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ABSTRACT: Three phosphinic acid 1,4,7-triazacyclononane
(TACN) derivatives bearing methylphosphinic (TRAP-H),
methyl(phenyl)phosphinic (TRAP-Ph), or methyl-
(hydroxymethyl)phosphinic acid (TRAP-OH) pendant arms
were investigated as members of a new family of efficient Ga3+

chelators, TRAP ligands (triazacyclononane phosphinic acids).
Stepwise protonation constants of ligands and stability
constants of their complexes with Ga3+, selected divalent
metal, and Ln3+ ions were determined by potentiometry. For
comparison, equilibrium data for the metal ion−NOTA (1,4,7-
triazacyclononane-1,4,7-triacetic acid) systems were redetermined. These ligands exhibit high thermodynamic selectivity for Ga3+

over the other metal ions (log KGaL − log KML = 7−9) and a selective complexation of smaller Mg2+ over Ca2+. Stabilities of the
Ga3+ complexes are dependent on the basicity of the donor atoms: [Ga(NOTA)] (log KGaL = 29.6) > [Ga(TRAP-OH)] (log
KGaL = 23.3) > [Ga(TRAP-H)] (log KGaL = 21.9). The [Ga(TRAP-OH)] complex exhibits unusual reversible rearrangement of
the “in-cage” N3O3 complex to the “out-of-cage” O6 complex. The in-cage complex is present in acidic solutions, and at neutral
pH, Ga3+ ion binds hydroxide anion, induces deprotonation and coordination of the P-hydroxymethyl group(s), and moves out
of the macrocyclic cavity; the hypothesis is supported by a combination of results from potentiometry, multinuclear nuclear
magnetic resonance spectrometry, and density functional theory calculations. Isomerism of the phosphinate Ga3+ complexes
caused by a combination of the chelate ring conformation, the helicity of coordinated pendant arms, and the chirality of the
coordinated phosphinate groups was observed. All Ga3+ complexes are kinetically inert in both acidic and alkaline solutions.
Complex formation studies in acidic solutions indicate that Ga3+ complexes of the phosphinate ligands are formed quickly
(minutes) and quantitatively even at pH <2. Compared to common Ga3+ chelators (e.g., 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA) derivatives), these novel ligands show fast complexation of Ga3+ over a broad pH range. The discussed
TRAP ligands are suitable alternatives for the development of 68Ga radiopharmaceuticals.

■ INTRODUCTION
Positron emission tomography (PET) is a noninvasive highly
sensitive imaging modality providing a unique window for
quantifying physiological functions and biochemical processes
in living organisms. PET has become widely used over the past
decade mainly in oncology and cardiology. The majority of
PET examinations are conducted using [18F]-fluorodeoxyglu-
cose ([18F]FDG), an agent for imaging of enhanced metabolic
activity. Recent trends tend to combine PET with other
imaging modalities as PET/CT1 or PET/MRI.2 Chemistry
needed for progress in probe design should be developed to
reach the full potential of the emerging scanners. In addition,
new PET isotopes (mostly those of metallic elements) have
been suggested for utilization in human medicine. Among the
β+-emitting radiometals, generator-produced3 isotope 68Ga

[89% β+; τ1/2 = 67.7 min; Eav(β
+) = 740 keV] is the most

promising, and its production, chemistry, and clinical use have
been reviewed recently.4−7 The metal radioisotopes cannot be
used directly but must be bound by suitable ligands into
thermodynamically stable and kinetically inert complexes. Also,
other parameters, such as fast complexation kinetics, a pH
suitable for quantitative complex formation, the solubility of the
ligand and the complex, hydrophilicity and lipophilicity, an
ability to attach the ligand and/or complex to a biomolecule,
etc., have to be considered in designing radiometal-binding
ligands.
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Generally, hydrated Ga3+ ion, [Ga(H2O)6]
3+, is stable only in

highly acidic solutions. Between pH 3.5 and 7, an insoluble
precipitate of colloidal Ga(OH)3 is formed. At pH ∼7.5 and
above, the hydroxide solubilizes due to formation of [Ga-
(OH)4]

− anion. The Ga3+ ion is classified as a hard Lewis acid
and prefers octahedral coordination geometry. It forms the
most stable complexes with ligands containing groups with hard
Lewis donor atoms such as oxygen or nitrogen, e.g.,
carboxylates, phenols, phosphonates, phosphinates, hydroxya-
mates, and amines.
Among applicable chelators, those derived from macrocyclic

ligands 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
derivatives and 1,4,7-triazacyclononane-1,4,7-triacetic acid
(DOTA and NOTA, respectively) (Chart 1) are preferred
because of the increased thermodynamic stability as well as
kinetic inertness of their gallium(III) complexes8−10 compared
with their open-chain analogues as DTPA derivatives.11 Several
DOTA-based ligands,12 mainly in combination with small
peptides, have shown their clinical potential in nuclear
medicine. Among the 68Ga PET tracers, 68Ga-labeled
somatostostatin analogues (e.g., the golden standard 68Ga-
[DOTA0,D-Phe1,Tyr3]-octreotide, 68Ga-DOTATOC) are ex-
tensively studied because of their superior results in neuro-
endocrine tumor imaging.13−15 Despite an extensive use of
DOTA-like ligands for complexation of trivalent lanthanides,
they cannot be considered as ideally suited for coordination of

Ga3+ ion; it should be mentioned that Ga3+ complexes of the
DOTA conjugates are the most commonly used because some
bifunctional DOTA-like ligands are commercially available and
their chemistry is well-established. The DOTA cavity geometry
on one hand and the preference of Ga3+ ion for the regular
octahedral coordination on the other hand result in bad fitting
of the metal ion into the ligand cavity.5,16,17 In contrast,
NOTA-like ligands present a cavity that is almost ideal for small
octahedral metal ions such as Ga3+;16,18−20 thus, a number of
NOTA-like ligands have been synthesized for gallium(III)
complexation.20−25

It has been shown that complexation properties of 1,4,7-
triazacyclononane derivatives as well as other macrocyclic
chelators with respect to metal ions can be altered by
replacement of carboxylate group(s) with phosphinates.26

Early examples of such ligands showed good fitting of Ga3+

ion into the ligand cage.27 A phosphinic acid derivative of
TACN tailored for very efficient 68Ga complexation is TRAP-Pr
(Chart 1).28 Using TRAP-Pr, radiolabeling could be performed
even at room temperature and at pH <1 with a radiochemical
yield of >90% within just a few minutes.
However, the reasons for the almost ideal properties of

TRAP-Pr in complexation of carrier-free 68Ga are not fully
understood. Thus, we decided to study a set of macrocyclic
phosphinate-containing ligands and to reinvestigate the
complexation properties of NOTA, as data for the latter ligand

Chart 1. Ligands Discussed Herein

Scheme 1. Synthesis of TRAP-R Ligandsa

aConditions: (i) (CH2O)n, 6 M aqueous HCl, 90 °C, 24 h; (ii) (CH2O)n, H2O, room temperature, 24 h; (iii) (CH2O)n, 6 M aqueous HCl, reflux, 24
h.
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are not fully consistent in the literature.8,29,30 These ligands
bearing acetate or phosphinic acid moieties with different
substituents on the phosphorus atoms are used to study the
influence of the TACN pendant arms on coordination
behavior. TRAP-Pr and this series represent differences in
coordinating groups [CO2H vs P(R)O2H], hydrophilicity and
lipophilicity, and the ability to form weak complexes employing
donor atoms only from the pendant arms (CH2OH and
CH2CH2CO2H phosphorus atoms substituents).

■ RESULTS AND DISCUSSION

Throughout this Article, the abbreviations, e.g., TRAP-H, will
be used regardless of ligand protonation state, except in cases in
which the distinction is necessary for comprehension or used in
formulae of distinct complex species; then, the abbreviations
will be used according to IUPAC nomenclature, e.g., H3trap-H.
Ligand Synthesis. The title TRAP ligands were synthe-

sized via Mannich-type Moedritzer−Irani reaction (Scheme
1).31 However, the syntheses were complicated by problems
commonly connected with Mannich-type reaction of organo-
phosphorus compounds in aqueous media. The main side
reaction is formation of N-methylated species;32 it led to
problematic purification of the reaction mixtures and decreased
yields of the isolated products. The presence of the N-
methylated compounds was proven by isolation of the
corresponding byproduct in the case of TRAP-Ph synthesis.
The reductive methylation of a nitrogen atom(s) can be
suppressed by conducting the reaction at the high overall
concentration of the reactants and lowering the reaction
temperature with the optimal acidity of the solvent.32,33 The
synthesis of TRAP-Ph was complicated by low reactivity of
phenylphosphinic acid requiring a high acidity of the reaction
medium (6 M HCl) and a high temperature (90 °C).34 As the
reaction conditions support N-methylation, the spectroscopic
reaction yield of TRAP-Ph never exceeded 70% [31P nuclear
magnetic resonance (NMR) of the reaction mixture] and was
further decreased during purification.

