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Bifunctional Hexadentate Pyclen–Based Chelating Agent
for Mild Radiofluorination in Aqueous Solution at Room
Temperature with a Ga-18F Ternary Complex
Fabienne Dioury,*[a] Carine San,[a, b] Gayathiri Gnanalingam,[a] Céline Henoumont,[c]

Yoann Rousselin,[d] Ahmed Haouz,[e] William Shepard,[f] Benoît Hosten,[b, g]

Kamsana Vijayakumar,[a] Sophie Laurent,[c] and Marc Port*[a]

Positron Emission Tomography (PET) is used in oncology for
tumor diagnosis, commonly relying on fluorine-18 (18F) emission
detection. The conventional method of 18F incorporation on to
probes by covalent bonding is harsh for sensitive biomolecules,
which are nonetheless compounds of choice for the develop-
ment of targeted probes. This study explores gallium–18F (Ga18F)
coordination, a milder alternative method occurring in aqueous
media at the final stage of radiosyntheses. Pyclen-based
chelating agents were proposed to capture (GaF) species at
room temperature and pH�5 making the radiofluorination
process compatible with heat- and acid-sensitive biomolecules.
Highly promising results were obtained with the PC2A–based

chelating agent LH2 derived from the new bifunctional PC2A–
OAE–NCS compound. The solid-state structure of GaF(L) was
elucidated by X-ray diffraction and revealed an unconventional
heptacoordination of Ga(III). A high radiochemical conversion
(RCC) of 86% was achieved at room temperature, in water at
pH 5 within 20 minutes. Stability studies showed the robustness
of the GaF(L) complex in aqueous media for at least one day
and at least one hour for the radiolabeled analog Ga18F(L).
These findings demonstrated that PC2A-based compounds are
chelating agents of choice for (Ga18F) species, suggesting a real
technological breakthrough for PET imaging and precision
medicine.

Introduction

Positron Emission Tomography (PET) has emerged as a revolu-
tionary medical imaging technique, offering deep insights into
the functional aspects of tissues. It plays a major role in
oncology for the diagnosis and initial evaluation of various
types of tumors, and is also used in cardiology, neurodegener-
ative, inflammation, or infectious diseases.[1–4] PET is based on
the detection of positrons, charged particles emitted by certain
radioactive isotopes. Among these isotopes, fluorine-18 (18F)
stands out as the most widely employed, owing to its unique
physical properties. Its half–life (t1/2) of 110 min offers a good
compromise: long enough for transport, eliminating the need
for an on-site cyclotron, and short enough for a clinical imaging

procedure to be completed in less than 2 hours. Moreover, 18F
has an almost pure positron emission profile: 96.7% of β+

emission with 3.3% of electron capture followed by X–ray
emissions whose energy and yield are low and do not penalize
imaging or patient exposure. 18F is also characterized by a low
maximum β+ energy, (Emaxβ+ = 634 keV). All these properties
are in favor of improved sensitivity and resolution of the
resulting images. Moreover, its production by cyclotrons and its
half-life ensure a steady supply, large-scale production and
distribution of radiotracers. Currently, commercial fluorine-
labeled radiotracers such as [18F]fluorodeoxyglucose,
[18F]fluorocholine, [18F]fluorodopa are synthesized using a
conventional method based on nucleophilic substitution.
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This approach requires several steps, including 18F activation
and a purification step, which lengthens the synthesis time,
whereas the desirable time for the synthesis of 18F-labeled
tracers and clinical use is less than a half-life, i. e. around
2 hours, in order to provide sufficient radioactivity for subse-
quent PET imaging of the patient, which can occur up to 6 half-
lives after 18F production, i. e. 11 hours in the case of an 18F PET
scan.[5] Additionally, it requires reaction conditions such as high
temperature (up to 110 °C), 18F activation step (azeotropic
drying), organic solvent, and/or catalysts, limiting the scope of
application, for example to delicate biomolecules that can be
denatured under these conditions. Meanwhile, the field of
oncology continues to evolve, with immunotherapy and new
personalized therapies taking center stage, so that demand for
more specific imaging using biomolecules as targeting agents
has surged. To address the need for a milder 18F-labeling
methodology suitable for biomolecules, McBride et al. devel-
oped the aluminum-18F (Al-18F) species complexation method.[6]

This Al-18F complexation technology has emerged as a promis-
ing alternative for 18F PET tracer synthesis and this method has
gained recognition and acceptance across numerous research
teams as it relies on a bifunctional chelating agent previously
conjugated to the probe which can trap the Al18F generated
in situ by mixing [18F]fluoride with aluminum trichloride.[7–9]

When combined with macrocyclic NODA-based chelating
agents, the Al-18F complexation offers numerous advantages
such as in vivo stability. However, a notable drawback of Al-18F
complexation technology is the need for high heating (110 °C)
and rather acidic conditions, with protocols typically performed
at pH 4 to 4.5, thus limiting the strategy’s compatibility with
heat- and/or acid-sensible biomolecules. To circumvent this
limitation, acyclic chelating agents have been developed to trap
Al18F at a lower temperature (<40 °C),[10–12] but these promising
systems still need to be refined before they can be applied to
modified probes[11] and/or in vivo stability of the resulting
radiotracers is still debated in the literature.[9] These recent
results demonstrated that there is still room for the develop-
ment of alternative radiolabeling methodology.

Like aluminum, gallium displays a strong affinity for the
fluoride anion characterized by a high Ga� F bond dissociation

energy (584 kJmol� 1 versus 675 kJmol� 1 for Al� F),[13] allowing
for the speculation of a similar radiofluorination process, i. e. by
complexation of a pseudo-metallic (Ga–18F) species. Conse-
quently, several chelating agents were developed and led to
some Ga� X (X = Cl, NO3, F) preformed complexes that proved
to be promising precursors for capturing the [18F]F� anion
(Table 1). However, the results of these different studies are not
fully satisfactory as the radiolabeling yields are rather low, or
stringent reaction conditions cannot be circumvented, or the
radiostability of the labeling has been poor, and research in the
domain remains poorly described to date with, to our knowl-
edge, in the current decade, only six articles referring to
research on the technology (Ga–18F) (Table 1).[14–19]

Altogether, these reported studies suggest that Ga18F
complexation technology is of interest for biomolecule radio-
labeling, but thorough exploration is required to optimize
chelating agent structure and radiosynthesis conditions. Indeed,
the use of Ga18F has not yet led to the ideal mild aqueous one–
step 18F labeling with high radiolabeling yield and radiostability.

