semipreparative; A: H2O 0.1% TFA, B: ACN, 100% A to 85% A−15%
B over 20 min, maintain 85% A−15% B for 5 min. tR = 22.6 min).
Pure fractions were combined, evaporated to ∼3−5 mL, and
lyophilized to yield pure product as a fluffy white powder (241 mg,
18%). 1H NMR (400 MHz, 298 K, D2O): 8.04 (t, J = 7.8 Hz, 1H),
7.97 (d, J = 7.7 Hz, 1H), 7.69 (d, J = 7.7 Hz, 1H), 4.42 (s, 2H), 3.51
(s, 2H), 3.15 (d, J = 7.4 Hz, 2H), 2.20 (dt, J3

PH = 12.6 Hz, J3
HH = 7.8

Hz, 2H), 1.68 (dt, J2
PH = 14.9 Hz, J3

HH = 7.8 Hz, 2H). 13C{1H} NMR
(100 MHz, 298 K, D2O): 176.2 (d, J = 14.3 Hz), 164.9, 151.3, 144.8,
143.2, 129.1, 126.1, 58.0, 52.4, 52.3 (d, J = 92.8 Hz), 26.3 (d, J = 3.2
Hz), 24.2 (d, J = 96.5 Hz). 31P{1H} NMR (162 MHz, 298 K, D2O,
externally referenced to 85% phosphoric acid): 33.91. HR-ESI-MS:
calcd for [C24H32N4O12P2 + H]+: 631.1570; found [M + H]+:
631.1572. Elemental analysis: calcd % for H6dappa·2.6TFA·1.8H2O:
C 36.56, H 4.01, N 5.84; found: C 36.61, H 4.08, N 5.79.
Metal Complexation. NMR spectra of [M(Hxdappa)]

3−x (M =
In3+, Lu3+, Y3+, Sc3+, La3+; x = 2, 1, 0, −1) were obtained by making
separate ligand and metal solutions in D2O (5−20 mM) and then
mixing the solutions in a molar ratio of 1:1.1/L:M (Vt > 300 μL). If
necessary, solution pD was altered with freshly prepared ∼0.1 M
NaOD (diluted from 40 wt % NaOD) and measured with a Ross
combined electrode and corrected pD = pHmeasured + 0.4. Solutions
were allowed to stand for at least 5 min at room temperature before
collecting NMR spectra. Due to the poor solubility of Bi(NO3)3·
5H2O in neutral D2O, for [Bi(Hxdappa)]

x−3, the desired amount of
Bi(NO3)3·5H2O was weighed on an analytical balance and then a
1:1.1 (L:M) molar ratio of dappa6− solution was added to the metal
salt. Following dissolution of the solid, D2O was used to dilute the
solution by a factor of 2.
Solution Thermodynamics. All potentiometric titrations were

carried out with a Metrohm Titrando 809 and a Metrohm Dosino 800
with a Ross combined electrode. A 20 mL 298 K thermostated glass
cell with an inletoutlet tube for nitrogen gas (purified through a
10% NaOH solution to exclude CO2 prior to and during the course of
the titration) was used as a titration cell. The electrode was calibrated
daily in hydrogen ion concentration by direct titration of HCl with
freshly prepared NaOH solution, and the results were analyzed with
the Gran procedure56 in order to obtain the standard potential (Eo)
and the ionic product of water pKw, T = 298 K, 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. The experimental procedures for
determination of the ligand protonation constants, complex
formation, and pM values are described in the Supporting
Information.
Radiolabeling and Human Serum Challenge Experiments.

For concentration-dependent radiolabeling, an aliquot of a ligand
solution (25 μL) of desired concentration was mixed with [90Y]Y3+or
[111In]In3+ or [177Lu]Lu3+ (7.5 MBq, 0.2 mCi) and diluted to a final

volume (250 μL) with ammonium acetate solution (0.1 M, pH = 2, 4,
5.5, 7, or 7.5). The final mixture was incubated at room temperature
or 50 °C for the specific amount of time (i.e., 1, 5, 10, 15, or 30 min)
before determination of radiochemical yield. Initial attempts to
quantify RCY with HPLC (Zorbax SB-C18 column; Agilent 4.6 × 250
mm, 5 μm; solvent A = H2O 0.1% TFA, solvent B = ACN 0.1% TFA)
were unsuccessful due to the expected high hydrophilicity of the many
dappa6− metal complexes, resulting in identical retention times for the
free ligand and metal complexes (which eluted at the solvent front;
Figure S32). Accordingly, RP-18 silicagel TLC plates were used to
quantify RCYtypically 2−5 μL was spotted per plate. NH4OH/
MeOH/H2O (1/10/20) was used as a mobile phase for TLC. As seen
in Figures S33−S35, in the absence of dappa6− (denoted “control”)
the free radiometal remained at the baseline of the TLC plate. When
dappa6− was present, the activity moved up the TLC plate, with the
degree of streaking being dependent on the radiometal ion under
investigation. For the human serum challenge, GE Healthcare Life
Sciences PD-10 desalting columns (size exclusion for MW < 5000
Da) and a Capintec CRC 55t dose calibrator were used, as was
previously described.48 Briefly, 37 MBq (1 mCi) of [111In]In3+ was
near-quantitatively labeled with 10−5 M H6dappa (pH 7.5), diluted to
1 mL with PBS buffer, and then mixed with an equal volume of
human serum and incubated at 37 °C. Aliquots were taken at 1 h, 2 d,
3 d, 4 d, and 5 d. Aliquots were diluted to 2.5 mL with PBS, loaded
onto a conditioned PD-10 column, and eluted with an additional 3.5
mL of PBS. The activity of the vial containing the diluted aliquot was
measured prior to loading of the column (initial activity), as well as
following loading (residual activity). Stability was calcuated through
eq 1.

= − −stability eluted activity initial activity residual activity1 ( /( ))
(1)

Density Functional Theory Calculations. All DFT calculations
were performed as implemented in the Gaussian 09 revision D.01
suite of ab initio quantum chemistry programs (Gaussian Inc.,
Wallingford, CT)57 and visualized using Mercury 4.1. The structure
geometry was optimized using the TPSSh functional,58 TZVP basis
set59 for first- and second-row elements. The Stuttgart/Dresden and
associated effective core potentials’s basis set was used for In and
La,60,61 in the presence of water solvent (IEF PCM as implemented in
G09) without the use of symmetry constraints.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c00671.

Representative spectra of the in-batch UV-titrations of
M3+-dappa (M = In, Lu, Sc, Y) systems as the pH is
raised; stepwise protonation constants (log K) of M3+-
dappa (M = In, Lu, Sc, Y) complexes; NMR spectra (1H,
1H{31P}, 31P{1H}, 13C{1H}, COSY) and high resolution
mass spectra of metal complexes; radiochemical yield
data (111In3+, 177Lu3+, 90Y3+) and radio-HPLC (111Lu3+)
spectra of radiometal complexes. (PDF)
Comparison of the structures of [111In][In(dappa)] and
[In(octapa)]− (MPG)

■ AUTHOR INFORMATION
Corresponding Authors

María de Guadalupe Jaraquemada-Peláez − Medicinal
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Plutnar, J.; Loktionova, N.; Riss, P. J.; Rösch, F.; Lukes,̌ I. A
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