To prepare TRAP-H, the reaction could be conducted even
at 20 °C with hypophosphorus acid as the only acidifying agent.
Under these mild conditions, the reaction resulted in a high
spectroscopic yield (90%; 31P NMR of the reaction mixture).
However, in this case, small amounts of other common
byproducts, P-hydroxymethylated compounds, were present.
Further lowering the temperature led only to a prolonged
reaction time with no further suppression of the methylation.
Unfortunately, because of a very inefficient separation of these
byproducts, the isolated yield was significantly lowered (33%).
Regardless, TRAP-H was prepared with a slightly higher yield
compared to that with the procedure described previously.35

The preparation of TRAP-OH proceeded in two steps. The
first one was identical with the synthesis of TRAP-H. In the
second step, nonpurified TRAP-H was converted directly to
TRAP-OH by the reaction with an excess of newly added
paraformaldehyde. Upon complete P-hydroxymethylation, the
purification from any N-methylated species was much more
efficient and TRAP-OH was then obtained in 70% yield.

Equilibrium Studies. Stepwise protonation constants
(Table 1; the full set of experimental data is presented in
Table S1.1 of the Supporting Information) were determined by
potentiometry in the presence of tetramethylammonium cation
to prevent the undesirable formation of the alkali metal ion
complexes that occurs for various polyaminopolycarboxylates
and similar ligands. In the case of NOTA, its weak interaction
with alkali metal ions has been confirmed in solution by NMR
measurements.36 The first protonation constant can be assigned
to protonation of a ring nitrogen atom and is the most
important for the overall basicity of the ligands. As expected,
the phosphinate ligands exhibit lower log K1 values than the
carboxylate (NOTA) or phosphonate (NOTP) analogues. For
aminoalkylphosphinic acids,26 the value depends on the
electronic properties of the phosphorus-bound substituents.
The hydrogen atom can be considered as the most electron-
withdrawing substituent in this series, leading to the least basic
nitrogen atoms; surprisingly, the electron-withdrawing phenyl

Table 1. Stepwise Protonation Constants of the Title Ligands and Comparison with the Values for Other TACN-Based Ligands

constant TRAP-Ha TRAP-Pha TRAP-OHa TRAP-Pr28 TRAP-OMe41 NOTP42 NOTA

log K1 10.48,a 10.16b 12.08 11.47 11.48 11.8 12.1 11.98,c 13.0,d 13.17e

log K2 3.28,a 3.13b 3.24 3.85 5.44 3.65 9.4 5.65,c 5.6,d 5.74e

log K3 1.11b 1.44 1.30 4.84 1.4 7.5 3.18,c 2.5,d 3.22e

log K4 4.23 5.9 1.9,d 1.96e

log K5 3.45 2.9
log K6 1.66

aFrom this work (bold), at 25 °C, I = 0.1 M (NMe4)Cl.
bFrom ref 35 (0.1 M KNO3).

cFrom ref 8 (0.1 M KCl). dFrom ref 40. eFrom ref 43 [0.1 M
(NMe4)Cl]; this set of constants was used for the metal ion stability constant determinations.

Table 2. Complex Stability and Stepwise Protonation Constants for Gallium(III) Complexes of the Studied Ligands and Some
Othersa

log KLGa or log KA

equilibriumb TRAP-H TRAP-OH TRAP-Pr28 NOTA DOTA10

L + Ga ⇄ LGa 21.91 23.3 26.24 29.60 31.08 26.05
LGa + H+ ⇄ HLGa 1.6 0.7d 0.9 1.57e

H−1LGa + H+ ⇄ LGa + H2O 7.97 6.96c 9.8 9.83 9.708

H−2LGa + H+ ⇄ H−1LGa + H2O 9.0c

aAt 25 °C and I = 0.1 (NMe4)Cl; for ligand structures, see Chart 1. bCharges of ligand and complex species have been omitted for the sake of
simplicity. cFor specification of the protonation sites and for structures of the corresponding deprotonated species, see the text. dValue
corresponding to the protonation of the coordinated phosphinate groups and, so, to the H4LGa⇄ H3LGa + H+ equilibrium.28 eValue corresponding
to the protonation of the coordinated acetates and, so, to the H3LGa ⇄ H2LGa + H+ equilibrium.10
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substituent exhibits the highest basicity. This effect can be
caused by a shielding of the last N-bound proton by
hydrophobic benzene rings from an interaction with surround-
ing water; a similar order of constant values has been observed
for phosphinic acid derivatives of other polyaza macro-
cycles.34,37,38 In general, the ligand basicity trends are similar
to those observed for other amino acids: phosphonates >
carboxylates > phosphinates ∼ phosphonic monoesters.26

The log K2 value could be assigned to the protonation of the
second ring nitrogen atom. Next, protonation (corresponding
to K3) should take place on acetate or phosphinate/
phosphonate pendant arms;39,42 the next constant, K4, was
determined only for NOTA (acetate arm protonation).40 The
three remaining possible protonation constants for the
phosphinate ligands could not be determined as the
protonations occur only in strongly acidic media; this has
been directly proven by NMR titration of phosphinic acid
derivatives of 1-oxa-4,7-diazacyclononane.34 This observation
agrees with the general knowledge that phosphinic acids exhibit
higher acidity than carboxylic ones; in the title ligands, even at
pH ∼1, some of the pendant arms are deprotonated and, thus,
“pre-prepared” for the binding of metal cations.
The stability constants for complexes of NOTA and the title

phosphinate ligands with gallium(III) as well as with some
other cations were determined by potentiometric titrations
(Tables 2 and 3; the full set of the experimental data is given in
Table S1.2 of the Supporting Information). In the case of
TRAP-Ph, determination of stability constants was possible
only for Mg2+, Ca2+, and Cu2+ ions because of the insolubility of
the other complexes.
In an acidic solution, some of the in-cage Ga3+ complexes are

formed too slowly (see below) for a conventional potentio-
metric titration. Similarly in an alkaline solution, the rearrange-
ment of the in-cage complexes and their full decomposition is
also slow processes. Therefore, the titrations had to be

performed using the out-of-cell technique with an equilibration
time of 4 weeks at room temperature. As one can see from
distribution diagrams (Figure 1), full complexation is reached
even at pH 1.5, that is, in the beginning of the titrations.
Therefore, the stability constants had to be determined from
the equilibrium in the alkaline region where the macrocyclic
ligands compete with hydroxide anions {[Ga(OH)4]

− for-
mation}. Full hydroxide-induced dissociation occurs for the
TRAP-H and NOTA complexes at slightly alkaline pH values,
and the dissociation proceeds through formation of simple
hydroxido species, [Ga(L)(OH)]−; a similar chemical model
was found for the Ga3+−TRAP-Pr system.28 A more
complicated situation was observed in the case of the Ga3+−
TRAP-OH system where species with formal [H−1GaL]

− and
[H−2GaL]

2− stoichiometries had to be included in the chemical
model. The species start to form even in slightly acidic
solutions (Figure 1) and could correspond either to the
hydroxido complexes or to the complexes with deprotonated P-
hydroxymethyl group(s). The site of deprotonation cannot be
distinguished by potentiometry, because this method can
observe only the amount of protons in the titrated solution.
The presence of these species was surprising and led to a more
thorough investigation as discussed below. The correctness of
the potentiometric models was confirmed by NMR measure-
ments; the determined concentrations of the species agreed
with the abundances determined from the distribution diagram
(Figure 1). The deprotonation of an alcohol group induced by
its coordination to Ga3+ ion is not very common in aqueous
solutions, and it was observed in only a few cases. The
deprotonated alcoholate group is coordinated in the [Ga-
(Hcitrate)2]

3− anion,44 and the only alcoholate groups are
bound in the gallium(III) complex of an inositol derivative.45

The data presented here extend this phenomenon to a new
structural motif, the P-hydroxymethyl group.

Table 3. Stability Constants (log KML) of Selected Metal Ions with the Title Ligands and Chosen NOTA Analoguesa

metal ion TRAP-H TRAP-OH TRAP-Ph TRAP-Pr28 NOTA

Ga3+ 21.91 23.3 c 26.24 29.63 31.0d

Mg2+ 5.32b 6.59 5.38 7.84 10.97 9.69e

Ca2+ 4.29b 4.87 3.77 6.04 10.32 8.92e

Cu2+ 13.43b 15.53 15.18 16.85 21.99 21.63e

Zn2+ 13.04b 16.12 c 16.88 21.58
La3+ 7.42 8.56 c 11.26 13.5f

Gd3+ 8.75 10.10 c 13.46 14.4f

Y3+ 8.69 9.96 c
aA full set of the determined stability constants is given in the Supporting Information; for ligand structures, see Chart 1. bFrom ref 35. cNot
determined because of the precipitation of the complex. dFrom ref 8. eFrom ref 29. fFrom ref 47.

