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ABSTRACT: Chelators based on hydroxypyridinones have utility
in incorporating radioactive metal ions into diagnostic and

[ihl Metrics & More ’ Q Supporting Information

. . . . o
therapeutic agents used in nuclear medicine. Over the course of /9:3 « ["'Inyretinjin-mediated hydrolysis
our hydroxypyridinone studies, we have prepared two novel EN)' %‘N] * Hydrolysis of single arm only
Inf) .
chelators, consisting of a cyclen (1,4,7,10-tetraazacyclododecane) e :—;;ffl_azngemenfhydmlyzes faster
2 1

ring bearing two pendant hydroxypyridinone groups, appended via
methylene acetamide motifs at either the 1,4-positions (L') or 1,7-
positions (L?) of the cyclen ring. In radiolabeling reactions of L' or
L? with the y-emitting radioisotope, ['''In]In*', we have observed
radiometal-mediated hydrolysis of a single amide group of either L' or L% The reaction of either ['''In]In** or [**In]In** with either
L' or L?, in aqueous alkaline solutions at 80 °C, initially results in formation of [In(L')]* or [In(L?)]*, respectively. Over time, each
of these species undergoes In**-mediated hydrolysis of a single amide group to yield species in which In®* remains coordinated to the
resultant chelator, which consists of a cyclen ring bearing a single hydroxypyridinone group and a single carboxylate group. The
reactivity toward hydrolysis is higher for the L' complex compared to that for the L> complex. Density functional theory calculations
corroborate these experimental findings and importantly indicate that the activation energy required for the hydrolysis of L' is
significantly lower than that required for L? This is the first reported example of a chelator undergoing radiometal-mediated
hydrolysis to form a radiometalated complex. It is possible that metal-mediated amide bond cleavage is a source of instability in other
radiotracers, particularly those in which radiometal complexation occurs in aqueous, basic solutions at high temperatures. This study
highlights the importance of appropriate characterization of radiolabeled products.

o
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B INTRODUCTION

Radiometal ions are used in nuclear medicine for both
diagnostic imaging and systemic, targeted radiotherapy. In
receptor-targeted diagnostic imaging and radiotherapy, a
radioactive metal is bound via a chelator attached to a peptide
or protein, which targets cell-surface receptors of diseased cells."

thermodynamically stable complexes will likely undergo some
dissociation in vivo.

Hydroxypyridinones have a high affinity for metal ions with a
high charge density. Varying the positions of the metal-binding
hydroxyl and ketone groups of hydroxypyridinones results in
three types of hydroxypyridinones: 1-hydroxy-2-pyridinones
(1,2-HP), 3-hydroxy-2-pyridinones (3,2-HP), and 3-hydroxy-
4-pyridinones (3,4-HP) (Chart 1).” All three classes of
hydroxypyridinones have the ability to sequester metal ions in
vivo, including Fe'*, in hemochromatosis or iron-overload
disease,” and actinide ions, in the event of exposure or
contamination in the nuclear industry.” Chelators based on
hydroxypyridinones have also been used for complex radio-
metals used in nuclear medicine, including [%Ga]Ga®* and

New multidentate chelators that complex radiometal ions to
provide thermodynamically and kinetically stable complexes
have been seminal in the development of this field.

In recent years, macrocyclic derivatives of cyclen (1,4,7,10-
tetraazacyclododecane, Chart 1) and crown ethers, all bearing
additional pendant coordinating groups, have demonstrated
utility for complexing hard metal ions with expanded
coordination spheres.” In addition to providing complexes of
high thermodynamic stability, the inclusion of the macrocyclic
ring imparts high kinetic stability. This kinetic stability is
important for in vivo stability of a complex: radiopharmaceu-
ticals are typically administered intravenously, resulting in very
high dilutions in the bloodstream, and many endogenous ligands
(proteins, peptides, and minerals) have high affinities for metal
ions. Without possessing sufficient kinetic stability, most
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radioisotopes of lanthanides and actinides for radionuclide
imaging and therapy,'°~"* and in luminescent complexes."* Our
prior research on a tris(1,6-dimethyl-3-hydroxy-4-pyridinone)
chelator (THP, Chart 1) has shown that it is an ideal chelator for
rapid, kit-based preparation of [**Ga]Ga-labeled peptides,'*"
and a [*Ga]Ga—THP-peptide targeting prostate cancer has
entered clinical trials."*"®

Indium-111 (*"'In) is a y-emitting radioisotope (y 173 keV,
90.5% and y 247 keV, 94%, halflife = 67 h) used for y-
scintigraphy and single-photon emission computerized tomog-
raphy imaging. Several of the first Food and Drug Admin-
istration-approved receptor-targeted radiopharmaceuticals in-
corporated '!'In, enabling molecular imaging of various types of
cancers;’ the ['''In]In-labeled radiopharmaceutical, “octreo-
scan”, used for imaging neuroendocrine tumors, is still in routine
use.'” The chelators diethylenetriaminepentaacetic acid
(DTPA) and 1,4,7,10-tetraazacyclododecane—1,4,7,10-tetra-
acetic acid (DOTA) (Chart 1) are commonly used for
incorporating ['''In]In** into biomolecules. Derivatives of
bidentate 3,4-HP have shown high affinity for In*, with S,
stability constants for [In(3,4-HP),] complexes of the order of
103'-10%."%"" Bidentate hydroxypyridinone derivatives have

been applied to the complexation of [''In]In** for cell
labelingzo and incorporating ['''In]In*" into targeting bio-
molecules such as carbohydrates.”!

