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To comply with the specific requirements for the coordination of a certain metal ion, it is often necessary
to decrease the substitution degree on the nitrogen atoms of well-known poly(aminocarboxylate) ligands
used as chelators for the preparation of diagnostic or therapeutic probes. The procedures used so far to
prepare such partially-alkylated compounds involve steps that suffer from product loss or the need to intro-
duce protection/deprotection reactions, consequently lowering the final yield. The application of an
N-dealkylation reaction to an exhaustively-substituted precursor could in principle allow to achieve the same
result in fewer steps and therefore with higher yields. Dealkylation reactions have been known since the early
1900s, but they have never been exploited for such a purpose. We investigated the applicability of the simple
iron-Polonovski N-dealkylation reaction to obtain a library of useful ligands starting from the tert-butyl-pro-
tected derivatives of chelators widely used in the biomedical fields such as CDTA, EDTA, NOTA, AAZTA and
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drawbacks and possible improvements. In most of the examples reported, it was found that the reaction
occurred in an easy and straightforward way by only using an excess of oxidizing agent that was sufficient to
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Introduction

Dealkylation reactions, defined as the detachment of one or
more alkyl groups from a certain compound, can be divided
into two types, depending on the heteroatom from which the
group is removed: O-dealkylations and N-dealkylations. The
former take place in human metabolism, for example during
drug degradation processes. The latter can instead play an
important role in a variety of preparations, for example in the
synthesis of opioids with specific pharmacological activities.
N-Dealkylations"* have been studied since the beginning of
the 20™ century, when von Braun first investigated the use of
cyanogen bromide for the demethylation of alkaloids.>* The
toxicity of this reactant® pushed the development of alternative
methods, such as the exploitation of different chloroformates®
or azodicarboxylates.” Besides other more limited electro-
chemical,® photochemical’® and enzymatic'® methods, the
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convert the N-oxide into the N-dealkylated product without the need for a reducing agent.

most successful and flexible applications were achieved via
procedures catalyzed by metal ions such as palladium,"” ruthe-
nium,"? rhodium™ and copper.'® Iron has also been used in
N-dealkylations, particularly in a variation of the so-called
Polonovski reaction,'® which is a procedure where an oxidizing
reagent (e.g., a peroxide or a peroxyacid) is used to produce the
N-oxide of a tertiary amine, which is then treated with an acti-
vating agent able to promote the detachment of an alkyl group
as the corresponding aldehyde.'® The most common activating
agents reported for the Polonovski reaction are acetyl chlor-
ide,'® acetic anhydride'® and sulfurous anhydride."” In the
non-classical Polonovski variation, upon formation of the
N-oxide, iron(u) is used to promote the release of the oxygen
atom as a water molecule followed by the formation of an
iminium species that is finally hydrolyzed to the targeted sec-
ondary amine with the release of an aldehyde."®'®"° Iron(u) is
introduced as a suitable salt (e.g., FeCl, in H,O"'® or FeSO, in
MeOH") and removed later by the addition of chelators such
as ethylenediamine or EDTA (ethylenediaminetetraacetic acid).

We envisioned that dealkylation reactions and particularly
the non-classical Polonovski method would be a convenient
way for preparing polyamino-polycarboxylate ligands for diag-
nostic or theranostic applications where the N-positions are
not exhaustively substituted with acetate arms. Diagnostic
techniques such as magnetic resonance imaging (MRI), posi-
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tron emission tomography (PET) and single photon emission
computed tomography (SPECT) often require a (radio)metal
complex as a contrast agent or a radiotracer to allow tissue
visualization. The suitable metal ions (paramagnetic for MRI,
radioactive for PET and SPECT) must be chelated by polyden-
tate ligands according to their coordination number combined
with the possible need to leave some positions free for other
species to bind (e.g., water for MRI, **F~ for aluminum-fluor-
ide applications in PET).*