To overcome these obstacles and make Ga-18F technology
effective for radiolabeling sensitive biomolecules, we have, in
this work, designed and synthesized a novel bifunctional
dianionic chelating agent H2(PC2A–OAE–NCS) (Figure 1) and
used its derivative, denoted LH2, to study the formation and
characterization in cold chemistry of Ga19F complexes. Ulti-
mately, we studied the radiolabeling under mild conditions
(room temperature) of LH2 and evaluated the radiostability of
the Ga18F(L) complex obtained.

Results and Discussion

Design of GaF(L)

Previous results from us and other groups showed that
chelating agents derived from the trianionic chelating agent
H3(PCTA) (Figure 1) strongly capture Ga(III) species with fast
kinetics at room temperature, in pure water.[20,21] In addition,
unpublished preliminary results from our group on the solid-
state X–ray structure of the Ga3+ complex formed with the

Figure 1. Compounds of pyclen backbone discussed herein.
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Table 1. Exhaustive list of radiofluorination studies with a Ga–18F ternary complex.[16,17,14,19,15,18]

Entry Precursor Reaction conditions RCY[a] Stability (RCP)[b] Ref

1 GaCl3(BnMe2-tacn) MeCN/H2O 50/50, r.t., 30 min
pH not available

30% At least 2 hours in 10%
EtOH/PBS pH 7.5 (99%)

[16]

2 Ga19F3(BnMe2-tacn) MeCN/H2O 8/92, r.t., 45 min
MeCN/H2O 75/25, 80 °C, 10 min
EtOH/H2O 75/25, 80 °C, 10 min
pH not available

4%
73%
81%

�2 hours in 20% EtOH/H2O (88%)
�2 hours in 10% EtOH/HSA (83%)
�2 hours in 10% EtOH/PBS pH 7.4
(74%)

[17]

3 GaCl(Bn-NODA) AcONa/H buffer (pH 4.0), 80 °C,
30 min

65–
70%

At least 4 hours in 10% EtOH/NaOAc
pH 4
At least 3 hours in 10% EtOH/NaOAc
pH 5
�20 minutes in 10% EtOH/PBS pH 7.5
�20 minutes in HSA

[14]

AcONa/H buffer (pH 4.0), r.t.,
30 min

30%

4 GaCl(Bn-NODP)
AcONa/H buffer/MeCN/H2O 45/30/
25
80 °C, 10 min
pH not available

71% At least 3.5 hours in 10% EtOH/H2O
(94%)
At least 3.5 hours in 10% EtOH/PBS
(95%)

[19]

5 GaCl(bis(thiosemicarbazonate)) K2.2.2., K2CO3

DMSO
40–50 °C, 30 min
pH not available

1–8% At least 2 hours in crude mixture [18]

6

GaCl(bis–picolinate)

K2.2.2., K2CO3

H2O/MeCN 7/93
80 °C, 30 min
pH not available

2% Not studied [15]
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chelating agent H3(PCTA–C4) (Figure 1) have shown that the
Ga(III) center is heptacoordinated, and involves a set of N4O3

coordination atoms corresponding to the N-atoms of the pyclen
scaffold and a O–atom from each of the three acetate subunits.
To our knowledge, such extended coordination for Ga(III)
complexes has never been reported, even in the case of
potentially octadentate chelating agents such as those derived
from DOTA.[22] In addition to deviating from the hexacoordina-
tion trend generally reported for Ga3+,[22–24] these original Single
Crystal X-Ray Diffraction (SCXRD) structural data revealed that
the three longest coordination bonds are Ga� N bonds (2.299(4),
2.333(5), and 2.363(5) Å), and furthermore that these bonds are
longer than those reported from SCRXD studies of other Ga(III)
complexes formed with cyclic chelating agents, which are often
shorter than 2.20 Å.[22,24] Consequently, we hypothesized that at
least one of these particular bonds might be sufficiently labile
to be broken and allow coordination of a sufficiently strong
ternary ligand, such as a fluoride anion, capable of overcoming
the entropic stabilization of the intracyclic coordination formed
with the N-atoms of the pyclen. Unfortunately, attempts to
displace this arrangement with a large excess of fluoride (KF)
failed to produce a Ga19F complex (See Supporting Information
and Figure S31). This previous result led us to modify the
chelating agent structure and to consider PC2A–based chelat-
ing agents (Figure 1) speculating that they would remain good
candidates for capturing Ga(III) species quite strongly, while the
apparent hexadentate denticity would be in favor of coordinat-
ing a ternary ligand such as fluoride that would otherwise
ensure the electronic neutrality of the resulting complex. The
bifunctional chelating agent H2(PC2A–OAE–NCS) was therefore
proposed featuring a PC2A backbone consisting of a pyclen
scaffold for the 12-atom tetrazamacrocylic cavity closely match-
ing the ionic radius of Ga3+, complemented by two acetate
arms to form a neutral complex with a Ga� X species. Finally,
H2(PC2A–OAE–NCS) incorporates the O–acetamido-ethyl (OAE)
spacer on the pyridine subunit with a highly reactive terminal
isothiocyanate function to enable conjugation to a targeting
vector. It should be noted that the ortho position of this
appendage has proved relevant in keeping the groups present
on this subunit outside the first coordination sphere of the
gallium.[20] Moreover, we assumed that the non-symmetric

structure could confer small differences in nucleophilicity/
basicity of the set of donor N–atoms of pyclen, which could also
be favorable to the fulfilment of gallium’s electronic demand by
a ternary ligand while enabling as well potential fine-tuning
structural modulation.

In this study, the PC2A–OAE–NCS derivative denoted LH2
(Figure 1), which presents a thiourea function to mimic the
bioconjugation with a targeted vector, was chosen to explore
the radiolabeling process via Ga-18F complexation. The synthe-
ses of the four chelating agents (PCTA–C4, PC2A, PC2A–OAE–
NCS, and LH2) are described here together with that of the
corresponding gallium complex(es). The crystal structures of
Ga(PCTA–C4) and GaF(L) are presented, and the radiofluorina-
tion of GaOH(L) and GaF(L) in water are discussed.