We postulated that combining two hydroxypyridinone groups
with cyclen could lead to an octadentate chelator that (i)
possesses a high affinity for hard metal ions with expanded
coordination spheres and (ii) provides complexes of high kinetic
stability, typical of cyclen derivatives. As part of our
investigations, we prepared two cyclen regioisomers, L' and
L? each bearing two 1,6-dimethyl-3-hydroxy-4-pyridinone
groups, in either the N',N*-positions (L') or N',N’-positions
(L?). There are potential differences in the reactivity of cyclen-
based regioisomers. For example, regioisomers of “DO2A”,
tetraazacyclododecane-1,4-diacetic acid and tetraazacyclodode-
cane-1,7-diacetic acid, both coordinate with Mn**.>> The
resulting two Mn** complexes exhibit similar structural
properties; however, the N'N*-derivative exhibits superior
thermodynamic stability and kinetic inertness. In the first
instance, we elected to react the new L' and L? chelators with
[Un]In.

In the course of these studies, we observed unexpected
behavior for both L' and L?> when reacted with aqueous
solutions containing In*": in the presence of either salt of
[™In]In*" or radioactive ['''In]In*', both chelators undergo
hydrolysis of a single amide bond, yielding In** complexes in
which a single hydroxypyridinone group and a single carboxylate
group are tethered to a cyclen ring. We detail our observations
here. To the best of our knowledge, this is the first report of
radiometal-mediated hydrolysis in the radiopharmaceutical
literature.

B RESULTS

Synthesis. We elected to append two 3,4-HP derivatives to
protected derivatives of cyclen to obtain target ligands L' and L?
(Scheme 1). Compound 1,” cyclenoxamide 3 (N',N*
diprotected cyclen),” and diCBz-cyclen 4 (N',N’-diprotected
cyclen)* were prepared following previously reported syn-
theses. Compounds § and 6 were obtained by alkylation of 3 and
4, respectively, with the 3,4-HP chloromethyl derivative (2) in
acetonitrile in the presence of diisopropylethylamine. L' was
obtained following two deprotection steps, first by hydrolysis
under basic conditions to give the N',N*-dialkylated cyclen

Scheme 1. Synthesis of L' and L? (i) Chloroacetyl Chloride, K,CO;, DCM, H,0, 0 °C to rt, 16 h; (ii) DIPEA, CH;CN, MeOH, 60
°C, 3 days; (iii) NaOH, H,0, 90 °C, 16 h; (iv) H,, Pd/C, MeOH, rt, 16 h
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Figure 1. Reverse-phase radio-HPLC chromatograms of reaction mixtures of L' with ['''In]In*, undertaken at 80 °C, at either pH 6, 8, or 10,

measured at either 10 min, 30 min, 1 h, or 2 h.

followed by removal of the benzyl groups on the 3,4-HP
moieties by catalytic hydrogenolysis. L* was conveniently fully
deprotected in one step, removing both benzyl and carbox-
ybenzyl protecting groups using catalytic hydrogenolysis only.

Reaction of L' with ['"In]In®** and [™In]In3*. To assess
the ability of L' to complex In*', L' was initially reacted with
solutions of ['"'In]In** at 80 °C and varying pH (pH = 6, 8, or
10). These reactions were monitored by reversed-phase
analytical radio-high-performance liquid chromatography
(HPLC) over 2 h (Figure 1).

When ["'In]In** was reacted with L' at pH 6 and 80 °C,
multiple species were observed, and L' did not quantitatively
bind to all available ['In]In*', although the amount of
unreacted ['"In]In®* (retention time of 2.5 min) decreased
over time. Notably, the radiochemical yield of the ['''In]In-
bound species with a retention time of 21.5 min ([*"'In]In-L'*)
increased over time (Figure 1). A broad signal at 23—28 min was
also observed in all radiochromatograms. From 30 min onward,
a species with a retention time of 10.5 min (['''In]In-L'®) was
observed. When the reaction was repeated at pH 8 and 80 °C,
[""'In]In-L'® increased in yield over time (Figure 1, 31% at 30
min and 72% at 120 min). ['"'In]In-L'* was also observed at
early reaction time points (29% radiochemical yield at 30 min)

but decreased over time (8% at 120 min) as the amount of
[""In]In-L'® increased. At pH 10 and 80 °C, 80% of the
radioactivity was associated with ['''In]In-L'® after only 30 min
of reaction. By 120 min, the radiochemical yield of ['!'In]In-L'®
measured 98%. Importantly, only low amounts of ['''In]In-L'*
(11% at 30 min and 0.3% at 120 min) and unreacted ['!'In]In**
(<1% at 30 min onward) were observed. The broad species
observed at pH 6 (and to a lesser extent at pH 8), eluting at 23—
28 min, was not observed for reactions at pH 10.

These radiolabeling data point to a reaction pathway in which
L' initially reacts with ['''In]In** to give an intermediate species,
[""'In]In-L'*, which then reacts further under sufficiently basic
conditions to yield [*''In]In-L'®.