Alternatively, one N-position may be used for conjugation to
biological moieties for targeting and/or molecular imaging
applications.>® In general, such ligands consist of linear,
macrocyclic or mesocyclic polyamine backbones functiona-
lized with acetate arms on their N-atoms, such as EDTA,*?
CDTA* (trans-1,2-diaminocyclohexane-N,N,N',N'-tetraacetic
acid), NOTA** (1,4,7-triazacyclononane-1,4,7-triacetic acid),
PCTA*”®  (3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-
triene-3,6,9-triacetic acid) and AAZTA*® (6-amino-6-methyl-
perhydro-1,4-diazepine-N,N',N",N"-tetraacetic acid) (Fig. 1).

These fully-substituted chelators can be modified to fit
metal ions with lower coordination numbers by formally
removing one or more arms. However, the preparations
reported so far for partially-alkylated compounds are often not
satisfactory, because they follow one of these two methods: (1)
the use of ca. 3 equivalents of an alkylating reactant (e.g., tert-
butyl bromoacetate), with consequent formation of a mixture
of mono-, di-, tri- and tetrasubstituted products that need to
be separated under difficult conditions due to the similarity of
the various species; (2) selective protection of one of the
N-positions, alkylation of the remaining ones and successive
deprotection, meaning at least 2 additional synthetic steps
with the consequent consumption of time, materials and
effort, as well as lowering of the final yield. Regarding another
important ligand, i.e., DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) and its mono-dealkylated analogue
(DO3A), effective procedures have already been set up over the
past 20 years for their preparation®” and therefore they have
not been considered in this work.

COOH
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Herein, we report the study and application of a potentially
easier way for preparing partially-alkylated derivatives of
common ligands for diagnostic or therapeutic purposes, based
on the preliminary preparation of the corresponding exhaus-
tively-substituted chelators followed by their N-dealkylation. The
non-classical iron-Polonovski reaction was chosen because of the
readily available materials and the mild conditions it requires.

Results and discussion

All investigations were carried out starting from the tert-butyl
esters of the ligands because (1) they are by far the most
common precursors in the preparation of chelators, (2) they
are easier to manipulate in terms of solubility and lack of side
reactivity, and (3) the presence of an electron-withdrawing
group increases the acidity of the alpha-CH, hydrogens so that
the dealkylation should take place exclusively on this site.'®?
Six model compounds were considered in this study (Fig. 1):
CDTA(Ot-Bu), and its unsaturated and more rigid analogue,
compound 2 (Fig. 1); linear EDTA(Ot-Bu), and macrocyclic
NOTA(Ot-Bu);, where all the amine groups are equivalent;
mesocyclic AAZTA(Ot-Bu), and macrocyclic PCTA(O#-Bu)s,
bearing non-equivalent tertiary amines.

At first, we studied the N-dealkylation of the CDTA tert-butyl
ester to obtain CD3A(O¢-Bu);. CD3A is the scaffold of bifunc-
tional chelators particularly effective in binding aluminum-
fluoride, ®*Ga or *'In ions for PET applications, sometimes
referred to as RESCA (REStrained Complexing Agent)
ligands.?*** The first reported preparation starts with the pro-
tection of one of the amine groups of racemic trans-1,2-cyclo-
hexanediamine, followed by alkylation of the remaining free
positions on the N-atoms and final deprotection. An available
binding site is thus obtained, which can be exploited to conju-
gate a targeting vector such as a peptide, an antibody, or a
PSMA (prostate-specific membrane antigen) binding motif via
a reactive tetrafluorophenyl ester or by click chemistry. Later,
the synthesis was modified by Wong and co-workers®* by
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Fig. 1 Ligands used in diagnostic/therapeutic applications investigated in this work.
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Scheme 1 Steps and observed species in the preparation of CD3A(Ot-Bu)s from CDTA(Ot-Bu), via the Polonovski reaction. (i) BrCH,COOt-Bu,
K>COs, ACN, 70 °C, overnight; (i) mCPBA (1-10 equiv.), DCM, rt, 1-24 h; [iii] FeCl,, DCM, rt, 1-15 h. The third step ([iii) was only necessary when 7

or 10 equiv. of mCPBA were used.