Synthesis and Characterization of Ga(PCTA–C4)

The H3(PCTA–C4) chelating agent (Figure 1) was prepared in
two steps from the macrocyclic tetra-ester precursor 1
previously described by us.[25] The selective aminolysis of the
ethyl ester function proceeded gently at room temperature
using an excess of n–butylamine and led to the corresponding
amide 2 in 85% yield (Scheme 1). Cleavage of the tert-butyl
esters was done by action of a solution of anhydrous hydrogen
chloride in diethyl ether and led to the desired H3(PCTA–C4) as
hydrochloride form(s) recovered by filtration. Further purifica-
tion by chromatography on reverse-phase (RP18) yielded the
product in around 76%. For storage at room temperature and
atmospheric pressure, and for its application to the complex-
ation of cationic metal species, the chelating agent was
converted to a neutral sodium form at pH 5 and found to be
highly stable for at least 6 months, neat in the solid state, and
also in aqueous solution (1H NMR monitoring, Figure S10).

As expected, the corresponding gallium complex was read-
ily prepared in water, by the action of a slight excess of
Ga(NO3)3 as Ga(III) source and proceeded at room temperature
in a few minutes after alkalinization to pH 5 with NaOH. The
Ga(PCTA–C4) complex was isolated after a desalting process by
gel filtration chromatography in 67�1% (n=2) at the 100 mg
scale. As previously observed for lanthanide complexes with

Table 1. continued

Entry Precursor Reaction conditions RCY[a] Stability (RCP)[b] Ref

X = OH or Cl

7 GaOH(L) AcONa/H buffer (pH 5)
r.t., 20 min

86% At least 1 hour in NaOAc pH 5 This
work

[a] RCY = radiochemical yield; [b] RCP = radiochemical purity.
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chelating agents derived from H3(PCTA),
[26] complexation can

be monitored by UV-Vis spectroscopy, as it induces a red shift
of the ligand–centred π-π* transitions. In the present system,
the chelating agent H3(PCTA–C4) is characteirzed by a λmax of
280 nm, while the corresponding Ga(PCTA–C4) complex shows
a λmax of 288 nm (Figure S30).

The stability of the pure compound in the solid state, or in
aqueous solution (pH 4–5), at room temperature and under
atmospheric pressure, was monitored by mass spectrometry
and 1H NMR, and was found to be high, with spectra remaining
unchanged after 14 months (Figure S28). This exceptional
stability may be due to the effective encapsulation of the
gallium ion in the macrocyclic cavity of the pyclen skeleton,
with the additional protection afforded by the pendant acetate
arms. Elemental analysis of the isolated Ga(III) complex,

resulting from Ga(NO3)3 and the hydrochloride salt of H3(PCTA–
C4), was consistent with the molecular formula [Ga-
(PCTA� C4)].4H2O.NaCl. Nevertheless, based on the results of
Bhalla et al. for the GaCl(Bn–NODA) chloride complex prepared
with Ga(NO3)3 and the pentadentate chelating agent Bn–NODA
as its hydrochloride form,[14] the molecular formula
[GaClNa(PCTA–C4)].4H2O could also be proposed. In this
second case, based on the widely assumed maximum coordina-
tion number of 6 for Ga(III), very generally observed in solid-
state structures from X-Ray Diffraction (XRD) data,[23,27] one
could hypothesize that only two of the three pendant
carboxylate arms would be involved in Ga3+ immobilization,
charge neutrality then being ensured by a ternary chloride. In
this case, fluorination by anion exchanges CO2/F or Cl/F could
have been considered. Unfortunately, from Ga(PCTA–C4) com-

Scheme 1. Synthetic pathway of the pyclen derivatives: a) n-butylamine, CH3CN, r.t., 24 h; b) HClanh, Et2O, CH2Cl2, r.t., 7 h; c) Ga(NO3)3, H2O, r.t.; ii) NaOHaq to
pH 4.9, r.t., 10 min; d) Na2CO3, CH3CN, reflux, 1 h; e) i) 37%HClaq, r.t., 4 h; ii) NaOHaq to pH 7.5; f) For X = OH: i) Ga(NO3)3, H2O, r.t.; ii) NaOHaq to pH 4.4 or to
pH 4.7 for H2(PC2A) or LH2 respectively, r.t., 5 min; g) For X = OH and/or F: Protocol 1: i) Ga(NO3)3, H2O, r.t.; ii) NaOH to pH 5.5, r.t., 5 min; iii) NaF to pH 7.5, r.t.,
1.5 day; Protocol 2: i) Na2GaF5, H2O, r.t., 5 min; ii) NaOHaq to pH 5.0, r.t.; h) ethylenediamine, r.t., 1 h; j) CSCl2, DIPEA, CH2Cl2, r.t., 30 min; k) n-butylamine, CH2Cl2,
r.t., 1.5 h; m) For H2(PC2A–C4): i) NaOHaq to pH 7, H2O; ii) n–butylamine, r.t., overnight; n) For X = OH and/or F: Protocol 1: i) Ga(NO3)3, H2O, r.t.; ii) NaF to pH 4.4
or to pH 4.0 for LH2 or H2(PC2A–C4) respectively, r.t., 5 min; Protocol 2: i) Na2GaF5, H2O, r.t., 5 min; ii) NaOHaq to pH 5.1, r.t.
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plex, no analytical evidence of fluorination was obtained when
attempts were made to displace its coordinative set of atoms
with a large excess of fluoride (See Supporting Information).

To consolidate this result, more complete structural data
were required and XRD structure determination was considered.
Several attempts have been made to obtain crystals by slow
evaporation of mixtures from a concentrated aqueous solution
of the Ga(III) complex mixed with varying amounts of a miscible
organic solvent (MeOH, EtOH, iPrOH, AcOEt, CH3CN). Mixtures of
water with EtOH or with iPrOH produced small crystals, and
those from the mixture water/iPrOH proved to be single crystals
of XRD quality. The crystal structure of Ga(PCTA–C4) is shown
in Figure 2, selected bond lengths and angles in Table 2. Full
crystallographic details can be found in Supporting Information.
In this crystal, Ga(III) proved to be heptacoordinated with a
distorted pentagonal bipyramid (D5h geometry) arrangement
and a set of donor atoms unequivocally of N4O3-type. The
pentagonal pseudo-plane formed by the equatorial ligating
atoms (N1,N2,N3,O5,O2) is characterized by a Root Mean
Squared Distance (RMSD), defined as the variation in the
distance between these atoms and their best-fit plane, of
0.245 Å. The Ga(III) atom deviates from this plane by a distance
of 0.072(2) Å. This definitely ruled out the hypothesis of
potential coordination of the ternary chloride anion ligand at
the expense of a carboxylate pendant arm and reinforced the
need to prepare chelating agent with a PC2A backbone to
develop a system suitable for radiofluorination based on the
coordination of the pseudo-metallic (Ga18F) species. The follow-
ing preliminary study on the chelating agent H2(PC2A) was
therefore envisaged to validate this concept.