Concurrent with radiolabeling experiments, we prepared
[™In]In-L" and [™In]In-L'®: an aqueous solution of L' was
reacted at 80 °C with [*In]InCl; (1 equiv) for 1 h, at either pH
6, pH 8, or pH 10, followed by liquid chromatography (LC)—
low-resolution mass spectrometry (LRMS) analysis (Figure 2).
At pH 6, only a single major species, assigned as ["In]In-L**
(retention time = 19.1 min), was observed, with an m/z signal
consistent with the stoichiometry of a complex in which a single
equivalent of L' coordinates to [™In]In** ([M]* m/z = 701.1
obs, 701.2 calc). At pH 8, two additional species, assigned as

https://doi.org/10.1021/acs.inorgchem.3c00353
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Figure 2. Reverse-phase LC—MS chromatograms (4 = 254 nm) of reaction mixtures of (a—i) L' or (b—i) L* with [*In]InCl,, undertaken at either pH
6, 8, or 10, after 1 h reaction at 80 °C. Solutions of (a-ii) L or (b-ii) L* at either pH 6, 8, or 10 were also heated for 1 h at 80 °C (without ["*In]InCl,),

prior to LC—MS analysis.

Scheme 2. Reaction of L' with In**, Including a Putative Structure of Intermediate In-L'*
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["In]In-L'® (retention time = 10.1 min) and HOPO—NH,
(retention time = 3.5 min, structure in Scheme 2), were
observed. The m/z signal of ["In]In-L'® is consistent with that
of an ["*In]In**-bound complex of a cyclen motif appended to a
single hydroxypyridinone group and a single carboxylate/
carboxylic acid group ([M]* m/z = 550.9 obs, 551.2 calc).
Lastly, at pH 10, only ["1In]In-L'"® and HOPO—NH, were
observed in the chromatogram.

In combination, these ["'In]In** and [™In]In** complex-
ation studies suggest that L' reacts with In*" to first furnish
species In-L'* in which L' is bound to In*" (Scheme 2). Under
sufficiently basic conditions, this species undergoes hydrolysis of
a single amide bond to yield complex In-L'®, in which In*" is
“L'®”, likely through cyclen amine groups,
hydroxypyridinone groups, and a carboxylate (see DFT
Calculations, vide infra). Significantly, this hydrolysis reaction
is mediated by In*". When L' was heated at 80 °C for 1 h at
either pH 6, pH 8, or pH 10 in the absence of In** and analyzed
by analytical LC—MS, no changes in the UV chromatogram,
relative to that of freshly dissolved L', were observed: L'
remained intact.

coordinated to

The compounds [*In]In-L'4, [*In]In-L'®, and HOPO—
NH, were subsequently prepared and isolated (with HR—ESI—
MS data consistent with LC—LRMS data, see the Supporting
Information). Compared to the nuclear magnetic resonance
(NMR) spectrum of L', the NMR spectra of ["In]In-L'*
(acquired in methanol-d,) exhibited several notable features
(Figures 3 and S3).

(i) Four signals for each of the hydroxypyridinone N'—CHj,
C°—H, and C®~CH; proton environments were observ-

ed.

(ii) Signals corresponding to the cyclen CH, ethylene protons
of [™In]In-L'" exhibited more complex splitting/
coupling patterns compared to the corresponding signals
in L', which were broad and unresolved.

iii) Signals corresponding to the CH, methylene groups of
& P g y group
"n ]In-L'* exhibited more complex splitting/coupling,
p P g pling
compared to the sharp singlets of )

(iv) Integration of 'H signals of [™In]In-L'"* was consistent
with the L! chelator remaining intact when coordinated to
[natIn]In3+.
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Figure 3. "H NMR spectra of L' (top, CD;0D, 700 MHz), [**In]In-L'* (middle, CD;0D, 700 MHz), and [*In]In-L'® (bottom, D,O with water

suppression, 700 MHz).

(v) C NMR (Figure S3) of ["In]In-L'* similarly revealed
an increase in the number of 13C signals relative to the free
ligand.

These '"H NMR data are consistent with L' coordinating to
[™In]In*" through at least one hydroxypyridinone group in
[™In]In-L'" and cyclen amine groups or amide carbonyl
groups. The increased complexity of cyclen CH, signals is
consistent with cyclen amine ligands’ participation in In**
coordination. It is possible that ["*In]In-L"* is highly fluxional
and that multiple species exist in solution that interconvert via
transient dissociation and recoordination of L' donor atoms.

There were several significant features in the NMR spectra of
["In]In-L"® (acquired in D,0) that suggest that both the single
hydroxypyridinone group and the cyclen ring participate in the
coordination of [™In]In*" (Figures 3 and S4).

(i) Integration of the '"H NMR spectrum of ["In]In-L'®
indicated that only a single hydroxypyridinone group is
appended to the cyclen ring, and an additional, chemically
distinct, methylene group is present.

(ii)) "H NMR signals corresponding to the ethylene groups of
the cyclen ring in ["*In]In-L'® were sharper and exhibited
more complex splitting/coupling patterns compared to

the corresponding signals in L'. These patterns are typical
for cyclen derivatives in which ring amine groups are
complexed to a diamagnetic metal ion.

(iii) '"H NMR signals corresponding to hydroxypyridinone
substituents were broadened, and more complex splitting
was observed, relative to those of L%

(iv) The 'H-"*C HSQC NMR spectrum of ["*In]In-L'®
(Figure S4) revealed an increase in the number of
chemically inequivalent cyclen CH, groups (eight distinct
cyclen cross-peaks) relative to that of L' (four chemically
distinct cyclen CH, signals). In the 1D *C{H} spectrum,
cyclen signals were discernible, but signals for hydrox-
ypyridinone C atoms were not discernible or were very
weak, presumably due to significant broadening.