Figure 1. Distribution diagrams for Ga3+−NOTA (A), Ga3+−TRAP-H (B), and Ga3+−TRAP-OH (C) systems (cGa = cL = 0.004 M).
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In the monoprotonated [Ga(HL)]+ species present in acidic
solutions, Ga3+ cation is located inside the cavity of the
phosphinate ligands and the proton is bound to an oxygen
atom of a coordinated phosphinate group as suggested by
NMR data (no free ligand was detected after the full
equilibration at these pH values); the same phenomenon has
been observed in the [Ga(trap-Pr)]3− complex28 and in metal
ion complexes of some polyaza macrocyclic polyphosphonate
ligands46 or for the [Ga(dota)]− complex.10

The stability constant of the [Ga(NOTA)] complex was
redetermined in this work, but a comparison with the previous
value is problematic as the original work8 does not provide
enough data on the equilibration time. The stability constants
for gallium(III) complexes of the macrocyclic phosphinate
ligands are lower than that for the [Ga(NOTA)] complex as a
result of the lower basicity of the phosphinate ligands. It is
clearly documented by the linear dependence of log K(GaL) on
the sum of the protonation constants corresponding to ring
nitrogen protonations, log K1 + log K2 (Figure S1.1 of the
Supporting Information). Regardless, the thermodynamic
stability of the complexes is high enough for possible in vivo
utilizations. Comparison of log KGaL values of the studied
complexes with those of divalent metal ion complexes (Table
3) indicates an excellent thermodynamic selectivity of the
studied ligands for Ga3+ ion. At least hexadentate macrocyclic
ligands are required for the formation of thermodynamically
stable complexes as stabilities of gallium(III) complexes with
series of pentadentate 1-oxa-4,7-diazacyclononane derivatives
with the same pendant arms are much lower [log K(GaL) =
8.9−14.9].34
To determine the selectivity of the ligands for gallium(III)

complexation and to accumulate and/or redetermine data for
more metal ions, we ran potentiometric titrations with the
ligands and selected metal ions. The stability constants, KML, of
complexes of the title ligands and similar TACN derivatives are
listed in Table 3, and the full set of stability constants together
with selected distribution diagrams and more comparisons of
data for different systems are given in the Supporting
Information (Tables S2 and S3 and Figures S1.2−S1.5). The
stability constant values (Table 3) show high selectivity of all
ligands for complexation of small metal ions, and this property
is even more pronounced for the phosphinate ligands. The
binding selectivities of the TRAP ligands for Ga3+ are 1−3
orders of magnitude greater than that of NOTA, and it might
be a source of the efficient binding of carrier-free 68Ga3+ (e.g., in
the presence of the decay product, Zn2+) observed previously.28

This can be explained by a combination of the small internal
ligand cavity, the difference in pendant arm donor atom
hardness, and/or the coordination requirements of the metal
cations. The data suggest that (i) log KML values are similar for
copper(II) and zinc(II) complexes as in TACN-like ligands,
one nitrogen atom has to be bound axially to Cu2+ ion leading
to a lower thermodynamic stability of the complexes; (ii)
complex stabilities are higher for the smaller and harder Mg2+

ion when compared with those of the Ca2+ ion and are more
pronounced for hard phosphinate-containing ligands; (iii) there
is a pronounced difference between La3+ and Gd3+ complex
stability constants as the smaller Gd3+ ion fits the small ligand
cavity better; and (iv) we noticed a high selectivity for the small
and hard Ga3+ ion as mentioned above. In general, the values of
stability constants depend on the overall basicity of the ligands
and, therefore, are ordered as follows: phosphonate >
carboxylate > phosphinate.

To obtain more data for trivalent metal ions relevant for
biomedical applications and to test the correctness of the
chemical model for the Ga3+−TRAP-OH systems, we
determined the stability constants of selected rare earth metal
ions. The values of stability constants of phosphinate ligands
are very low. However, potentiometric chemical models for
these ions (requiring higher coordination numbers, mostly 8 or
9) and TRAP-OH (theoretically, a nonadentate ligand) were
analogous to that for the Ga3+−TRAP-OH system. Therefore,
we can speculate that the hard Ln3+ or Y3+ ions can also induce
a deprotonation of the P-hydroxymethyl group(s) with their
simultaneous coordination to the central ions. Such a
hypothesis is supported by facts that more deprotonated
species (H−1LM and H−2ML, or even H−3ML for Y3+) had to be
involved in the chemical model (Table S1.2 of the Supporting
Information); their formation starts at neutral pH, and they
have unusually high abundances and may contain coordinated
hydroxide and/or alcoholate anion(s) (Figure S1.4 of the
Supporting Information). As the analogous species were also
suggested in the Ga3+−TRAP-OH system (vide infra), the
metal ion-induced deprotonation and simultaneous coordina-
tion of the hydroxymethyl group(s) seem to be a general case
for this particular ligand. The phenomenon observed here is the
first example of the formation of a chelate with an α-
hydroxymethylphosphonic/phosphinic acid group involving
alcoholate coordination.

DFT Calculations for Ga3+−TRAP-OH Complexes. As
one can see from Figure 1B, the [Ga(L)] species (H3L =
TRAP-OH) is dominant in acidic solutions; Ga3+ ion is bound
in the in-cage complex having an octahedral N3O3 arrangement
as found in other complexes of phosphinate27,28 or
phosphonate48 TACN derivatives. With an increase in pH,
the deprotonated species [H−1LGa]

− and [H−2LGa]
2− appear,

followed by complex decomposition and formation of the free
ligand and the [Ga(OH)4]

− anion. Because these species appear
at higher pH values, the hydroxide anion seems to play a role in
the processes. It can act as a Brönsted base deprotonating one
or more P-hydroxymethyl moieties of the in-cage complex and/
or coordinate to the Ga3+ ion that is still inside the ligand cage
with replacement of a bound pendant arm(s). The other
possibility is deprotonation of the P-hydroxymethyl moieties to
furnish nucleophilic alcoholate anions that could coordinate
Ga3+ ion; it induces the movement of the central ion out of the
ligand cage with formation of an out-of-cage complex where
Ga3+ ion is bound to the phosphinate side arms but not to the
ring nitrogen atoms. In addition, this out-of-cage complex can
bind water molecules or hydroxide anions if not all
coordination sites are occupied by ligand oxygen atoms.
These processes lead to an O6 coordination arrangement.
With these considerations in mind, a set of possible structures
for the [H−1LGa]

− and [H−2LGa]
2− species was suggested.

These structures cannot be distinguished by potentiometry,
because this method can reveal only a number of protons in the
titrated solution. However, from the comparison with the other
complexes investigated here (see above), coordination of only
hydroxide anion that would start at pH 5 seems to be rather
improbable.
Once the equilibrium was reached, the unusual deprotonated

species have high abundances. Unfortunately, any attempts to
determine their structure by multinuclear NMR failed because
of extremely broad and/or complicated spectra. NMR
measurements of the purified [Ga(L)] complex prepared in
an acidic solution showed the expected27,28,48 spectra [Figure
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S3.1 of the Supporting Information; δP 37.3, δGa 135.2 (ω1/2 =
305 Hz)] and the corresponding 1H NMR spectrum with the
presence of a single diastereoisomer (see below) of the
complex. It is consistent with the structure of other gallium(III)
in-cage complexes with NOTA-like ligands.16 However, among
the NMR spectra recorded for different nuclei on the complex
solutions at higher pH values, only the 31P{1H} NMR spectra
were reasonably resolved to be interpretable (Figure 2). The
71Ga NMR signals of any deprotonated species were not
detected. This points to rather unsymmetrical structures of the
[H−1LGa]

− and [H−2LGa]
2− species. These species were not

exchanging with each other or with the free ligand on the NMR
time scale.
Thus, DFT calculations were employed to suggest structures

of the species that can be present in the Ga3+−TRAP-OH
system. Because of a larger number of degrees of freedom in
these molecules, the energies presented below must be
considered only as estimates, and some considerations were
taken into account prior to the calculations. At pH >6, the main
ligand species present in solution is the (Htrap-OH)2− anion
(Figure S2.1 of the Supporting Information) in which the

proton is bound to the ring nitrogen atoms; in the considered
out-of-cage complex species, the ring nitrogen atoms may also
bind a proton as the pKa for such deprotonation in the free
ligand is as high as 11.5 (Table 1). It is well-known that
phosphorus acid oxygen atoms are able to form strong
hydrogen bonds. The most probable coordination environment
of Ga3+ ion in such complexes should be close to the
octahedron. During the calculations, a modeling of the solvent
influence was conducted with conditions as close as possible to
the experimental conditions. Stoichiometries, binding modes,
and relative energies of selected species considered during DFT
calculations are shown in Scheme 2. More details about the
calculations and a full set of the species considered in the
calculations together with figures of their structures can be
found in the Supporting Information (Figures S2.2−S2.5). In
the following text, the protonated ligand sites will be
distinguished according to the following examples (charges
will be omitted for the sake of simplicity). For ligand
monoprotonated on a ring nitrogen atom and having all P-
hydroxymethyl groups protonated, the notation will be
{HL(CH2OH)3} (with a charge of −2). For a ligand with

Figure 2. 31P{1H} NMR spectra of fully equilibrated solutions prepared by mixing Ga3+ ion and TRAP-OH (cGa = cL = 0.005 M). The given pH
values are those for the equilibrated solutions.