Synthesis and Characterization of GaX(PC2A) with X=OH, F

Two procedures for the synthesis of 3,9-PC2A, hereinafter
referred to as PC2A (Figure 1), have been reported in the
literature.[28,29] Both are based on the regioselective di–N–
functionalization of the macrocylic precursor pyclen and the
two pathways gave very different results: 5% (2 steps) for a
5 mg scale and a product contaminated with the regioisomer
3,6-PC2A,[29] or 71% (3 steps) for the gram scale but a process
involving large excesses of strong acid and strong base.[28] In
this work, PC2A was synthesized using a different route: as
previously used for the other pyclen derivatives discussed here,
it is based on the assembly of two pre-functionalized synthons
(Scheme 1).[30]

The triamine 3 was prepared according to slight modifica-
tions of previous protocols implemented by us and led to the
desired synthon on a scale of a dozen grams with a high yield
of 85% for three steps, two of which were one-pot (Scheme S1).
The dibromide 4a was prepared as previously described.[31] The
two synthons were reacted in refluxing acetonitrile in the
presence of Na2CO3 and led to the macrocyclic precursor 5a
isolated in moderate 47% yield after purification. Complete
deprotection of the amine and carboxylic acids was then
achieved by the action of a concentrated 37% aqueous solution
of hydrochloric acid. With such a process, PC2A was isolated at

Figure 2. ORTEP view of the crystal structure of Ga(PCTA–C4). Thermal
ellipsoids are drawn at 10% probability plot. H atoms and other disordered
parts are omitted for clarity.

Table 2. Selected bond lengths and angles for Ga(PCTA� C4).

Bond lengths (Å)

Ga1� O4 (carboxylate axial) 1.876(3)

Ga1� N4 (pyridine axial) 1.985(2)

Ga1� O2 (carboxylate equatorial) 2.064(4)

Ga1� O5 (carboxylate equatorial) 2.076(4)

Ga1� N3 (amine equatorial) 2.299(4)

Ga1� N1 (amine equatorial) 2.333(5)

Ga1� N2 (amine equatorial) 2.363(5)

Bond angles (°)

O2� Ga1� O5 72.42(15)

O2� Ga1� N1 71.46(16)

O4� Ga1� O2 93.81(15)

O4� Ga1� O5 90.79(16)

O4� Ga1� N1 94.28(15)

O4� Ga1� N2 79.75(15)

O4� Ga1� N3 100.30(15)

O4� Ga1� N4 164.02(16)

O5� Ga1� N3 72.29(15)

N1� Ga1� N2 73.25(15)

N3� Ga1� N2 74.16(15)

N4� Ga1� O2 96.71(14)

N4� Ga1� O5 103.82(14)

N4� Ga1� N1 77.81(14)

N4� Ga1� N2 84.65(15)

N4� Ga1� N3 78.53(14)
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pH 5 in 40% (2 steps) after purification (desalting procedure on
reverse-phase chromatography) to the scale of 100 mg
(Scheme 1).

The complexation step proceeded readily at room temper-
ature, similar to that performed previously for Ga(PCTA–C4),
and the GaOH(PC2A) complex was isolated in quantitative yield
after a desalting process by reverse-phase chromatography at
the 150 mg scale. As usual, evidence of complexation is
unequivocally obtained by 1H NMR with splitting on the spectra
very commonly observed. Thus GaOH(PC2A) is characterized by
a 1H NMR spectrum with the methylene attached to the
pyridine split into an AB system. More remarkably, a diaster-
eotopic split of the two protons of the methylene adjacent to
the secondary amine is also observed, which could indicate a
strong coordination of the corresponding N–atoms (Figure S32).
The synthesis of the GaF(PC2A) was initially envisaged from
GaOH(PC2A) precursor by displacement of the ternary
hydroxide ligand using an excess of fluoride. Remarkably, this
displacement occurred in water at room temperature. Both 19F
NMR and mass spectrometry analyses validates the OH/19F
exchange; however, neither can confirm the completion of this
exchange. Indeed, the 1H NMR spectra of the two species are
very similar (Figures S32 and S35). Furthermore, the isotopic
pattern observed in mass spectrometry (electrospray ionization)
accounts for the detection of both GaF(PC2A) and GaOH(PC2A)
species, the latter possibly also resulting from hydrolysis of GaF
species in the ion source. Given the absence of analytical
evidence of the purity of the GaF(PC2A) complex isolated with
this protocol, an alternative protocol was considered with a
soluble form of the GaF3 reagent commonly assumed to be
insoluble in water. To this end, the “Na2GaF5” reagent was
prepared in accordance to the recent patent by Xu et al.,[32]

simply by mixing Ga(NO3)3 and NaF in the stoichiometry ratio
1/5 in water and at the appropriate concentration of ~5 mM.
This gave a slightly acidic solution of pH 4.6, which was then
concentrated to give a solid compound of formal formula
“Na2GaF5 . 3NaNO3“.

This inorganic mixture was characterized by 19F NMR, 71Ga
NMR, and FTIR. The 19F NMR revealed the presence of two
fluorinated species: NaF with δ ~ � 121 ppm, and a new one
with δ ~ � 153 ppm that can be attributed to the resulting
expected soluble {GaF} species. The characterization by 71Ga
NMR showed one large signal centered on δ ~ � 41 ppm,
reflecting quite asymmetrical chemical bonds around gallium.
Moreover, and surprisingly, concentrated solutions (�0.02 M) in
D2O prepared for 71Ga NMR analyses gave a turbid liquid phase
leading to a white precipitate or demixed liquid phase and
characterized by a shift of the large signal to δ ~ � 27 ppm
(Figure S25). In contrast, no significant change was observed by
19F NMR (Figure S23).