using methyl 2-(4-formylphenyl)acetate as a protecting group
and optimizing the reaction conditions to reduce the chroma-
tographic purifications. According to our strategy, we started
with the easy preparation of the CDTA tert-butyl ester from
trans-1,2-cyclohexanediamine and a slight excess of tert-butyl
bromoacetate (see the ESIt), followed by treatment with meta-
chloroperoxybenzoic acid (mCPBA) to form the corresponding
N-oxide under Polonovski reaction conditions (Scheme 1).
Commercially available mCPBA in 77% purity was first puri-
fied following the procedure reported by Traylor et al.,*® i.e., by
washing with PBS buffer and recrystallizing from petroleum
ether. Test reactions were carried out on 10 mg of tetraalky-
lated CDTA and variable amounts of mCPBA (1-10 equiv.) to
investigate the possible formation of different intermediates
and products (e.g., bis-N-oxide, bis-dealkylated products, etc.).
The next step should have been the treatment with iron(u)
to promote the dealkylation. However, ESI MS analyses
(Fig. S161) showed that some CD3A(Ot-Bu); had already
formed, depending on the amount of mCPBA added to the tet-
raalkylated species. In detail, while with 1 equivalent only a
partial conversion into the mono-N-oxide had taken place, it
was observed that with 2 equivalents of mCPBA the
N-dealkylated product had already formed after 1 hour and
was present together with some starting material; when 3 or 5
equivalents of oxidant were used, the main species were the
N-oxide and the dealkylated product; with 7 or 10 equivalents
of mCPBA, only the intermediate N-oxide could be identified.
On the other hand, no other intermediates or by-products
were formed, regardless of the reaction stoichiometry. Each
reaction mixture was stirred overnight at room temperature
and then checked again by ESI MS (Fig. S16%): while for the
reaction with 2 equivalents of mCPBA no significant difference
was observed, in the presence of 3 and 5 equivalents, all start-
ing materials had converted into the mono-dealkylated
product and no N-oxide remained. In the case of the reaction
carried out with a 7-fold excess of mCPBA, some N-oxide trans-
formed into the product, but with 10 equivalents, the N-oxide
was still the only observable species. Noteworthily, no other
species were formed such as the bis-N-oxide or poly-dealky-
lated products. The composition of the reaction mixtures was
confirmed by HPLC-MS analysis (Fig. S17t), where CDTA(Ot-
Bu);, CDTA(Ot-Bu),-NO and CDTA(O#-Bu), are eluted with
retention times of 13.6, 14.9 and 15.2 min, respectively, under
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the applied conditions. The peak due to mCPBA could be
observed in the UV trace at 10.9 min.

The progress of the conversion was also studied via NMR
spectroscopy with 10 mg (0.017 mmol) of tetra-ester and 3
equivalents of mCPBA, by carrying out the reaction in 0.5 mL
of CDCl; in a 5 mm tube and acquiring 'H spectra at different
times (Fig. 2). The NMR spectra show that the N-oxide forms
quantitatively within 5 min, and then it starts to convert into
CDTA(Ot-Bu);. After 2 days, the conversion is complete.
According to the generally accepted mechanism, the alkyl
group should leave the substrate as an aldehyde, and in this
case this would be even favored by the conjugation with the
ester group; however, no evidence of an aldehyde group was
observed in the "H and *C NMR spectra of the reaction mix-
tures: the distinctive signals expected for the CHO moiety (ca.
10 and 190 ppm for the proton and carbon resonances,
respectively) are completely absent.