Scheme 2. The Most Suitable Species in the Ga3+−TRAP-OH System As Suggested by the DFT Calculationsa

aRelative free energies, ΔGcalc, are referenced to a ΔGcalc(1) of 0 kJ/mol.
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deprotonated ring nitrogen atoms and with two deprotonated
P-hydroxymethyl groups, the notation will be {L(CH2OH)-
(CH2O)2} (having a charge of −5). Gallium(III) in the in-cage
complex will be labeled as Ga(i) and in the out-of-cage complex
as Ga(o).
In-Cage Complexes. The neutral in-cage complex [Ga(i){L-

(CH2OH)3}] (1) was taken as a reference with a relative Gibbs
free energy (ΔG) of 0.0 kJ/mol (Figure 3). To test the

correctness of our calculations, the calculated geometric
parameters were compared with the experimental X-ray
diffraction data {for the [Ga(H3trap-Pr)] complex},28 and the
agreement was found to be very good (Table S2.1 of the
Supporting Information). Although hydrogen bonds should be
generally considered with great care within the presented
calculations, a strong hydrogen bond between the PCH2OH
group and a coordinated phosphinate oxygen atom of the
adjacent pendant arm [OC−H···OP, 2.819 Å; ∠OC−H···OP,
162° (Figure 3)] can be noted. Analogous hydrogen bonds
were found in structures of most species discussed in this
section. The structure of 1 corresponds to the measured NMR
spectra. Sequential deprotonation of the external P-hydrox-
ymethyl group(s) leading to [Ga(i){L(CH2OH)2(CH2O)}]

−

(1a) and [Ga(i){L(CH2OH)(CH2O)2}]
2− (1b) species (Fig-

ures S2.2 of the Supporting Information) was considered, as
well. However, the pKa for deprotonation of the P-

hydroxymethyl group in aqueous solution calculated from the
Gibbs free energy difference using equations from ref 49 equals
15.1. This value is too high to be accessible in an aqueous
solution under common conditions; therefore, these structures
can be excluded as those corresponding to the [H−1LGa]

− and
[H−2LGa]

2− species.
Out-of-Cage Complexes. As a first attempt, species having

Ga3+ coordinated in an octahedral fashion by three phosphinate
oxygen atoms and three oxygen atoms coming from the P-
hydroxymethyl groups (1-, 2-, or 3-fold deprotonated) were
tested. For the input structures, the Ga3+ ion was moved off the
cage with a simultaneous transfer of a proton into the cage. In
the output structure, the proton was found to be bound to a
ring nitrogen atom with a rather strong hydrogen bond contact
to a coordinated phosphinate oxygen atom (N−H···O, 2.6−2.9
Å; ∠N−H···O, 150−155°) and also exhibits a weak interaction
with the other ring nitrogen atoms. However, the calculations
for any simple isomerization or deprotonation did not lead to
an octahedral Ga3+ coordination and always resulted in
distorted pentacoordinate environments. All structures of the
species [A−C (Figure S2.3 of the Supporting Information)]
formed by sequential removal of the proton(s) from the
reference in-cage [Ga(i){L(CH2OH)3}] (1) complex have high
relative energies (see the Supporting Information). The
inaccessibility of the octahedral coordination sphere in these
complexes can be explained by high sterical strain induced by
the simultaneous presence of various Ga(−O−P−CH2O−)
chelate rings. In addition, the number and type of structurally
clearly distinguishable phosphorus atoms in species A−C do
not fit the peak pattern in experimentally observed 31P{1H}
NMR spectra (Figure 2). Thus, the simple flip from the in-cage
coordination sphere to an out-of-cage sphere with all three side
arms coordinating in the same way can be ruled out.
This might be overcome by the introduction of a coligand,

such as water or hydroxide anion; trivalent gallium has a high
affinity for these ligands, and species with coordinated
hydroxide anions had to be involved in the best chemical
models for the gallium(III) systems with other NOTA
analogues. As mentioned above, most of the structures were
calculated with a protonated ring nitrogen atom (the proton is
probably shared among all nitrogen atoms). The proton is
bound inside the (Htrap-OH)2− anion in an analogous manner
(Figure S2.1 of the Supporting Information), and a similar
sharing of the last proton inside the ligand cavity was suggested
for the 2-thioethyl TACN derivative.50

Figure 3. Calculated structure of the in-cage [Ga(i){L(CH2OH)3}] (1)
complex (H3L = H3trap-OH) taken as the lowest-energy complex.
Hydrogen atoms except those in OH groups have been omitted for the
sake of clarity, and the hydrogen bond is shown as a dashed line.

Figure 4. Structures of the out-of-cage species as suggested by calculations: (A) [H−1LGa]
− = [Ga(o){HL(CH2OH)2(CH2O)}(OH)]

− (2), (B)
[H−2LGa]

2− = [Ga(o){HL(CH2OH)(CH2O)2}(OH)]
2− (3), and (C) [H−3LGa]

3− = [Ga(o){L(CH2OH)(CH2O)2}(OH)]
3− (4), where H3L =

TRAP-OH. Hydrogen atoms except those in OH or NH groups have been omitted for the sake of clarity, and the hydrogen bonds are shown as
dashed lines.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic202103v | Inorg. Chem. 2012, 51, 577−590583



Filling one coordination site with a water molecule furnished
energetically disfavored (from 100 to 185 kJ/mol) and highly
distorted pentacoordinated complexes [species D and E
(Figures S2.4 of the Supporting Information)]. It was found
that the water molecule is bound only loosely (Ga−Ow, 2.12−
2.43 Å). As trivalent gallium has a high affinity for the
hydroxide anion, the anion should be the most suitable
coligand. In addition, deprotonated species found in other
Ga3+−ligand systems and experimentally studied in this Article
contain a coordinated hydroxide anion. There are several
possibilities for how to arrange various numbers of deproto-
nated P-hydroxymethyl moieties and the OH− coligand. The
structures are shown in Figure 4 and Figure S2.5 of the
Supporting Information. Most of the calculated structures
exhibit a distorted octahedral coordination arrangement
expected for trivalent gallium and can be stabilized by
intramolecular hydrogen bonds.
Among the species having a potentiometric [H−1LGa]

1−

stoichiometry, the [Ga(o){HL(CH2OH)2(CH2O)}(OH)]
− (2)

complex (Scheme 2 and Figure 4) is the most energetically
favored species, although the coordination polyhedron of this
species, a trigonal bipyramid, is not very common in
gallium(III) complexes. Bond distances point to a strong
coordination of the central ion (Ga−OP, 1.96−1.99 Å; Ga−OC,
2.01 Å; Ga−OH, 1.88 Å). The in-cage proton is bound to a ring
nitrogen atom and is kept inside the ligand cavity by a system of
hydrogen bonds between nitrogen and oxygen atoms, as shown
above and in Figure 4. Other species, 2a and 2b, were also
considered (Figure S2.5 of the Supporting Information).
Although they exhibit octahedral structures that are more
common for the gallium(III) ion, their relative energies are very
high in comparison (175 and 251 kJ/mol, respectively) with
that of 2.
The experimentally observed 2-fold deprotonated species,

[H−2LGa]
2−, should have one protonated ring nitrogen atom

and only one P-hydroxymethyl group, as in the calculated
[Ga(o){HL(CH2OH)(CH2O)2}(OH)]

2− (3) anion (Figure 4
and Scheme 2). This species has the lowest energy (66 kJ/mol)
among all out-of-cage species and exhibits a distorted
octahedral environment around the Ga3+ ion [Ga−OP, 2.05−
2.13 Å; Ga−OC, 2.01 Å; Ga−OH, 1.93 Å; ∠O−Ga−O, 80−98°
(for adjacent oxygen atoms)]. The other considered species
with such a stoichiometry was [Ga(o){HL(CH2OH)3}(OH)3]

2−

(3a) (Figure S2.5 of the Supporting Information), but it
exhibited a much higher relative energy (228 kJ/mol).
The fully deprotonated complex [H−3LGa]