Reaction of L2 with ['"'In]In3* and ["®'In]In3*. We then
studied the reaction of ["In]In** with L? (in which pendant
hydroxypyridinone groups are attached at the N' and N’
positions of the cyclen ring). Similar to our strategy for
elucidating the reactivity of L' with ['''In]In*, we reacted L?
with solutions of ['''In]In** and ["In]In** at pH 6, pH 8, and
pH 10 at 80 °C and analyzed these reactions using reversed-
phase analytical radio-HPLC (Figure 4).

https://doi.org/10.1021/acs.inorgchem.3c00353
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00353/suppl_file/ic3c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00353/suppl_file/ic3c00353_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.3c00353/suppl_file/ic3c00353_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00353?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00353?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00353?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c00353?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.3c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
| L2 | pH 6 | 10 min L2| pH 8 10 min L2| pH 10 | 10 min
1 i )
g | S &
z| || z z
2 2 2
A gl | g ‘
o | o ]
3 / \ 3| | 3
| ¥ NN_N
o 5 10 15 20 25 30 35 o 5 10 15 20 25 30 35 [ 5 10 15 20 25 30 35
Time (min) Time (min) Time (min)
h L2 | pH 6 | 30 min L2| pH 8| 30 min L2 | pH 10 | 30 min
g | : :
HIE g g
-l £l s
LN * A ‘LA
L L
0 5 10 15 20 25 30 35 ° 5 10 15 2 25 20 35 0 5 10 15 20 25 30 35
Time (min) Time (min) Time (min)
f L2|pH6|1hr L2|pH8|1hr % L2|pH10|1hr
gl g z I
18l : !
Lo \ % 3
LA “"" ‘* M
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 [ 5 10 15 20 25 30 35
Time (min) Time (min) Time (min)
L2|pH6|2hr L2|pH8|2hr \ L2|pH 10| 2hr
1 '.
Bl | z g t
g ] 4 £ l
HEl g g "
HEl g 1 3 '
& & | e
\ sl
o 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 B 10 15 20 25 30 35
Time (min) Time (min) Time (min)

Figure 4. Reverse-phase radio-HPLC chromatograms of reaction mixtures of L? with ['''In]In*, undertaken at 80 °C, at either pH 6, 8, or 10,

measured at either 10 min, 30 min, 1 h, or 2 h.

Scheme 3. Reaction of L? with In®*, Including a Putative Structure of Intermediate In-L%A
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At pH 6, even after 2 h of reaction, the majority of
radioactivity signal corresponded to unreacted ['''In]In**.
This contrasts the reactivity of L' with [""'In]In** at pH 6.
However, at pH 8, L* reacted with ['"'In]In*" to yield a species
with a retention time of 21.5 min ([*"'In]In-L**) and a second
species with a retention time of 11.3 min ([''In]In-L?®).
Compound ['"'In]In-L** was present in a >25% radiochemical
yield at all measured time points; the radiochemical yield of
[""In]In-L*® increased over the course of the reaction, from 1%

at 10 min to 17% at 120 min. Other radioactive species,
including unreacted ['''In]In’*, were also present.

The reaction of L* with [""'In]In*" at pH 10 and 80 °C yielded
multiple species; however, after 2 h of reaction, the major
radioactive product corresponded to [''In]In-L?®. Similar to
the reaction at pH 8, signals corresponding to ['''In]In-L** and
other species were discernible over the course of the 2 h reaction
but decreased as the radiochemical yield of ['''In]In-L*®
increased from 4% at 10 min to 56% at 2 h.
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Figure 5. (a) Calculated pathway for intramolecular hydrolysis of In-L* to In-L?; (b) structures of I-IV and lowest energy TS for In** complexes with

both L! and L? derivatives.
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The reaction of L* with [™In]InCl, (for 1 h at 80 °C), at
either pH 6, pH 8, or pH 10, followed by LC—MS analysis,
revealed a similar reaction pathway to that of L' (Figure 2 and
Scheme 3). L? reacts with [™In]In** to yield an intermediate
complex, ["In]In-L** (retention time = 18.3 min, [M]* m/z =
701.4 obs, 701.2 calc), which undergoes hydrolysis of a single
amide bond to furnish [*In]In-L*® (retention time = 11.9 min,
[M]* m/z = 551.2 obs, 551.2 calc). In the case of L', ["In]In**
complexation and subsequent hydrolysis were complete within 1
h. However, in the case of L? some unreacted ligand was
observed (retention time = 16.6 min, [M + H]" m/z = 589.5 obs,
589.3 calc), and only small amounts of [™In]In-L*® and
HOPO—NH, were detected after 1 h of reaction at 80 °C at pH
10. At all pH values, the major species in the solution
corresponded to ["*In] In-L?A,

The [™1In]In-L** and ["*In]In-L*® complexes were isolated
and analyzed by NMR (Figures S7 and S8) and HR-MS, which
indicated that ["In]In-L** and ["*In]In-L?® were isomeric with
["*In]In-L' and ["In]In-L'8, respectively.

In the 'H NMR of [™In]In-L**, signals of hydroxypyridinone
and cyclen exhibited increased splitting compared to those of L.
Similar to [*In]In-L', we postulate that this is consistent with
L? coordinating to In*" through at least one hydroxypyridinone
group in In-L** and possibly also through cyclen amine groups
and/or amide carbonyl groups. '"H NMR and HSQC spectral
features for ["In]In-L*® were very similar to those of ["*In]In-
L'®. Importantly, in combination, MS and NMR data indicated
that ligand “L*®” consists of a cyclen ring bearing a single
hydroxypyridinone group and a single carboxylate/carboxylic
acid group in the N' and N7 positions.