Where the N-oxide persisted (i.e., when 7 and 10 equiva-
lents of mCPBA were used), the intermediate was characterized
by NMR (Fig. S3 and S4f) and it was treated with a catalytic
amount of iron(u), according to the conditions of the abovemen-
tioned non-classical Polonovski reaction. In particular, 10 mol%
of FeCl, tetrahydrate were added directly to each reaction
mixture, which was then stirred at room temperature and
checked by ESI-MS (NMR spectra cannot be acquired because
iron is paramagnetic): in both cases, complete conversion to
CDTA(Ot-Bu); was achieved after 15 hours (overnight) (Fig. S187).

The novel and simplified dealkylation procedure was then
applied on a larger scale, by reacting 0.5 g of CDTA(O¢-Bu),
with 3 equivalents of mCPBA in DCM at room temperature
overnight. The excess mCPBA was then quenched by adding a
saturated aqueous solution of Na,SO;, and the product was
obtained after washing with H,O and brine and purification
by column chromatography. If FeCl, is used, additional wash-
ings with 0.1 M EDTA, H,O and sat. NaHCO; have to be
carried out.

The overall yield (from cyclohexanediamine to CD3A(Ot-
Bu);) was 70%, higher than those reported in the literature for
the longer procedures (55-59%).*>°%>® Even the procedure
optimized by Wong and co-workers suffered from several dis-
advantages, such as the formation of over-benzylated impuri-
ties with substantial product loss following the necessary chro-
matographic purifications at each step, or the need to stabilize

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ob00114e

Open Access Article. Published on 20 Marisi 2025. Downloaded on 23/07/2025 15:38:31.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

2 d (CDTA(Ot-Bu),)

4 h

5 min (N-oxide)

_

0 min (CDTA(Ot-Bu),)

]

A
_

View Article Online

Paper

M
JML JLJLJW/\J_Z
_

3.8 3.6
f1 (ppm)

3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6

Fig. 2 'H NMR spectra (CDCls, 25 °C) of the reaction between CDTA(Ot-Bu); and mCPBA (3 equiv.) in the time range of 0—-48 h.

the protected intermediate by forming an orotate salt with an
inconvenient atom economy.?” The yields of the alkylated
derivative of CD3A(Ot-Bu); for the two reported procedures are
39% (2 steps) and 58% (3 steps), respectively.

Prompted by the unexpected results obtained from the deal-
kylation of CDTA(O¢-Bu),, more investigations on other exhaus-
tively substituted tertiary amines were carried out. A bicyclic
protected chelator (prepared from trans-bicyclo[2.2.2]oct-5-ene-
2,3-diamine, 1),*° similar to CDTA(O¢-Bu), and with a double
bond on the opposite side with respect to the amine groups
(Scheme 2, 2), was tested for the dealkylation reaction with
mCPBA. We were interested in checking whether the dealkyla-
tion would take place also on such a more rigid and hindered
structure and if there would be regioselectivity between the
dealkylation and the epoxidation on the alkene. Thus, 2 was
prepared (see the ESIt) and reacted in DCM with 2 equivalents
of mCPBA at room temperature overnight.

When the reaction mixture was checked by mass spec-
trometry and NMR spectroscopy (see the ESIT), only the mono-
dealkylated product 3 was observed, while the epoxide was
absent, confirming the results obtained with CDTA(O¢-Bu),.
Also in this case, no other intermediates (e.g., bis-N-oxide) or
poly-dealkylated products were formed. The mono-dealkylation
only with mCPBA proved therefore to be reliable for cyclic
trans-1,2-diaminoderivatives.

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Reaction between bicyclic unsaturated compound 2 and
mCPBA. (i) BrCH,COOt-Bu, K,CO3z, ACN, 70 °C, overnight; (i) mCPBA,
DCM, rt, 15 h.