Finally, the water-soluble synthetic “Na2GaF5 . 3NaNO3“ was
characterized by FTIR and displayed a ν 505 cm� 1 in agreement
with the few reported data,[16,33] which is very distinct from ν
584 cm� 1 obtained for the commercially available GaF3 reagent.
With these new analytical elements in mind and considering
the experimental complexation protocol described in the
patent, we performed a second protocol to produce higher

purity batches of GaF(PC2A) by employing the initial clear
aqueous solution at c ~5 mM of “Na2GaF5 . 3NaNO3“. Like the
first protocol, the complexation step was conducted in pure
water with a stoichiometric amount of “Na2GaF5 . 3NaNO3“, and
the MS monitoring revealed a complete conversion in few
minutes at room temperature. The resulting Ga(III) complex was
isolated at pH 6 in 98% yield at 150 mg scale after purification
(desalting) process. As before, 1H NMR, 19F NMR and mass
spectrometry analyses confirmed the complexation of the
(GaF)+ species. The isotopic pattern observed in mass spec-
trometry again accounts for the detection of the two species
GaF(PC2A) and GaOH(PC2A); however, in this case, the isotopic
pattern is quite distinct than that obtained from the OH/19F
exchange protocol, with a deconvolution clearly indicating a
ratio in favor of the GaF species (Figures S43–S45). Moreover,
the signal at δ ~ � 152 ppm in the 19F NMR spectra confirms the
presence of a GaF bond (Figures S38–S39). Nevertheless, even if
the information is not fundamental at this stage of the
investigations, the GaF purity of the GaX(PC2A) with X = OH, F
batches prepared could not be elucidated. To complete the
characterization, the 71Ga NMR analysis was performed but no
signal was observed that is indicative of an absence of
symmetry for the Ga(III) coordination sphere in solution for this
complex.[34] This result is not surprising considering the study
reported for Ga(DOTA) complex, DOTA being a 12–membered
macrocyclic chelating agent less rigid and more symmetrical
than PC2A: with such a chelating agent presenting a center of
symmetry, 71Ga NMR gave a very broad signal.[35] Additionally,
71Ga NMR spectroscopy has proven to be a relevant analytical
method for verifying the absence of free Ga(III) in solution via
the detection of the Ga(OH)4

� species, which forms as early as
pH 5 and becomes the predominant species at pH�6.[36]

Indeed, 71Ga NMR spectroscopic analyses detected the presence
of Ga(OH)4

� species at concentrations below 0.5 mM (See
Figure S24). Consequently, the absence of signal in the 71Ga
NMR spectra is also the indication of the absence of free Ga(III)
in solution. Nevertheless, to ensure that the unsymmetrical Ga-
complex could not interfere and mask the Ga(OH)4

� signal,
increasing additions of Ga(OH)4

� to the deuterated GaX(PC2A)
solution were made and showed a linear increase in the 71Ga
signal a δ ~222 ppm (Figures S40–S41), allowing us to conclude
that no free Ga(III) was present in the batches of GaX(PC2A).
This validates our simple synthesis/purification process for
gallium complexes: it does not require a large excess of gallium
and the small excess was removed by precipitation then
filtration of the insoluble Ga(OH)3 species, which is the major
form at pH between 4.5<pH<6.[36] Finally, the persistent 19F
NMR signal obtained at δ ~ � 152 ppm for GaF(PC2A) attests to
the high stability in the solid-state at room temperature for at
least 13 days, as well as in aqueous solution at 7.3<pH<7.9 for
at least 2.5 months (Figures S38–S39). The stability of fluorina-
tion in aqueous solution at room temperature was also
monitored by mass spectrometry and found to be stable over a
period of at least 5 weeks (Figure S44). Furthermore, in each
case, no trace of decomplexation (free ligand) was detected by
1H NMR and/or by mass spectrometry. These preliminary
stability data validated the relevance of the GaF(PC2A) scaffold
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for PET labeling under mild conditions, and encouraged us to
pursue the investigations on LH2, a derivative of the PC2A–
based bifunctional chelating agent PC2A–OAE–NCS.

Syntheses and Characterization of GaX(L) and GaX(PC2A–C4)
with X=OH, F

LH2 chelating agent is a derivative of the bifunctional chelating
agent H2(PC2A–OAE–NCS) discussed above. LH2 is decorated
by a thiourea appendage which serves two main purposes: (i)
to mimic the bioconjugation to a biomolecule; (ii) to increase its
lipophilicity and its retention on RP18 column for easier
fluorination investigation by HPLC. The synthetic route is
depicted in Scheme 1 and is analogous to that previously
practiced for H3(PCTA–C4) and H2(PC2A): the macrocyclic
backbone was formed by assembling the two functionalized
synthons 3 and 4b and led to the macrocyclic tetra-ester
precursor 5b. In this case, the subsequent selective aminolysis
of the ethyl ester function took place with ethylenediamine
used as solvent resulting in the corresponding amido-amine 6
isolated at the 500 mg scale in 73% yield. The primary amine
activation step was then carried out in dichloromethane with
thiophosgene in the presence of diisopropylethylamine, and
the corresponding isothiocyanate compound 7 was obtained at
a gram scale in 80% yield after purification.

Finally, compound LH2 resulted from two subsequent steps:
first, conjugation with n-butylamine in dichloromethane at
room temperature to give the corresponding thiourea 8 in
quantitative yield; then, cleavage of the remaining protecting
groups by acid treatment with hydrogen chloride. The desired
chelating agent LH2 was isolated at pH 6 at the 100 mg scale in
63% yield after purification on reverse-phase chromatography.
These two last steps cannot be interchanged. Indeed, from the
protected precursor 7, the new bifunctional chelating agent
H2(PC2A–OAE–NCS) was isolated on the scale of 600 mg with a
good yield of around 75% after acid treatment with anhydrous
hydrogen chloride. However, during the subsequent n-butyl-
amine addition step in water previously alkalinized to neutrality
with NaOH, the desired LH2 chelating agent was not formed:
only side products were recovered including the chelating
agent H2(PC2A–C4) isolated in 31% yield. It results from a
transamidation process with n-butylamine; the driving force
could be the entropically favorable formation of ethylene
thiourea which is sparingly soluble in the aqueous reaction
medium and was recovered by filtration in 98% yield. Complex-
ations of LH2 with Ga(III) reagents (Ga(NO3)3 with NaOH or NaF,
Na2GaF5) proceeded smoothly at room temperature, very
similarly to those described above for the synthesis of
GaOH(PC2A) and GaF(PC2A). Complexation of the side product
H2(PC2A–C4) was also considered to prepare the GaF(PC2A–
C4) complex as an analytical reference for monitoring radio-
labeling. Indeed, given the undesired transamidation of the
spacer obtained in basic aqueous media in the presence of a
strong nucleophile such as n-butylamine (see above), such
cleavage could also occur under radiolabeling conditions
involving LH2 derivatives. The three Ga(III) complexes GaOH(L),