3− might be the
species present in alkaline solutions; however, [Ga(OH)4]

−

anion formation should be more favorable under such
conditions. Thus, in solution, this species is probably present
(if ever) only with low abundance and could not be involved in
the potentiometric chemical model. Regardless, the small
singlet peak at 29.4 ppm was observed in the 31P{1H} NMR
spectrum of the solution at high pH (Figure 2). Hence, this
stoichiometry was also heeded during calculations. At high pH
values, the nitrogen atom(s) should be deprotonated [ligand
log K1 = 11.47 (Table 1)] and the [Ga(o){L(CH2OH)-
(CH2O)2}(OH)]

3− (4) species (Figure 4 and Scheme 2),
possessing a structure analogous to that of 3 but without the in-
cage proton, is the most likely for the [H−3LGa]3−

stoichiometry. The coordination polyhedron around the Ga3+

ion [Ga−OP, 1.98−2.14 Å; Ga−OC, 2.03 Å; Ga−OH, 1.94 Å;
∠O−Ga−O, 82−101° (for adjacent oxygen atoms)] is still
distorted. Although the [Ga(o){HL(CH2O)3}(OH)]

3− [4a

(Figure S2.5 of the Supporting Information)] species has an
only slightly higher energy (93 kJ/mol), there is a protonated
ring nitrogen atom; thus, this structure was excluded. All three
low-energy structures might be further stabilized by another
intramolecular hydrogen bond between the phosphinate and
the neighboring hydroxymethyl group (OC−H···OP, 2.6−2.9 Å;
∠OC−H···OP, 146−168°), as shown in Figure 4.
Structures 2−4 are in accordance with 31P{1H} NMR spectra

(Figure 2). As stated above, these solution species are not
fluxional and do not convert into each other on the NMR time
scale, probably because of the rigidifying role of the proton
inside the ligand cavity. Thus, the phosphorus atom environ-
ment in species 2 ([H−1LGa]

− stoichiometry) should exhibit
two signals like reference in-cage complex 1 (the P-
hydroxymethyl groups are protonated) and one signal with a
much smaller δP (with a more electronegative P substituent, i.e.,
the deprotonated alcoholate). Analogously, species 3
([H−2LGa]

2− stoichiometry) should exhibit one signal close
to reference complex 1 and two peaks in the 22−28 ppm
region. The small singlet at 29.4 ppm observed at high pH
might be attributed to species 4 ([H−3LGa]

3− stoichiometry),
where phosphorus atoms are averaged on the NMR time scale
because of fast proton exchange between P-hydroxymethyl
groups.
Information from the calculations can be summarized as

follows. (i) Reference in-cage complex 1 has the most stable
structure of all species investigated. (ii) As expected, a simple
deprotonation of the P-hydroxymethyl moiety in in-cage
complex 1 is difficult to achieve in an aqueous solution. (iii)
A simple flip from the in-cage arrangement to the octahedral
out-of-cage coordination sphere with three fully coordinated
side arms only (chelate rings formed by the −OPCH2O

− or
−OPCH2OH moieties only) will not occur because of the steric
strain. (iv) The out-of-cage species possessing an O6
coordination environment can be obtained only by addition
of the hydroxide anion as a coligand. (v) Structures with
reasonably low relative energies can comprise both penta- and
hexacoordinated Ga3+ ion. (vi) The structures might be
stabilized by intramolecular hydrogen bonds.

Isomerism of Gallium(III) Complexes in Solution. As
mentioned above, the most stable in-cage gallium(III)
complexes of the NOTA-like ligands exhibit distorted
octahedral coordination arrangements. From another point of
view, the Ga3+ ion is “sandwiched” between twisted trigonal O3
and N3 planes. Such an arrangement leads to chiral complexes
in which the chirality is caused by a combination of the
conformation of macrocycle-containing chelate rings (δδδ/λλλ)
and the helicity of the coordinated pendant arms (Δ/Λ). It
leads to two diastereomeric pairs, Δδδδ/Λλλλ and Λδδδ/Δλλλ.
The phenomenon is fully analogous to the isomerism well-
documented in lanthanide(III) complexes of DOTA-like
ligands51 and has been observed for NOTA complexes with
different metal ions.36,52 In the phosphinic acid NOTA
analogues, the phosphorus atoms become chiral (R/S) after
coordination to a central metal ion; again, the same chirality
originating from the metal ion coordination of the phosphinate
group is commonly observed in lanthanide(III) complexes of
phosphinic acid analogues of DOTA.51 Hence, combination of
all the chiralities in complexes of TACN bearing three
phosphinate pendant arms results in four possible diastereo-
meric pairs, Λδδδ-RRR/Δλλλ-SSS, Λδδδ-RRS/Δλλλ-SSR,
Λδδδ-RSS/Δλλλ-SRR, and Λδδδ-SSS/Δλλλ-RRR (Figure S2.7
of the Supporting Information). In the solid state, only one of
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the diastereomers, Λδδδ-RRR/Δλλλ-SSS, was observed for the
[Ga(trap-Ph)] and [Ga(H3trap-Pr)] complexes.27,28 In sol-
ution, isomerism was investigated only for the [Ga(trap-Pr)]3−

complex; the isomer present in solution was shown to be
identical to that in the solid state.28

It is known that the [Ga(NOTA)] complex is present as a
single diastereomer in the solid state but is fluxional in solution
at room temperature as its 1H NMR spectrum exhibits average
signals.18 On the other hand, phosphonate or phosphinate
complexes are more rigid and the diastereomers of their
complexes do not convert into each other.27,28,42 As described
above, the NMR spectrum of the in-cage [Ga(trap-OH)]
complex and DFT calculations indicate that, in solution, the
complex is present as a rigid Λδδδ-RRR/Δλλλ-SSS isomer, like
the [Ga(trap-Pr)]3− complex.28

A different situation was observed for the [Ga(trap-H)]
complex as unusual NMR spectra were obtained. Despite the
common quadrupole broadening of 71Ga NMR spectra, four
very narrow NMR signals in a 1:3:4:2 intensity ratio (δGa values
of 132.00, 134.96, 137.80, and 140.45 ppm and ω1/2 values of
154, 200, 186, and 162 Hz, respectively) were observed (Figure
5). The signals probably correspond to the presence of all four
diastereomers of the complex (Figure S2.7 of the Supporting
Information). The doublet in the 31P NMR spectrum centered
at 22.0 ppm (1JPH = 599 Hz) shows inconspicuous shouldering
of the 20.1 ppm signal (Figure 5); the doublet is in agreement
with the 1H NMR spectrum that shows two overlapping H−P
doublets centered at 7.20 and 7.25 ppm with 1JPH values of 607
and 561 Hz, respectively. Unfortunately, one-dimensional and
two-dimensional 1H and/or 13C NMR spectra (or correlations
with 31P NMR spectra) of the isomeric mixture were too
complicated or had signals that were overly broad to be useful
for assignment of the structures of the individual isomers
(Figure S3.2 of the Supporting Information).
The extraordinarily narrow 71Ga NMR resonances (com-

pared with those of complexes of other TACN-based
ligands)18,24,25,27,28,48 point to the high symmetry of the
donor atom arrangements in the [Ga(trap-H)] diastereomers.
The ratio of the four 71Ga NMR signals is independent of the
conditions used for preparation of the complex [different
temperatures ranging from 25 to 80 °C, different rates of
reactant mixing, the source of the Ga3+ cation, Ga(NO3)3 or
GaCl3, and dilution of the reacting solutions]. In addition, the
ratio of 71Ga signals remained constant under all conditions
applied during the preparation of the complex, such as heating.
Evidently, the isomers are not fluxional, and an energetic barrier
for their mutual transformation has to be relatively high. This
hypothesis was examined by DFT calculations.
The relative Gibbs energies were calculated for these four

diastereoisomers and were found to be very close to each other
(Table S2.4 of the Supporting Information). This supports the
assumption, made above, that four signals in the 71Ga NMR
spectrum originate from four different diastereomers. The
obtained relative energies of particular isomers are 0.00, −3.68,
−7.25, and −6.25 kJ/mol for Λδδδ-RRR, Λδδδ-RRS, Λδδδ-RSS,
and Λδδδ-SSS, respectively. However, the conversion from one
diastereomer to another is accomplished by rotation of the N−
CH2−PO2 moiety or inversion of the ethylene chain in the
ethylenediamine chelate ring; activation barriers of the
processes should be substantially high. We calculated the
barrier height for the conversion from Λδδδ-SSS to Λδδδ-RSS
(ΔG#) to be 130 kJ/mol relative to the Λδδδ-SSS isomer.