DFT Calculations. To further understand the possible
coordination environments and reactivity of this series of In®"
complexes, DFT calculations were performed. Full details of the
computational analysis can be found in the Supporting
Information. Initially, the coordination of In*" to L'* and L**
was probed. As the reactions were carried out in buffered
aqueous solutions, with the highest reactivity observed at the
most basic pH (10), each ligand was modeled with both
hydroxzpyridinone moieties being deprotonated (for similar
motifs,”*° pK,(1) = 3.2—3.6, pK,(2) = 9.4—9.8). To charge-
balance with the metal, an additional hydroxide ligand was
modeled as coordinating to the In** center, which was strongly
thermodynamically favored over the charge-separated analogues
(see the Supporting Information for discussion of [In-L®][OH]
species).

Each ligand L* has two pendant arms, each with two possible
metal coordination sites (hydroxypyridinone (hopo) and amide
moieties). Therefore, there are three possible combinations
assuming both arms and the cyclen ring coordinate to In** (vide
infra): hopo—hopo (I), hopo—amide (II), and amide—amide
(1), with the resulting complexes exhibiting coordination
numbers of either seven or eight. Optimized stationary points
were found for each conformation I-III for both In-L'# and In-
L* (Figure 5). For both ligands, coordination to In®' is
thermodynamically favored (L' = —23.2——31.8 kcal mol™'; L?
= —26.8——33.2 kcal mol™), and all three conformations for
each ligand set are separated by <10 kcal mol™" (L' = 8.6 kcal
mol™}; L? = 6.4 kcal mol™?), suggesting that each conformation
should be thermodynamically accessible. In solution, In-L'* and
In-L** likely exist as mixtures of I-III, and In-L** appears more
thermodynamically stable than In-L'*. In all cases, In*" is also
coordinated to three or four of the nitrogen atoms within the
cyclen ring with various strengths (WBIs: 0.08—0.42 but

typically 0.10—0.20). Interestingly, for In-L'4, the lowest energy
conformation was found to be III (amide—amide), while for In-
LA, the lowest energy conformation was IT (hopo—amide). For
the lowest energy conformations of I (for both In-L'* and In-
L**), only one hopo group coordinated in a bidentate fashion,
with the second hopo group either coordinating via only one O
atom or remaining uncoordinated.

Next, the coordination of hydrolyzed L® to In®" was
investigated. Again, the hydroxypyridinone moiety and carbox-
ylic acid were deprotonated, and a bound hydroxide was
included. Various starting conformers were deliberately picked
as input geometries (see the Supporting Information), and the
resultant complex was allowed to freely optimize. In all cases, the
carboxylate arm was found to coordinate with In** (WBIs:
0.20—0.47). For each ligand, two different conformers were
found, in which either hopo or amide from the nonhydrolyzed
arm coordinate to In*', IVhopo-carb a0d IV ige.carty TeSpectively
(Figure S). These species therefore represent In-L® as discussed
above. For In-L'®, the IV, _;30.cary cOnformer is more stable than
IVhopo-carb by 8.1 keal mol ™!, while the opposite conformer is
more stable for In-L*® by 7.7 kcal mol ™. As with In-L*, L forms
more stable hydrolyzed complexes than L.

For each conformer I-III, with both ligand sets, an associated
transition state (TS) for conversion to IV was found. The lowest
energy TS for L' was from I, to IV, while for L?, the lowest
energy TS was from III,. This results in an overall activation
energy barrier (from the lowest energy conformer of In-L* to the
lowest TS) for L' of +21.7 kcal mol™', while L? has a larger
barrier of +28.3 kcal mol™" (Figure S). With a difference of 6.6
kcal mol™" between the two ligands, the rate of hydrolysis using
L' is >12,000 times faster than with L? at 80 °C.

The lowest energy TS for L' has a hopo—amide coordination
geometry, with the coordinated amide undergoing hydrolysis.
This In**-bound group is more activated toward hydrolysis than
the corresponding amide moiety on the noncoordinated arm.
The former is also closer to the In-bound hydroxide. The
calculations reflect this asymmetry in the two amide groups of
L". The bound amide has a lower order C=0 bond (WBIs: 1.52
vs 1.59) and a lower calculated C=0 stretching frequency (v,
= 1716 vs 1729 cm™). Due to its starting coordination
environment, the likely initial hydrolysis product for L' will be
IViopo-carb- On the other hand, the lowest energy TS for L?hasan
amide—amide coordination geometry. In this case, either
carbonyl may undergo hydrolysis (C=O WBIs: 1.41 and
1.43; one coupled C=0 stretch at v/, = 1699 cm™") and the
likely hydrolysis product will be IV,;4e.carb- For both In-L'® and
In-L*®, the initial hydrolysis product is not in its most
thermodynamically stable form, and both may rearrange to
Ivamide-carb and IVhopo-carb) resP ECtiVEIY (Figure 5) For IVhopo-carb
structures for L'®, the hopo group coordinates in a bidentate
fashion. For IVjgpo.can Structures for L?®, the hopo group
coordinates via only one hydroxy O® atom. This energy
landscape shape is consistent across multiple functionals, both
with and without added dispersion (see the Supporting
Information).