In order to evaluate the importance of the rigidity of the
1,2-diaminotetraacetate moiety on the dealkylation reaction,
the more flexible and linear EDTA(Ot-Bu),, prepared as
described in the literature,*® was reacted with a 3-fold excess
of mCPBA (Scheme 3) according to the conditions optimized
for CDTA derivatives as described above. Differently from what
was observed for cyclohexanediamine derivatives, where only
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the mono-N-oxide formed and successively underwent dealky-
lation (depending on the amount of mCPBA), 10 min after the
addition of the oxidant, the bis-N-oxide intermediate had
formed quantitatively and remained unaltered over time (‘H
NMR and HPLC-MS analyses in Fig. S19%). Because of the
electrostatic repulsion between the charges on the N- and
O-atoms, the structure is conformationally restrained and the
acetic CH, protons become magnetically non-equivalent,
therefore generating a couple of doublets in the "H NMR spec-
trum (Fig. S19-A¥).

As the reaction did not proceed with any dealkylation, cata-
lytic FeCl, was added to initiate a non-classical Polonovski
transformation. HPLC-MS analysis (Fig. S207) confirmed the
progressive formation of ED3A(O#-Bu); and a small amount of
ED2A(Ot-Bu),, with complete consumption of EDTA(Ot-Bu),-
bisNO within ca. 24 hours. Because of the very small quantity
of the bis-dealkylated product, it was not possible to isolate it
by semi-preparative HPLC and thus determine whether it con-
sisted of N,N- or N,N-ED2A(Ot-Bu),. The information obtained
from the analysis of the dealkylation data for EDTA(O¢-Bu), is
important for wunderstanding the mechanism and the
dynamics that lead to the formation of the N-oxide intermedi-
ate(s) and, in turn, the mono- or poly-dealkylated products.
However, for this compound, the literature procedures for the
preparation of ED3A(Ot-Bu); and ED2A(Ot-Bu),*' remain
preferred.
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5 h; (i) FeCl,, DCM, rt, 1 h.

The macrocyclic ligand NOTA(Ot-Bu); ** was then investi-

gated, as the mono-dealkylated NODA(O¢-Bu), ligand is useful
for the synthesis of chelators*® for [AI'®F]** or other radiome-
tals such as ®®*Ga®" or °¥*’Cu®*".** Thus, NOTA(Ot-Bu); was
reacted with 2, 3, 5 or 7 equivalents of mCPBA, and the reac-
tion was monitored by ESI-MS to evaluate the formation of
dealkylation products®® (Scheme 4).

After 1 hour (Fig. S217), a certain amount of the mono-deal-
kylated product had formed only with the lowest amount of
mCPBA (2 eq.), whereas with a 3-fold excess of the oxidizing
agent, only the mono-N-oxide intermediate was present. With
a larger excess of mCPBA, both NOTA(O¢-Bu);-NO and NOTA
(Ot-Bu);-bisNO were detected. By increasing the reaction time
to 5 hours, more NODA(Ot-Bu), was obtained in the reaction
with 2 equivalents of mCPBA, while the other mixtures
remained basically unchanged (Fig. S227). In order to try and
push the conversion, a catalytic amount of FeCl, was added
and stirring was continued for 1 hour. It was then observed
that with 2 equivalents of the oxidizing agent, a substantially
complete conversion into the mono-dealkylated product had
taken place (Fig. S23f), while the other reactions showed a
much more complex composition, with unidentified bypro-
ducts formed besides the expected NODA(Ot-Bu), and NO1A
(Ot-Bu) (Fig. S231). Under these conditions, the preparation of
NOTA(O¢-Bu), via the protocol reported herein is less con-
venient than other procedures reported in the literature (e.g.,

€]
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NODA(O¢-Bu), NO1A(Ot-Bu)

Scheme 4 N-Dealkylation reaction on NOTA(Ot-Bu)s. (i) mCPBA, DCM, rt, 1-5 h; [ii] FeCl,, DCM, rt, 1 h.
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66% yield after a simple acid-base work-up according to Shetty
et al.?).