Interconversions among the other isomers should have similar
energetic barriers.
The Ga3+−TRAP-Ph system cannot be experimentally

investigated in a similar manner because of the precipitation
of a white solid (presumably the previously investigated
complex, its Λδδδ-RRR/Δλλλ-SSS isomer27). However, the
diluted supernatant solution taken before complete precip-
itation exhibits several 31P{1H} NMR signals in the region
expected for the gallium(III) complex.
The differences in abundance of the complex diastereo-

isomers with varied substituents on phosphorus atoms show an
interesting analogy with the lanthanide(III) complexes of the
tetraphosphorus acid derivatives of DOTA.38 In these
complexes (with a square antiprismatic coordination geome-
try), only one major diastereoisomer was present in solution if
the phosphorus atom substituents were alkyls such as Me,
CH2OH, Et, and Bn. For more electronegative phosphorus
atom substituents such as H, Ph, and OR′, a full set of all
possible diastereomers was observed in solution. The same
phenomenon was observed here for gallium(III) complexes of

Figure 5. 71Ga (A), 31P (B), and a low-field part of 1H (C) NMR
spectra of the [Ga(trap-H)] complex (the shoulder in the 31P NMR
spectrum is marked with an arrow).
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tris(phosphinic acid) derivatives, TRAP-R. The ligands with
alkyl substituents (CH2CH2CO2H in TRAP-Pr or CH2OH in
TRAP-OH) give rise to only one diastereoisomer of the
complexes, while those with more electron-withdrawing
substituents (H in TRAP-H or probably also Ph in TRAP-
Ph) form a mixture of diastereoisomers during complexation.
However, such a hypothesis needs more data to be confirmed.
Formation and Decomposition of the Gallium(III)

Complexes. To study the formation and decomplexation of
the gallium(III) complexes, we used 31P and 71Ga NMR
spectroscopy. Formation of the complexes at room temperature
was monitored by 71Ga NMR spectroscopy and quantified by
comparison to the intensity of the [Ga(OH)4]

− signal as a
standard; monitoring of the reaction progress by 71Ga NMR
spectroscopy has been recently used for the quantitative kinetic
evaluations of complex formation and decomplexation in the
Ga3+−DOTA10 and Ga3+−NOTA−citrate53 systems. The 31P
NMR spectra were used to show more detailed changes in the
abundance of the free ligands, intermediates, and final
gallium(III) complexes.
The rate of formation of the complex is strongly influenced

by the substituent on the phosphorus atom, showing the
important role of the substituents in the design of the TRAP
ligands for trivalent gallium complexation (Table 4). At pH 2.8,

all examined ligands except TRAP-H showed very fast
complexation; gallium(III) was quantitatively bound in less
than 5 min, which is the shortest possible time needed between
preparation of a sample and measurement of the NMR spectra.
At pH 1, TRAP-OH and TRAP-Pr showed much faster
complexation than NOTA; however, the Ga3+−TRAP-H
complex needed approximately 15 days to be fully formed. At
pH 0, all the phosphinate ligands were still able to form
complexes with Ga3+ ion, albeit slowly (weeks); meanwhile,
NOTA showed no signs of complex formation even after 40
days. Such measurements were not possible for TRAP-Ph;
however, the fast precipitation even in acidic solutions points to
rather fast complexation. The results emphasize the importance
of careful pH control during the complexation with NOTA as
described previously.4 The higher acidity of the phosphinic acid
groups and the lower basicity of the ring nitrogen atoms of the
phosphinic acid TACN derivatives are responsible for complex-
ation even at pH 0, where the more basic NOTA exhibits no

gallium(III) binding. The results also show that ligands with
electron rich side-chain substituents are able to interact with
Ga3+ ion (TRAP-OH, TRAP-Pr, and probably TRAP-Ph) and
thereby significantly accelerate the formation of the final in-
cage complexes. The comparison of TRAP-OH and TRAP-H
complexation can serve as an example; the Ga3+ ion is bound by
the ligand with P−CH2OH groups much faster than by the
ligand with P−H groups, although both ligands do not have
dramatically different basicities and the primary donor atoms
are the same. Weakly interacting pendant arms move the metal
ion closer to the macrocyclic cavity as seen Figure S3.3 of the
Supporting Information. The deprotonated phosphinate group
accelerates the transfer of the metal ion into the ligand cavity
and helps to simultaneously remove nitrogen-bound protons
from the cavity. The data for complexation at low pH are in
accord with the recent observation that mixed acetate−
phosphonate derivatives of TACN are more efficient chelators
for carrier-free 68Ga3+ than NOTA.23

We point out that Ga3+ complexation at pH values as low as
1 is of outstanding practical importance, as 0.1 M aqueous HCl
is used for elution of some popular commercially available
68Ge/68Ga generators. Our study shows that, in contrast to
NOTA, particularly TRAP-Pr is able to form a complex with
Ga3+ rapidly under these conditions. In full accordance with this
finding, our recently published results for the 68Ga radio-
chemistry of the TRAP chelators54 showed that these can
indeed be readily labeled with 68Ga at pH <1 and, therefore,
also using the neat 68Ge/68Ga generator eluate. Despite not
being applicable for all purposes, this method is compatible
with many targeting moieties, such as most of the oligopeptides
used for peptide receptor imaging. We therefore hold the view
that TRAP ligands represent a big step forward in the
development of kit production of 68Ga radiopharmaceuticals
in a “shake-and-shoot” synthetic approach, which is known
from 99mTc radiotracers. Moreover, the highly selective and
efficient Ga3+ complexation by TRAP ligands, as shown in this
study, readily corresponds to the finding that much lower
chelator concentrations are required for 68Ga labeling.54 TRAP-
based 68Ga radiopharmaceuticals can therefore be produced
with hitherto unknown specific activitites, thereby allowing the
smallest molar amounts of tracers to be administered for PET
imaging. As an “ideal tracer” should be applied in the smallest
possible amounts, to minimize interference with the
biochemical equilibria governing the biosystem or organism
under investigation, TRAP ligands can be considered of
fundamental importance for future 68Ga radiopharmaceutical
research.
The kinetic inertness of the [Ga(trap-H)] and [Ga(trap-

OH)] complexes was tested in 6 M HClO4 at room
temperature. No sign of decomposition was observed over 6
weeks, confirming the high kinetic inertness of these complexes
against proton-assisted decomposition. The same complete
inertness to proton-assisted decomplexation has been observed
for the [Ga(NOTA)] and [Ga(trap-Pr)]3− complexes.18,28

Decomplexation in alkaline solutions proceeds for weeks for
NOTA and TRAP-Pr complexes.18,28 However, the situation
was different for the [Ga(trap-OH)] complex. This in-cage
complex is transformed to the out-of-cage complexes as
discussed above. The reaction was followed only by 31P{1H}
NMR spectroscopy as the out-of-cage complexes exhibit no
71Ga NMR signal. The in-cage complex is fully stable up to pH
∼5. At higher pH values, the transformation proceeds
progressively faster. Equilibrium was reached after ∼3 weeks

Table 4. Half-Times (t1/2) and Times of the Quantitative
Formation (t100%) of the [Ga(L)] Complexesa

ligand pH t1/2 t100%

TRAP-H 2.8 30 min 220 min
1 21 h 15 days
0 36 days 240 days

TRAP-OH 2.8 c <5 min
1 14 min 60 min
0 3.8 days 31 days

TRAP-Prb 2.8 c <5 min
1 3 min 12 min
0.8 20 min 100 min
0 12 days

NOTA 2.8 c <5 min
1 270 min 6 days
0 d d

aAt 25 °C, 1:1 L:Ga molar ratio, cGa = 0.01 M. bFrom ref 28. cNot
measurable because of a fast reaction. dNo reaction observed.
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at pH 7.2, after ∼6.5 days at pH 8.1, and after ∼1.5 days at pH
9.5, and no signals or species other than those shown in the
fully equilibrated samples (Figure 2) were observed during the
course of the reaction. The rearrangement of the in-cage to the
out-of-cage complex at physiological pH over hours to days
does not interfere with the suitability of the TRAP-OH-based
ligands for practical application as the decomposition is still
slow in comparison with the half-life of the 68Ga isotope and/or
the labeled tracer pharmacokinetics (minutes to hours). Similar
considerations concerning a relation of 68Ga half-life and the
rate of decomplexation of the Ga3+ complexes of DOTA and its
monoamide in the slightly alkaline region have been pointed
out recently.10