Overall, the DFT conclusions corroborate the experimental
results. Coordination of L* to In** leads to a mixture of
conformers, which may explain the apparent multiple species
observed by NMR spectroscopy and HPLC. The lower overall
TS barrier for the hydrolysis of L' compared to that of L? is
consistent with the observation of rapid generation of In-L'®
from In-L'*, while the corresponding conversion of In-L* is
slower, despite both being thermodynamically accessible.
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B DISCUSSION AND CONCLUDING REMARKS

Metal ions and their complexes are widely known to catalyze or
mediate hydrolysis of amide/peptide bonds, through either (i)
coordination of an amide carbonyl group, and concurrent
activation of the carbonyl toward nucleophilic attack, (ii)
activation of a coordinated water or hydroxide ion to enable
nucleophilic attack of an amide, or (jii) a combination of both of
the above, in which an amide carbonyl and hydroxide are both
coordinated to a metal center.”” Complexes of cyclen and
oxacyclen derivatives with metal ions, significantly Cu®** and
Cot;3 Elgve demonstrated hydrolytic activity toward pepti-
des.” "

In our ligand systems, In**-mediated hydrolysis is not simply a
result of the presence of In®* in solution or transient
coordination of In®* to these ligand systems. Experimental
data strongly points to a hydrolysis pathway in which hydrolysis
is mediated by the coordination of In** to L' and L” ligand
systems.

e In*" complexes of L' and L? [™1In]In-L'* and [™In]In-
L*A, have been isolated and characterized, alongside their
hydrolysis products, [ In]In-L'® and [**In]In-L?®.
Given that these complexes have been isolated, we
hypothesize that it is unlikely that In** dissociates from
these respective ligand systems during a hydrolysis
process.

e Atlater time points in the reaction of L' with ''In*" at pH
8 and pH 10, minimal or negligible “unchelated” L3+
remains in solution—initial *"'In** complexation is rapid.
However, there continues to be an increase in the amount
of [""'In]In-L"® over time, while simultaneously, there is a
decrease in the amount of [!!'In]In-L'A,

e There is no evidence of “free” L'® or L*® ligand in studies
with either "In** or "'In’*.

e DFT calculations indicate that In** coordination of an
intramolecular amide carbonyl, as well as coordination of
a hydroxide ion are likely, enabling an intramolecular
hydrolysis mechanism (Figures S and $20), similar to that
prezx;i_o%l(l)sly reported for cyclen and oxacyclen complex-
es.”

In developing new chelators based on cyclen, we have
exemplified the importance of investigating the relative
reactivities of different regioisomers with alternative amine
substitution patterns.”> There are stark differences in the
reactivity of the two different cyclen derivatives, L' and L?
which differ only in the relative position of the two pendant
amide-containing hydroxypyridinone arms. Formation of In-L**
from solutions containing In** and L? requires more basic
reaction conditions than that required for the formation of In-
L' (see Supporting Information, Section 7). Additionally, the
reactivity of In-L** toward amide bond hydrolysis is lower than
that of In-L'. As a result, ['"'In]In-L'® could be prepared in a
near-quantitative radiochemical yield after 2 h of reaction at 80
°C and pH 10, while [""'In]In-L*® could only be prepared in a
56% radiochemical yield under the same conditions. In studying
the reaction of both L! and L?, under the reaction conditions
employed, we found no experimental evidence of formation of
“DO2A” complexes or derivatives, which would arise if both
amide bonds of L'/L* underwent hydrolysis. In addition, in
preliminary studies, we have assessed the reaction of L' and
Ga**: L' complexes [**"Ga**]Ga*"; however, no hydrolytic
activity was observed (see the Supporting Information, Section

6).

Overall, the DFT conclusions corroborate experimental
results. DFT suggests that coordination of L' and L? to In**
leads to a mixture of species in which cyclen coordinates with
In*, alongside a combination of HOPO and/or amide O atoms.
These multiple energetically accessible DFT structures are
consistent with 'H NMR spectra and radio-HPLC data for both
In-L' and In-L'®: multiple species are observed by NMR
spectroscopy and radio-HPLC. In the case of In-L'4, the mixture
of low energy structures is within 9 kcal mol™ of each other, and
for In-L**, within 6 kcal mol™". It is likely that these species
interconvert with each other and that there is significant lability
in this system.

Significantly, the calculated lower overall TS barrier for the
hydrolysis of In-L'* (21.7 kcal mol™) compared to that of In-
L** (28.3 kcal mol™!) is consistent with experimental
observations: the conversion of In-L'* to In-L' is relatively
rapid compared to the conversion of In-L** to In-L?®, despite
both reactions being thermodynamically accessible.

Multiple small radioactive '''In signals were observed in
radio-HPLC chromatograms at early time points. Similar to
other cyclen-based macrocycles including DOTA, it is likely that
“out-of-cage” complexes®' are formed en route to ['''In]In-L'*
and [""'In]In-L**, and it is also possible that these low-intensity
signals correspond to “out-of-cage” species. However, the
presence of these species decreased over time, concurrent with
a decrease in ["'In]In-L' and ["In]In-L*4, and we did not
observe or isolate nonradioactive isotopologues of these species.