Finally, the dealkylation procedure was investigated on two
compounds bearing non-equivalent tertiary amines: pseudo-
macrocyclic AAZTA(Ot-Bu), *° and cyclic PCTA(O¢-Bu);.*® While
the mono-dealkylated hexadentate derivative of AAZTA has
been investigated as a chelator for paramagnetic Mn(u) ions*’
and for ®®Ga labelling,*® the mono-dealkylation of the pyri-
dine-based macrocycle PCTA leads to a ligand that has been
used to prepare efficient and stable Mn(u1) complexes for MRI
applications.*’

The investigation on AAZTA(Ot-Bu),, which bears one exo-
cyclic and two endocyclic amino groups, was carried out with
mCPBA in the range of 2-10 equivalents (Scheme 5). After
1 hour at room temperature, according to ESI-MS analysis
(Fig. S247), the reaction with two equivalents of oxidant still
showed some unreacted starting material together with mono-
N-oxide and traces of mono- and bis-dealkylated products.
When 3 equivalents were used, the initial ester reacted comple-
tely forming basically mono-N-oxide and small amounts of
mono- and bis-dealkylated products. In the mixture with 5
equivalents of mCPBA, two new species were also observed:
AAZTA(Ot-Bu),-bisNO and the N-oxide derivative of the mono-
dealkylated product. These two intermediates represented the
main components upon reaction with 7 and 10 equivalents of
peroxyacid. Remarkably, also in this case, it was not necessary
to add any catalyst to promote the removal of an acetate arm
from the amines. Moreover, it is to be noted that the
N-oxidation(s) and the dealkylation(s) can take place on
various sites, and the signals detected by ESI MS can refer to
different isomers. Leaving the reaction overnight only led to a
more complicated mixture. Instead, when a catalytic amount
of FeCl, was added to the first two samples 1 hour after the
addition of mCPBA, a mono-dealkylated product seemed to
have formed as the main component: in particular, the HPLC
ionic trace corresponding to AAZ3A(Ot-Bu); (472 m/z) showed

COOt Bu COOt-Bu
COOt-B N—% COOt-B
[ /7 -Bu i [ /7 t-Bu
E \—COOt-Bu N \—COOt Bu
COOt Bu COOt-Bu
AAZTA(Ot-Bu),
(COOt-Bu
) N /—COOt -Bu
[ii]
N \—COOt Bu
N COOt-Bu
COOt Bu
COOt-Bu

AAZ3A(Ot-Bu),

AAZTA(Ot-Bu),-NO
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one peak, suggesting that only one regioisomer had selectively
formed (Fig. S257).

The reaction was then carried out on a larger scale (100 mg
of AAZTA(Ot-Bu),) with 3 equivalents of mCPBA, and the
mono-dealkylated product was purified by column chromato-
graphy and characterized by NMR spectroscopy (Fig. S11 and
S127): the obtained set of signals in both the 'H and '*C
spectra showed a limited number of resonances, suggesting a
symmetrical structure. Therefore, the nature of the compound
was ascribed to the product derived from the detachment of
an acetate arm from the exocyclic nitrogen, in agreement with
the data reported in the literature for such species.*” However,
the final yield (42%) was still sub-optimal with respect to the
more convenient one-step procedure (55%) previously reported
by our group, ie., the reaction between 6-amino-6-methyl-
perhydro-1,4-diazepine and ca. 3 equivalents of tert-butyl bro-
moacetate, followed by chromatographic purification.*”

The last polyaminoester whose dealkylation was investi-
gated is PCTA(Ot-Bu);.*® This species bears a pyridine ring,
whose N-atom is known to form a stable N-oxide when reacted
with oxidizing agents such as peroxyacids. Unlike the N-oxides
that are produced from the tertiary amines described so far,
such a moiety does not undergo further transformations and
needs to be reduced again to obtain the original aromatic
group. Considering the several possible nucleophilic sites, the
reaction was then carried out with 3, 4 and 6 equivalents of
mCPBA (Scheme 6). After 1 hour the composition of the three
samples was the same: the starting material seemed to have
completely converted mainly into its tris-N-oxide or into the
two possible isomers of the bis-N-oxide of the mono-dealky-
lated species (Scheme 6 and Fig. S26-At). After 24 hours, no
change in the mixture composition was observed; thus, the
mixtures were treated with a 5-fold excess of Na,SO; to quench
the remaining mCPBA and reduce the N-oxides back to
amines. ESI and HPLC-MS analyses revealed that the main
observable species were the initial PCTA(Ot-Bu); and the two