■ CONCLUSION
The properties of TRAP ligands, phosphinic acid derivatives of
1,4,7-triazacyclononane bearing different phosphorus substitu-
ents (H, Ph, CH2OH, or CH2CH2CO2H), were compared with
those of the carboxylic acid analogue, NOTA. Thermodynamic
studies showed that the phosphinic acid ligands are more acidic
than NOTA and their acidity or basicity depends on the
substituent on the phosphorus atom. The stability constants
were determined for their complexes with Ga3+ and other metal
ions; in addition, this parameter was redetermined for the
[Ga(NOTA)] complex by applying the improved method. The
thermodynamic stability of the gallium(III) complexes strongly
depends on the ligand basicity, in the following order:
[Ga(NOTA)] > [Ga(trap-Pr)] > [Ga(trap-OH)] > [Ga(trap-
H)]. Although selectivity for Ga3+ complexation is very high for
all TACN-based ligands, phosphinate ligands exhibit higher
selectivity than NOTA for binding small metal ions. All
investigated phosphinate ligands are able to bind trivalent
gallium efficiently even at pH 0 and are, generally, more
efficient than NOTA. The binding is very fast for TRAP-Pr and
TRAP-OH, possessing coordinating substituents on the
phosphorus atoms that increase the local metal ion
concentration close to the macrocyclic cavity. Thus, the
presence of phosphinic acid pendant arms improves the
coordination ability of the ligands in acidic media, which
represents one of the most important properties for the
practical application in nuclear medicine. All complexes are fully
inert against proton-assisted decomplexation. Our data suggest
an importance of weakly coordinating side chains for the
acceleration of the transfer of the metal ion into the
macrocyclic cavity. Altogether, we found that the methylene-
phosphinic acid group is a potent alternative to the commonly
used acetic acid pendant arm in macrocyclic ligands, and the
phosphinic acid analogues of NOTA are excellent gallium(III)
chelators, with ideal properties for 68Ga-based PET imaging
agent elaboration.
The in-cage [Ga(trap-OH)] complex exhibited unexpected

behavior in solutions at pH >5. It slowly reacts with hydroxide
anions to form out-of-cage complexes where an oxygen-only
coordination environment is present. The possible structures of
these species were suggested by DFT calculations, the study
being only the second55 in-depth computational treatment of
gallium(III) complexes of macrocyclic ligands. The calculations
showed some unexpected results. To form the out-of-cage
complexes, hydroxide anion must be coordinated together with
at least one deprotonated P-hydroxymethyl group. This
deprotonation is facilitated by a polarization effect of a small
and charged Ga3+ ion once it moves out; subsequently, a
deprotonated hydroxymethyl group will coordinate. Simulta-

neously, a proton has to be moved into the ligand cavity where
it is bound to a nitrogen atom and held in-cage by a network of
intramolecular hydrogen bonds. Such reactivity is caused by the
affinity of the hard Ga3+ ion for the hard oxygen atoms. This is
the first direct observation of thermodynamically stable out-of-
cage gallium(III) complexes in aqueous solution that are
commonly assumed as kinetic intermediates during formation
and decomplexation of the complexes of macrocyclic ligands.

■ EXPERIMENTAL SECTION
Materials and Methods. All reactants and solvents were

commercially available analytical grade chemicals. The 1,4,7-
triazacyclononane as a free base was purchased from CheMatech
and as a trihydrochloride was prepared via modified Richman−Atkins
cyclization.56 Characteristic NMR spectra were recorded using Varian
UNITY Inova (400 MHz) or VNMRS (300 MHz) spectrometers. 1H
and 13C NMR shifts are referenced to the t-BuOH signal, and 31P
NMR shifts are referenced to 85% aqueous H3PO4. Elemental analyses
were performed using the HERAEUS Varian EL III system. Mass
spectra were recorded on a Bruker Esquire 3000 spectrometer with
ESI as an ion source and ion trap as a detector in positive or negative
mode.

1,4,7-Triazacyclononane-1,4,7-tris[methylene(phenyl)-
phosphinic acid] (TRAP-Ph) and 1,4,7-Triazacyclononane-7-
methyl-1,4-bis[methylene(phenyl)phosphinic acid]
(MeNO2PPh). 1,4,7-Triazacyclononane trihydrochloride (1.50 g, 6.29
mmol), paraformaldehyde (0.74 g, 24.67 mmol), and phenyl-
phosphinic acid (13.40 g, 94.37 mmol) were mixed with 6 M aqueous
HCl (15 mL). The solution was stirred at 90 °C for 24 h and, then,
evaporated in vacuo. The crude product was purified on Dowex 50
resin (H+ form, elution with water followed by 5% aqueous ammonia).
The ammonia fractions were combined and evaporated in vacuo. The
resulting mixture of TRAP-Ph and MeNO2PPh was purified on silica gel
[elution with a 1:1 aqueous ammonia/EtOH mixture; Rf 0.85 (TRAP-
Ph), 0.34 (MeNO2PPh)]. The fractions containing pure MeNO2PPh

were evaporated in vacuo, yielding MeNO2PPh·2NH3·8.5H2O as a dark-
brown oil (1.2 g, 32%). The fractions containing pure TRAP-Ph were
combined and evaporated in vacuo. The target product was further
purified on Dowex 1 resin (OH− form, elution with water followed by
6 M aqueous HCl) to remove the traces of ammonia. After
evaporation of HCl fractions containing the ligand in vacuo, the
remaining oil was dissolved in a minimal amount of water and freeze-
dried to give TRAP-Ph·2.4HCl·3.5H2O (1.60 g, 35%).

TRAP-Ph. 1H NMR (300 MHz, D2O/NaOD, 25 °C): δ 2.72 (d,
2JPH = 6.9 Hz, N-CH2-P, 6H), 2.78 (s, ring CH2, 12H), 7.42−7.45 (m,
Har, 9H), 7.59−7.63 (m, Har, 6H).

13C{1H} NMR (75.4 MHz, D2O/
NaOD): δ 50.2 (s, ring CH2, 6C), 54.7 (d, 1JPC = 100.1 Hz, CH2-P),
129.4 (s, Car), 131.73 (s, Car), 132.3 (s, Car), 136.8 (d,

1JPC = 121.5 Hz,
Car-P).

31P{1H} NMR (121.4 MHz, D2O/NaOD, 25 °C): δ 26.3 (s).
MS (ESI, negative mode): m/z 612 [TRAP-Ph + Na+ − 2H+]. Anal.
Calcd (%) for C27H36N3O6P3·3.5H2O·2.4HCl: C, 43.70; H, 6.17; N,
5.66; Cl, 11.47. Found: C, 43.76; H, 5.43; N, 5.63; Cl, 11.28.

MeNO2PPh. 1H NMR (300 MHz, D2O/NaOD, 25 °C): δ 2.52 (s, N-
CH3, 3H), 2.68 (s, ring CH2, 4H), 2.86−3.11 (m, ring CH2, 8H, and
N-CH2-P, 4H), 7.50−7.57 (m, Har, 5H), 7.68−7.74 (m, Har, 5H).
13C{1H} NMR (75.4 MHz, NaOD, 25 °C): δ 41.8 (s, ring CH2), 47.1
(s, ring CH2), 51.2 (s, ring CH2), 53.5 (s, CH3), 56.1 (d, 1JPC = 105.1
Hz, CH2-P), 128.5 (d, 2JPC = 11.6 Hz, Car), 130.8 (d, 3JPC = 9.4 Hz,
Car), 131.2 (s, Car), 136.6 (d, 1JPC = 120.0 Hz, Car-P).

31P{1H} NMR
(121.4 MHz, D2O/NaOD, 25 °C): δ 29.5 (s). MS (ESI, negative
mode): m/z 450 [MeNO2PPh − H+]. Anal. Calcd (%) for
C21H31N3O4P2·8.5H2O·2NH3: C, 39.49; H, 8.52; N, 10.97. Found:
C, 39.92; H, 8.43; N, 10.71; Cl, 11.28.

1,4,7-Triazacyclononane-1,4,7-tris(methylenephosphinic
acid) (TRAP-H). Triazacyclononane (1.0 g, 7.75 mmol), paraformal-
dehyde (0.74 g, 24.67 mmol), and hypophosphorous acid (2.30 g, 34.8
mmol) were dissolved in water (20 mL) and stirred at room
temperature for 48 h. The reaction mixture was evaporated in vacuo
(bath temperature of <40 °C). The resulting oil was purified on a weak
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cationic exchanger, Amberlite 50, with water elution. Fractions
containing the pure ligand (by 31P NMR) were combined, evaporated
in vacuo as described above, and freeze-dried to give TRAP-H·H2O
(0.93 g, 33%). 1H NMR (300 MHz, D2O, 25 °C): δ 3.22 (d,

2JPH = 9.0
Hz, N-CH2-P, 6H), 3.45 (s, ring CH2, 12H), 7.14 (d,

1JPH = 543.9 Hz,
P-H, 3H). 13C{1H} NMR (150.9 MHz, D2O, 25 °C): δ 52.20 (s, ring
CH2), 56.21 (d, 1JPC = 90.5 Hz, N-CH2-P).

31P{1H} NMR (121.4
MHz, D2O, 25 °C): δ 16.1 (s).