To the best of our knowledge, this report describes the first
example of a chelator undergoing radiometal-mediated hydrol-
ysis to yield a radiometalated complex. The documented
behavior of L' and L ligands and their resulting In** complexes
is therefore unique in the radiochemical literature. It is possible
that metal-mediated amide bond cleavage is a source of
instability in some other radiopharmaceuticals or radiotracers,
particularly as there are many bioconjugates in which a chelator
is attached to a targeting biomolecule via an amide bond. A
bisphosphonate conjugate of NOTA (1,4,7-triazacyclononane-
N,N’,N"-triacetic acid), in which the bisphosphonate is
appended to the macrocycle via an amide bond, has previously
been developed for [**Ga**]Ga*" complexation. In studies with
nonradioactive [**Ga®*]Ga**, hydrolysis of this amide bond was
observed; preliminary radiolabeling data suggested that it is
possible that hydrolysis occurs during radiochemical reactions.*”
While there are instances of cyclen and cyclam derivatives
possessing coordinating primary amide groups that enable stable
chelation of large main-group metal ions, notably radioactive
isotopes of Pb?*,>*** there are also examples of chelator
derivatives that contain coordinating secondary amides. X-ray
diffraction (XRD) analysis has shown that secondary amide
carbonyl groups in DOTA™ and DTPA derivatives®® coordinate
with In*" and other metal ions. These species are often
radiolabeled by heating the bioconjugate with a radioactive
metal ion under aqueous conditions, followed by radio-
chromatographic analysis, including radio-HPLC to assess
whether or not a chelator binds to a particular radiometal. It is
possible that such reactions have led to the hydrolysis of amide
bonds in the past but that this reactivity has been unreported or
overlooked. Our study highlights the importance of appropriate
characterization of radiolabeled products, including isolation
and characterization of nonradioactive isotopologues, and
careful chromatographic correlation with their radioactive
forms.
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B EXPERIMENTAL SECTION

Synthesis. Compound 2: 1 (0.28 g, 1.1 mmol) was dissolved in
DCM (8 mL), cooled to 0 °C, and stirred. K,CO; (0.6 g, 10.7 mmol)
dissolved in water (7 mL) and 2-chloroacetyl chloride (0.13 mL, 2.2
mmol) dissolved in DCM (3 mL) were both added simultaneously to
the reaction mixture and stirred at 0 °C for 2 h and then overnight at
room temperature. The organic layer was separated, and the aqueous
layer was extracted with DCM (2 X 30 mL). The organic layers were
combined, dried over anhydrous Na,SO,, filtered, and evaporated to
dryness. The residue was purified by SiO, column chromatography
(MeOH/CHCI,, 5:95) to give 2 as a white solid (0.25 g, 70%). 'H
NMR (400 MHz, CDCly): § 2.26 (s, 3H), 3.47 (s, 3H), 3.97 (s, 2H),
4.41 (s,2H), 5.25 (s, 2H), 6.33 (s, 1H), 7.34 (m, SH); 3C NMR (100
MHz, CDCl,): §21.0, 35.3, 36.2, 42.3, 73.1, 119.0, 128.4, 128.6, 129.0,
137.2,139.8, 146.3, 147.3, 166.3, 173.2. Single crystals suitable for XRD
analysis were obtained by slow evaporation from a solution of 2 in
chloroform. Single-crystal XRD analysis was consistent with the
proposed structure and spectroscopic data for 2 (see the Supporting
Information).

Compound L": to 3 (0.22 g, 1 mmol) dissolved in CH;CN (10 mL)
were added 2 (0.65 g, 1.9 mmol), DIPEA (0.34 mL, 1.9 mmol), and
MeOH (1 mL) to fully solubilize all reactants. The reaction mixture was
stirred at 60 °C for 3 days. After this time, the reaction was cooled and
evaporated to dryness before purifying by reversed-phase column
chromatography (H,0/0.1% TFA (A)/CH;CN/0.1% TFA (B), 0—
100% B over 20 CV). Fractions were analyzed by LC—MS, and pure
fractions were combined and freeze-dried to give S. The resultant solid
was dissolved in H,O (5 mL) and 10 M NaOH (5 mL) and stirred at 90
°C overnight. After cooling, the product was extracted with DCM (3 X
20 mL), dried over Na,SO,, and evaporated to dryness. This residue
was finally dissolved in MeOH (10 mL), and Pd/C (10%, 10 mg) was
added. The reaction flask was evacuated and refilled with H, (2 X
balloon) before being left under a H, atmosphere and stirred overnight.
After this time, the reaction was filtered over Celite and the solvent was
removed. Purification was carried out by preparative reversed-phase
HPLC (H,0/0.1% TFA (A)/CH,CN/0.1% TFA (B), 0-95% B over
20 min, 10 mL/min). Fractions were analyzed by LC—MS, and pure
fractions were combined and freeze-dried to give L' as a hygroscopic
solid (68 mg, 12% yield over three steps). '"H NMR (400 MHz,
CDCL,): 5 2.60 (s, 6H), 3.00-3.26 (br m, 16 H), 3.65 (s, 4H), 3.98 (s,
6H), 4.79 (s, 4H), 6.99 (s, 2H); *C NMR (100 MHz, CDCl,): § 21.1,
36.1,39.0,43.9,44.9,52.4,52.6,56.2,114.3, 137.3, 145.9, 149.9, 164.9,
171.5; HR—ESI-MS: calcd for [C,H,,NgO4 + H]*, 589.3457; found,
589.34SS.