GaX(L) and GaX(PC2A–C4) with X=OH and/or F were obtained
as white solids after desalting procedure performed on
cyanopropyl reverse phase chromatography. As discussed
above for GaX(PC2A) with X = OH and/or F, 1H NMR, 19F NMR
and mass spectrometry analyses confirmed the complexation of
the (GaX)+ species. 19F{1H} NMR gave a single resonance at δ ~
� 150 or � 151 ppm corresponding to the Ga� F bond. As before,
the 1H NMR (Figure 3) and 13C NMR (Figure S48) spectra of the
two complexes GaOH(L) and GaX(L) with X = OH and/or F are
very similar and do not allow to assess the GaF purity of the
batches of GaX(L) with X = OH and/or F prepared. By mass
spectrometry, again, the isotopic pattern observed in the m/z
660–664 range accounts for the detection of both GaF(L) and
GaOH(L) species, bearing in mind that the GaOH species may
also result from hydrolysis in the ion source of the GaF(L)
species (Figure S50). The same applies for the isotopic pattern
observed in the m/z 558–562 range for the detection of both
GaF(PC2A–C4) and GaOH(PC2A–C4) species (Figure S61). The
FTIR spectra of the two compounds GaOH(L) and GaX(L) with X
= OH and/or F also are quite similar, with only a minor
difference in the 600–500 cm� 1 region and a signal at υ
553 cm� 1 that could be characteristic of the Ga� F bond in the
batches of GaX(L) with X = OH and/or F prepared (Figure 4).[14]

In conclusion, and as previously mentioned for the Ga(III)
complexes prepared with H2(PC2A), the GaF purity of the
GaX(L) batches with X= OH and/or F could not be assessed by
any of these analytical techniques; on the other hand, the purity
of the GaF(L) compound prepared with soluble Na2GaF5 as
Ga� F source will be proven by the XRD study envisaged later
(vide supra). Nevertheless, as previously observed for GaX(PC2A)
with X = OH and/or F, mass spectrometry monitoring
confirmed the stability of fluorination for GaX(L) at room
temperature in pure aqueous solution, in sodium acetate buffer
(5 mM; pH 5.0), or in phosphate-buffered saline (PBS, pH 7.6), for
at least 24 h (Figures S65–S67). The stability of fluorination at
the solid state (freeze-dried sample) at room temperature for at
least 17 days was also evidenced by 19F NMR monitoring and
mass spectrometry (Figure 5, Figures S49 and S69) with a
constant ratio of integrations for the signals assigned to NaF vs
GaF (δ � 121.1, and � 149.9 ppm respectively) obtained in 19F
NMR. Furthermore, in the solid state and in solution, the high
stability of the Ga(III) complex in such pyclen-based chelating
agent was also confirmed as no sign of demetallation (Ga(III)
release) was detected by mass spectrometry or 1H NMR
(Figure S47 and Figures S65–S69). Finally, the high stability of
GaF(L), in terms of Ga(III) release (absence of free ligand) and
persistence of fluorination, was demonstrated by mass spec-
trometry for at least 4.5 months on a sample left in aqueous
solution at room temperature (Figure 5 and Figure S68). Indeed,
no change was observed in the isotopic pattern in the m/z 660–
663 range corresponding to the detection of both GaF(L) and
GaOH(L) species, implying inertia of the fluorinated species to
hydrolysis (Figure S68).

In order to gain a more complete description of the
coordination geometry of the Ga(III) site, and also to prove the
purity of GaF(L) as a single species, X-ray crystallographic
structure analysis was considered. In this case, attempts to
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obtain crystals by slow evaporation of an aqueous solution of
GaF(L) in the presence of variable amounts of a miscible
organic solvent (MeOH, EtOH or acetonitrile) remained unsuc-
cessful. However, XRD quality single crystals of GaF(L) were
obtained from a high-throughput crystallization screening by

following the procedure and protocols established for biological
macromolecules.[37]

The crystallization, XRD data collection and structure
resolution can be found in Supporting Information. The crystal

Figure 3. {1H} NMR spectroscopy of LH2, GaOH(L) and GaF(L) in D2O; (* : residual solvent).

Figure 4. FTIR overlayed spectra of GaOH(L) and GaF(L) on KBr pellet (64 scans).
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structure of GaF(L) is shown in Figure 6, selected bond lengths
and bond angles in Table 3.

In this crystal, the unusual heptacoordination of Ga(III) that
we had observed on Ga(PCTA–C4) has again been observed
and involves a set of N4O2 donor atoms complemented by the
coordination to a fluoride anion. A pentagonal bipyramid
geometry is apparent with the fluoride ligand and the
secondary amine N-atom positioned at the apical sites. The
shortest bond length was found to be 1.815(2) Å, corresponding
to Ga� F, which is in full accordance with reported values. The
Ga� F bond in GaF(L) is slightly shorter than those found for the
ternary complexes GaF(Bn–NODA) and GaF3(Me3–tacn) formed
with macrocyclic chelating agent (1.821(2) Å, and 1.851(3) to
1.881(3) Å respectively), and slightly longer than that found for
GaF(dpa–Bn) formed with an acyclic pentadentate chelating
agent (1.797(2) Å).[14–16] The apical Ga� N2 bond length is of
2.036(4) Å is the second shortest bond of the seven of the set.
This reflects the robustness of this coordination, which may