31P NMR (121.4 MHz, D2O, 25 °C): δ
16.2 (d, 1JPH = 543.9 Hz). MS (ESI, negative): m/z 362 [TRAP-H+].
Anal. Calcd (%) for C9H24N3O6P3·H2O: C, 28.35; H, 6.87; N, 11.02.
Found: C, 28.28; H, 6.70; N, 11.13.
1 , 4 , 7 - T r i a za cyc lononane -1 , 4 , 7 - t r i s [me thy l ene -

(hydroxymethyl)phosphinic acid] (TRAP-OH). Triazacyclononane
trihydrochloride (1.50 g, 6.23 mmol), paraformaldehyde (0.74 g, 24.67
mmol), and solid hypophosphorous acid (2.80 g, 42.42 mmol) were
dissolved in water (20 mL) and stirred at room temperature for 48 h.
The reaction mixture was evaporated in vacuo (bath temperature of
<40 °C). The resulting oil was dissolved in 6 M HCl (50 mL).
Paraformaldehyde (0.74 g, 24.67 mmol) was added, and the solution
was heated at 105 °C in a bath for 24 h. The reaction mixture was
evaporated in vacuo and purified on Dowex 50 resin (H+ form, elution
with water). The fractions containing product were combined,
evaporated in vacuo, and freeze-dried to give TRAP-OH·0.3HCl·1.5-
H2O (2.16 g, 70%). 1H NMR (300 MHz, D2O, 25 °C): δ 3.47 (d,

2JPH
= 6.8 Hz, N-CH2-P, 6H), 3.62 (s, ring CH2, 12H), 3.82 (d, 2JPH = 6.0
Hz, P-CH2-OH, 6H).

13C{1H} NMR (100.6 MHz, D2O, 25 °C): δ
52.46 (s, ring CH2), 54.14 (d, 1JPC = 87.42 Hz, N-CH2-P), 60.36 (d,
1JPC = 113.8 Hz, O-CH2-P).

31P{1H} NMR (121.4 MHz, D2O, 25 °C):
δ 34.58 (s). MS (ESI, negative): m/z 474 [TRAP-OH + Na+ − 2H+].
Anal. Calcd (%) for C12H30N3O9P3·1.5H2O·0.3HCl: C, 29.34; H, 6.83;
N, 8.55. Found: C, 29.30; H, 6.58; N, 8.28.
Potentiometric Measurements. Potentiometry was conducted

according to the previously published procedures; for the preparation
of stock solutions and chemicals, the equipment, electrode system
calibration, titration procedures, and data treatment, see refs 10, 46b,
and 57. The Ga(NO3)3 stock solution was acidified with aqueous
HNO3, and the excess of acids in the stock solution was determined
independently by acid−base titration. Throughout the paper, pH
means −log[H+]. Protonation and stability constants were determined
in 0.1 M (NMe4)Cl at 25.0 °C with a pKw of 13.81. Protonation
constants and stability constants for the complexes with metal ions
except Ga3+ were determined by in-cell titrations from data obtained in
the pH range of 1.6−12 (or until precipitation of metal hydroxides)
with ∼40 points per full titration and four parallel titrations (cL = 0.004
M; cM = 0.004 or 0.002 M). The stability constants of the gallium(III)
complexes were obtained by the out-of-cell method as described
previously [starting pH of 1.5, 15−25 points per titration, points with
precipitated Ga(OH)3 excluded].10,28 The full sets of determined
constants (with their standard deviations given directly by the
program) are given in the Supporting Information (Tables S1.1 and
S1.2). The titration data were treated with OPIUM,58 and the
presented chemical models were chosen to have a chemical sense and
to exhibit the best fitting statistics. Stability constants of metal hydroxy
complexes were taken from ref 59.
Complexation−Decomplexation NMR Measurements. For-

mation of the Ga3+−TRAP-R (R = H, Ph, or CH2OH) complexes was
followed by 31P and 71Ga NMR spectroscopy (25 °C, cL = cGa = 10
mM). The experiments were conducted at pH 2.8 (1 M sodium
chloroacetate buffer), pH 1.0 (0.1 M HCl), and pH 0 (1.0 M HCl);
the solution pH was checked at the end of the complexation. The 71Ga
and 31P{1H} NMR signals were referenced to a 0.2 M aqueous
[Ga(OH)4]

− solution and 85% aqueous H3PO4, respectively, in the
insert tube. We preformed the complexes for other NMR measure-
ments in solution by mixing of the ligand and Ga3+ salt stock solutions
in a 1:1 Ga:L molar ratio and increasing the pH to 2.5 with a
hydroxide solution (with heating if necessary for quantitative
formation). Proton-assisted decomplexation of the complexes (cGaL =
10 mM) in 6 M HClO4 was followed by 31P{1H} NMR over a period
of 6 weeks.

Computational Method. If not stated otherwise, all calculations
were performed with the Gaussian 03 suite.60 The geometries were
optimized using a pure DFT functional with Ahlrichs' triple-ξ basis set
(BP86/TZVP/auto).61−63 The basis was automatically fitted to
improve performance. Stationary points were confirmed as local
minima by a frequency calculation (absence of imaginary frequencies).
Transition states were also confirmed by a frequency calculation by the
occurrence of one imaginary frequency. The conductor-like polarizable
continuum model (C-PCM) was applied to model the influence of
water (ε = 78.39) with the following nonstandard input.64,65 Atomic
radii were modeled with the United Force Field (UFF) model that
uses individual spheres for all hydrogen atoms. The nosymmcav
keyword was applied to break the symmetry of the cavity. The number
of added spheres was decreased by setting Ofac equal to 0.8 and Rmin
equal to 0.5. In cases where the optimization did not converge, the
GDIIS algorithm was applied to arrive at a stationary point.66−68

Energies for the hydroxide anion and water molecule were taken from
ref 49. Values reported therein were obtained at the BP/TZVP level of
theory and with application of COMSO-RS, which combines the
electrostatic advantages and computational efficiency of the dielectric
continuum solvation model COSMO with a statistical thermody-
namics method for the local interaction of surfaces. It also takes into
account local deviations from dielectric behavior as well as hydrogen
bonding (see ref 49 and references cited therein).

To obtain more accurate energies for the four TRAP-H
diastereoisomers and the transition state of the isomerization, we
optimized their geometries at the BP86/TZVP level of theory using
the C-PCM solvent model with the alterations given above followed
by a frequency calculation with the Gaussian 03 suite. With the
obtained geometry, a single-point calculation was conducted with
Gaussian 09 using Truhlar and Zhao’s M06 functional and Ahlrichs'
def2-TZVPP basis set.69−72 The influence of the solvent water (water
ε = 78.3553) was modeled with C-PCM and the alterations given
above. Because the values for the thermal correction to the Gibbs free
energy change only slightly with a different basis, they were taken from
the TZVP calculation and added to the SCF energy obtained from the
single-point calculation to yield more accurate Gibbs free energies.
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(Jena, Germany).

■ DEDICATION
Dedicated to Prof. Ernst Anders on the occasion of his 70th
birthday.

■ REFERENCES
(1) (a) Gupta, T.; Beriwal, S. Indian J. Cancer 2010, 47, 126−133.
(b) Bockisch, A.; Freudenberg, L. S.; Schmidt, D.; Kuwert, T. Semin.
Nucl. Med. 2009, 39, 276−289.
(2) (a) Pichler, B. J.; Kolb, A.; Nag̈ele, T.; Schlemmer, P. H. J. Nucl.
Med. 2010, 51, 333−336. (b) Sauter, A. W.; Wehrl, H. F.; Kolb, A.;
Judenhofer, M. S.; Pichler, B. J. Trends Mol. Med. 2010, 16, 508−515.
(c) Boss, A.; Stegger, L.; Bisdas, L. S.; Kolb, A.; Schwenzer, N.; Pfister,
M.; Claussen., C. D.; Pichler, B. J.; Pfannenberg, C. Eur. Radiol. 2011,
21, 1439−1446.
(3) (a) Zhernosekov, K. P.; Filosofov, D. V.; Baum, R. P.; Aschoff, P.;
Bihl, H.; Razbash, A. A.; Jahn, M.; Jennewein, M.; Rösch, F. J. Nucl.
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Tot́h, É. Dalton Trans. 2011, 40, 1945−1951.
(44) O’Brien, P.; Salacinski, H.; Motevalli, M. J. Am. Chem. Soc. 1997,
119, 12695−12696.
(45) Hegetschweiler, K.; Ghisletta, M.; Fas̈sler, T. F.; Nesper, R.;
Schmalle, H. W.; Rihs, G. Inorg. Chem. 1993, 32, 2032−2041.
(46) (a) Kotek, J.; Lubal, P.; Hermann, P.; Císarǒva,́ I.; Lukes,̌ I.;
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