Compound L% to 4 (0.19 g, 0.4 mmol) dissolved in CH;CN (10
mL) were added 2 (0.28 g, 0.8 mmol), DIPEA (0.15 mL, 0.8 mmol),
and MeOH (1 mL) to fully solubilize all reactants. The reaction mixture
was stirred at 60 °C for 3 days. After this time, the reaction was cooled
and evaporated to dryness before purifying by reversed-phase column
chromatography (H,0/0.1% TFA (A)/CH;CN/0.1% TFA (B), 0—
100% B over 20 CV). Fractions were analyzed by LC—MS and pure
fractions were combined and freeze-dried to give 6. The resultant solid
was dissolved in MeOH (10 mL), and Pd/C (10%, 10 mg) was added.
The reaction flask was evacuated and refilled with H, (2 X balloon)
before being left under a H, atmosphere and stirred overnight. After this
time, the reaction was filtered over Celite and the solvent was removed.
Purification was carried out by preparative reversed-phase HPLC
(H,0/0.1% TFA (A)/CH,CN/0.1% TFA (B), 0—95% B over 20 min,
10 mL/min). Fractions were analyzed by LC—MS, and pure fractions
were combined and freeze-dried to give L? as a hygroscopic solid (145
mg, 59% yield over two steps). "H NMR (400 MHz, CDCl,): 5 2.61 (s,
6H), 2.96—3.21 (br m, 16H), 3.53 (s, 4H), 3.99 (s, 6H), 4.81 (s, 4H),
7.05 (s, 2H); *C NMR (100 MHz, CDCL,): § 21.1, 36.1, 39.8, 44.3,
512, 56.2, 114.0, 139.9, 1452, 150.4, 173.8; HR—ESI-MS: calcd for
[CsH,NyO, + H]*, 589.3457; found, 589.3454.

Compound [™In]In-L'*: L' (5 mg, 8.5 umol) was dissolved in an
ammonium acetate solution (0.2 M, pH 6, 2 mL), and InCl; (2.1 mg,
9.5 umol) was added. The reaction mixture was stirred and heated to 80
°C for 2 h. The complex was purified by semipreparative reversed-phase

HPLC (H,0/0.1% TFA (A)/CH;CN/0.1% TFA (B), 0—25% B over
30 min, 4 mL/min). Pure fractions were combined and freeze-dried to
give ["In]In-L'* as a white solid (2.9 mg, 50%). Retention time of the
desired compound: 20.1 min. HR—ESI-MS: caled for [C,5H,,NgO¢ln
+ HJ*, 701.2266; found, 701.2275.

Compound [*In]In-L'B: L' (5 mg, 8.5 yumol) was dissolved in a
sodium carbonate/sodium hydrogen carbonate solution (0.2 M, pH 10,
2mL), and InCl; (2.1 mg, 9.5 gmol) was added. The reaction mixture
was stirred and heated to 80 °C for 2 h. The complex was purified by
semipreparative reversed-phase HPLC (H,0/0.1% TFA (A)/
CH,CN/0.1% TFA (B), 0—25% B over 30 min, 4 mL/min). Pure
fractions were combined and freeze-dried to give [**In]In-L'® as a
white solid (2.4 mg, 52%). Retention time of the desired compound:
12.1 min. HR—ESI-MS: calcd for [Cy,H3;,NOSIn + H]*, 551.1473;
found, 551.1472.

Compound [™In]In-L**: L* (13 mg, 22 pmol) was dissolved in a
sodium hydrogen carbonate solution (0.2 M, pH 8, S mL) and InCl,
(5.4 mg, 24 umol) was added. The reaction mixture was stirred and
heated to 80 °C for 2 h. The complex was purified by semipreparative
reversed-phase HPLC (H,0/0.1% TFA (A)/CH;CN/0.1% TFA (B),
0—25% B over 30 min, 4 mL/min). Pure fractions were combined and
freeze-dried to give [™In]In-L** as a white solid (3.2 mg, 20%).
Retention time of the desired compound: 20.1 min. HR—ESI-MS:
caled for [C,3H,,NgOgln + H]*, 701.2266; found, 701.2281.

Compound [™In]In-L*®: L* (15 mg, 25 pmol) was dissolved in a
sodium carbonate/sodium hydrogen carbonate solution (0.2 M, pH 10,
2 mL), and InCl; (6.2 mg, 28 umol) was added. The reaction mixture
was stirred and heated to 80 °C for 16 h. The complex was purified by
semipreparative reversed-phase HPLC (H,0/0.1% TFA (A)/
CH,;CN/0.1% TFA (B), 0—25% B over 30 min, 4 mL/min). Pure
fractions were combined and freeze-dried to give ["In]In-L*® as a
white solid (3.7 mg, 26%). Retention time of the desired compound:
12.1 min. HR—ESI-MS: calcd for [C,oH;,NOSIn + H]*, 551.1473;
found, 551.1463.

["In]In3* Radiolabeling. To an aqueous buffered solution (186
#L, 0.2 M of pH 6 ammonium acetate or pH 8 sodium bicarbonate or
pH 10 sodium carbonate/sodium bicarbonate) were added either L'or
L? (10 L, 2 mM) and ['"'In]InCl; (4 uL, 2—4 MBgq, Mallinckrodt
Medical B.V., Petten, the Netherlands) to give a final ligand
concentration of 100 M. Reactions were heated to 80 °C, and
aliquots were analyzed by reverse-phase radio-HPLC at 10 min, 30 min,
1 h, and 2 h time points (H,0/0.1% TFA (A)/CH;CN/0.1% TFA (B),
0—25% B over 30 min, 25—95% over S min, 1 mL/min).

[In]In3* LC—MS Reaction Monitoring. To an aqueous buffered
solution (186 uL, 0.2 M of pH 6 ammonium acetate or pH 8 sodium
hydrogen carbonate or pH 10 sodium carbonate/sodium hydrogen
carbonate) were added either L' or L? (10 L, 2 mM) and [**In]InCl,
(4 4L, 2.5 mM in 0.1 M HCI) to give a final ligand concentration of 100
UM. Reaction mixtures were heated to 80 °C and aliquots analyzed by
reverse-phase LC—MS analysis after 1 h of reaction time (H,0/0.1%
TFA (A)/CH;CN/0.1% TFA (B), 0—25% B over 30 min, 25—95%
over 5 min 1 mL/min).
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