induce an enhanced “protective” envelope of the metal center
within the coordination shell provided by the other five N,O–
heteroatoms. This hypothesis is supported by the RMSD of
0.132 Å which characterizes the pseudo-plane formed by the
five equatorial ligating atoms (N1,N4,N3,O5,O2), and which
therefore turns out to be almost half that found for for
Ga(PCTA-C4) crystal. Furthermore, the Ga1 atom is located just
0.051 Å above this plane, and the fact that this distance is well
below the RMSD value indicates that Ga1 is indeed in the
equatorial plane. What’s more, the lower ratio of these two
parameters, RMSD and distance Ga1-pentagonal space, which is
2.6 for GaF(L) versus 3.4 for Ga(PCTA-C4), may augur better
protection of the gallium center against various lysis processes.
This features confirm that Ga(III) combines well with the PC2A
scaffold, which can be considered a good-sized cocoon for
Ga(III) species. Furthermore, comparison of the distance
between Ga1 and the pentagonal pseudo-plane in the Ga-
(PCTA–C4) crystal and in the GaF(L) crystal, which is 0.021 Å
shorter, or 35% less, suggests that the PC2A scaffold is even
more suitable for Ga(III) complexation than the PCTA scaffold. In
GaF(L), contrary to that observed previously for Ga(PCTA–C4),
the N-azine of the pyridine subunit is positioned in the
equatorial plan and may induce this exceptional planar
conformation formed with the two other N–atoms of the
tertiary amines of the macrocycle completed by the two O–
atoms of the two acetate pendant arms. The Ga� N bond
lengths range from 2.252 to 2.280 Å, while Ga� O bond lengths
are 2.088(3) and 2.106(3) Å in good agreement with values
reported for Ga(III) complexes where Ga� N bonds are generally
longer than Ga� O bonds.[22–24] This study also confirmed the
hypothesis that the spacer/bioconjugation site appendage
grafted onto the ortho position of the pyridine subunit does not
participate in the coordination sphere.

Figure 5. Stability of GaF(L) at room temperature: neat in the solid state (lyophilisate) and in solution in water.

Figure 6. ORTEP view of the crystal structure of GaF(L). Thermal ellipsoids
are drawn at 10% probability plot. H atoms and other disordered parts are
omitted for clarity.
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18F Radiolabeling

Three radiolabeling methods were investigated: (i) one pot
procedure from the chelating agent, (ii) isotopic exchange
19F/18F, and (iii) anionic exchange OH/18F using a preformed
gallium complex (Scheme 2). All reactions were conducted at
room temperature for 20 min in a reaction volume of 125 μL
and involved 6 μmol precursor i. e. a concentration c 48 mM in
gallium chelate or chelating agent. [18F]F� was produced by
cyclotron irradiation, followed by elution from a QMA cartridge
using a 0.9% NaCl solution, yielding [18F]NaF solutions with an
activity of around 10 GBq/mL. At the start of each new
radiolabeling campaign, the radiochemical quality of the
[18F]NaF supplied was checked on the basis of a coordination
radiolabeling test with [18F]AlF recently optimized in our radio-
pharmacy (See Supporting Information).[38] The radiochemical
conversion (RCC) of the assays was determined by analysis of
the crude reaction mixtures by HPLC coupled with a radio
detector. By analogy with the method practiced for [18F]AlF
radiolabelings,[6] the first protocol tested here was a one-pot
procedure involving [18F]NaF (50 μL, 271�17 MBq), Ga(NO3)3
(3.0 μmol), and LH2 ligand (6 μmol), with AcONa/H buffer as
additive to complete the reaction volume (Scheme 2, Method
1). Under these conditions (pH � 4.2), radiochemical conversion
was unsatisfactory (approximately 4%, Figure S74). The other

two protocols investigated in this work use a preformed Ga(III)
complex as a precursor to capture [18F]F� and are based on
anion exchange.[14,16,17] It is interesting to note that such a
strategy has the advantage of being well suited to the develop-
ment of an 18F-radiolabeling kit-like method.[39–41] In Method 2,
GaF(L) was considered for 19F/18F isotopic exchange, while in
Method 3, GaOH(L) was used to give rise to OH/18F anion
exchange. The radiolabeling procedure based on the isotopic
exchange 19F/18F was tested (Scheme 2, Method 2) and a very
low RCC of about 1% was obtained (Figure S76). While
disappointing, this result is in agreement with previous
reported results.[17,19] The third method was then considered. In
Method 3 (Scheme 2), [18F]NaF (50 μL, 78 MBq) was added to
GaOH(L) (6 mmol) in a pH ~ 5 medium consisting of a mixture
of water and AcONa/H buffer. The resulting radio-chromato-
gram is shown in Figure 7. Three radioactive signals were
detected. The attributions were made on the basis of the
chromatograms obtained with the same analytic method using
UV-detection for the Ga19F(L) and Ga19F(PC2A–C4) analytic
references prepared and discussed above (Figure S55 and
Figure S64 respectively). Radio-chromatograms of “blank” sam-
ples of [18F]NaF in mixtures of water and AcONa/H were also
taken into account (Figures S71–S72). This led to the following
interpretations: the preponderant signal 3/ corresponds to the
desired Ga18F(L) complex, while the radio-signal 1/ corresponds
to free [18F]NaF and 2/ to the Ga18F(PC2A–C4) complex. Using
such a GaOH(L) precursor, a high RCC of 86% was achieved
under mild conditions: pH 5, at room temperature in 20 min. It
is worth noting that the identity of Ga18F(PC2A–C4) was
confirmed by performing radiolabeling from the previously
isolated chelating agent H2(PC2A–C4) using the one-pot
methodology (Scheme 2, Method 1) (Figure S75). However, at
this stage of our knowledge, we have not been able to draw
any conclusion as to the origin of Ga18F(PC2A–C4) i. e. whether
it comes from a rearrangement of Ga18F(L) during the radiosyn-
thesis (with formation of ethylene thiourea as discussed above)
or whether it resulted from the radiolabeling of a batch of

Table 3. Selected bond lengths and angles for GaF(L).

Bond lengths (Å)

Ga1� F1 (axial) 1.815(2)

Ga1� N2 (amine axial) 2.036(4)

Ga1� O5 (carboxylate equatorial) 2.088(3)

Ga1� O2 (carboxylate equatorial) 2.106(3)

Ga1� N1 (amine equatorial) 2.271(3)

Ga1� N4 (pyridine equatorial) 2.252(3)

Ga1� N3 (amine equatorial) 2.280(3)

Bond angles (°)

F1� Ga1� O5 91.82(11)

F1� Ga1� O2 90.23(12)

F1� Ga1� N2 171.53(12)

F1� Ga1� N4 85.30(12)

F1� Ga1� N1 95.79(12)

F1� Ga1� N3 93.32(12)

O5� Ga1� O2 71.00(11)

O5� Ga1� N3 72.71(11)

O2� Ga1� N1 72.55(12)

N2� Ga1� O5 94.29(13)

N2� Ga1� O2 97.30(13)

N2� Ga1� N4 86.32(13)

N2� Ga1� N1 82.87(13)

N2� Ga1� N3 82.92(13)

N4� Ga1� N1 72.61(12)

N4� Ga1� N3 72.16(12)

Figure 7. Radiochromatogram by anionic exchange OH/18F (Scheme 2,
Method 3) of a crude reaction mixture starting from of GaOH(L): after
20 minutes at room temperature.
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GaOH(L) containing GaOH(PC2A–C4) as a minor impurity (<
5%).

Further evidence of the successful formation of Ga18F(L) was
obtained by LC–MS analysis of the crude reaction mixture after
decay of the fluorine-18 (Figures S79–S80). In the light of this
study, the OH/18F anionic exchange methodology associated
with the preformed Ga(III) complex GaOH(L) we have devel-
oped, has proved very promising, so that the bifunctional
chelating agent H2(PC2A–OAE–NCS) we have designed is
proving to be a valuable tool for the radiolabeling of sensitive
molecules under mild conditions.

Stability Study of Ga18F(L)

Given that the presence of unbound {Ga18F} and/or free fluoride
18F species can affect imaging interpretation notably by bone
uptake, two aspects of the stability were addressed in this

study: the demetallation ie the release of Ga, and the
defluorination which results from hydrolytic cleavage of the
Ga18F bond or any other displacement by a competitive anionic
ligand in the medium. As discussed above, high stability in the
solid state (freeze-dried sample) and in aqueous media has
been demonstrated for the Ga19F(L) complex formed with the
non-radioactive natural isotope. The stability of the radioactive
complex Ga18F(L) was also investigated. This was done on the
crude radiolabeling mixture resulting from Method 3
(Scheme 2) involving acetate buffer (c 36 mM), and using radio-
HPLC monitoring: Ga18F(L) demonstrated a stability for at least
one hour at room temperature (Figure 8).

Our work (Table 1, Entry 7), as a whole, therefore enables us
to position our technology in relation to that previously
reported by Reid’s group (Table 1, Entry 3); indeed, it proceeds
in a similar way in pure buffered aqueous medium without the
need to add an organic solvent to boost performance as has

Scheme 2. Radiolabeling of LH2, H2(PC2A–C4), and GaX(L) compounds discussed herein; all assays were carried out with 6 μmol precursor in a reaction
volume of 125 μL i. e. a concentration c 48 mM in gallium chelate or chelating agent.
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been practiced in other previous work (Table 1, Entries 1–2; 4–
6). In our case, GaOH(L) was found to give a higher RCC of 86%
at room temperature, in 20 min and at a higher pH 5, compared
with the previously reported RCY of 30% after 30 min at
pH 4.[14]

Conclusions

In this study, three pyclen–based derivatives (PCTA, PC2A and
L) were investigated as chelating agents for (GaF) species. Based
on encouraging results obtained for the GaF(PC2A) and GaF(L)
complexes, in particular their easy synthesis with fast kinetics at
room temperature and their high stability under various
aqueous media, radiolabeling from LH2 and the corresponding
preformed GaF(L) and Ga(OH)L complexes were envisaged.
Three methods were explored to prepare Ga18F(L). The one
based on OH/18 F anion exchange using Ga(OH)L as precursor
was successful, giving an excellent radiochemical conversion
(RCC) of 86% at room temperature at pH 5 without any post–
labeling purification step and compared with the radiolabeling
by (Al18F) coordination generally reported at pH 4.0 to 4.5.[7]

Furthermore, the Ga18F(L) radiocomplex proved stable for at
least one hour in acetate medium at pH 5, highlighting the
potential of the bifunctional chelating agent PC2A–OAE–NCS,
and more particularly that of its direct derivative GaOH(PC2A–
OAE–NCS), as a valuable prosthetic group for the preparation
of targeted PET tracers under mild conditions, as well as for the
development of a kit –like 18F–radiolabeling method for routine
clinical use.

In this work, the radiofluorination approach discussed is a
prosthetic–type one with a preformed GaOH complex to be
grafted onto a target molecule (peptide, protein, nanobody).
After the radiolabeling step, in a preclinical context, a
purification step must be carried out to separate the free [18F]F�

from the radiolabeled probe. As widely reported in the
literature, this step could be carried out using commercially
available cartridges by solid–phase extraction on alumina or on

reverse-phase sorbent C18, or by size–exclusion chromatogra-
phy purification step.[40,42–45] Additional efforts are underway to
consolidate this initial result. Syntheses of a new generation of
bifunctional PC2A-based preformed GaOH complexes are in
progress, with the aim of obtaining similar high RCC at room
temperature, but at pH closer to the physiological pH. This
optimization should be supported by a Design of Experiments
(DoE) approach recently develop in our group.[38] In addition,
the new preformed PC2A–based GaOH complexes will have to
be evaluated for their in vivo applicability: in vitro stability tests
in different media (PBS; human serum) and in/ex vivo studies
(dynamic PET/CT imaging and biodistribution analysis) on mice
to examine in particular in vivo stability by quantifying bone
retention of the Ga18F(L) radiocomplex.[11] Finally, the apparent
molar or specific activity Am or As of targeted tracers prepared
using this technology will also be a crucial element to take into
account for future developments and for undertaking preclin-
ical studies on pathological models. These studies represent
crucial steps toward harnessing the full potential of these
pyclen-based compounds. The results presented here pave the
way to overcoming the technological bottleneck which cur-
rently limits the potential of radiolabeling of biomolecules
sensitive to denaturation induced by acidic media and high
temperature, and which remains a major challenge for precision
medicine.

Supporting Information Summary

All experimental data procedure and refinement are detailed in
Supporting Information. Parts of these data were also included
in a recently filed European patent.[46] Moreover, data CCDC
2343109 for compound Ga(PCTA–C4), and CCDC 2361075 for
compound GaF(L) contain the supplementary crystallographic
data for this paper. These data are provided free of charge by
the joint Cambridge Crystallographic Data Centre and Fachin-
formationszentrum Karlsruhe http://www.ccdc.cam.ac.uk/struc-
tures.

The authors have cited additional references within the
Supporting Information.[47–61]
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