COOt Bu COOt-Bu
N @
ﬁCOOt-Bu ﬁCOOt Bu
+ @ N (€]
\—COOt—Bu \—COOt-Bu
{
COOt Bu COOt-Bu

AAZTA(Ot-Bu),-bisNO

COOt Bu
COOt Bu
)N [ 5 \—COOt Bu
[ \—COOt Bu
COOt Bu

AAZ2A(Ot-Bu), AAZ3A(Ot-Bu);-NO

Scheme 5 Species observed by ESI* MS in the reaction mixture between AAZTA(Ot-Bu), and mCPBA (2-10 equiv.). (i) mCPBA, DCM, rt, 1 h; (ii)
FeCl,, rt, 1 h. The ligand in the box, AAZ3A(Ot-Bu)s, is the product isolated after purification.
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Scheme 6 Observed products upon reaction between PCTA(Ot-Bu)s and mCPBA and successive treatment with Na,SOs. (i) mCPBA (3-6 equiv.),

DCM, rt, 1 h; (i) Na,SOs (5 equiv.), H,O, rt, overnight.

isomers of the mono-dealkylated product: 1,4- (asymmetrical)
and 1,7-PC2A(Ot-Bu), (symmetrical) (Fig. S26-Bt). By semi-pre-
parative HPLC, it was possible to isolate (16% yield) and
characterize one of the two mono-dealkylated products, which
resulted in the asymmetric 1,4-PC2A(Ot¢-Bu), by considering
the differentiation of all hydrogen atoms in the "H NMR spec-
trum and by comparison with the data reported in the litera-
ture.*® An even better assignment of the NMR resonances was
possible upon conversion of the obtained free ligand into the
Na® complex (Fig. S13t). Besides these qualitative determi-
nations, it should be highlighted that this N-dealkylation pro-
cedure still lacks reliability and convenience for the prepa-
ration of either isomer of PC2A(O¢-Bu),.

The results described above (summarized in Table 1)
allow us to draw some conclusions: (i) only in the case of
EDTA(Ot-Bu), and in the presence of a large excess of
mCPBA, it was necessary to add the iron catalyst to achieve the
dealkylation of a tertiary amine; (ii) in the other cases, it was
sufficient to use an excess of peroxyacid to induce the for-
mation of the N-oxide that successively converted into the tar-
geted product.

On this basis, it was hypothesized that a [1,2]
Meisenheimer rearrangement® takes place with the formation
of a tert-butyl 2-((dialkylamino)oxy)acetate, followed by proto-
nation of the amino group by the 3-chlorobenzoic acid derived
from the first oxidation step and elimination of tert-butyl
2-oxoacetate (tert-butyl glyoxylate) that probably is readily oxi-
dized to mono-tert-butyl oxalate by the Bayer-Villiger reac-

tion®" with a second equivalent of mCPBA (Scheme 7). This
hypothesis can be supported by the absence of the aldehyde
resonances in the NMR spectra of the reaction between CDTA
(Ot-Bu), and mCPBA (Fig. 2).

Another interesting observation concerns the regio-
chemistry of the substrates. In the case of forcibly oriented
amines, two N-oxide moieties likely cannot form when the di-
hedral angle constrains them to stay too close in space. This is
the case for trans-1,2-cyclohexanediamine derivatives, where
the 60° dihedral angle would imply that the positive nitrogen
ions bear a strong Coulomb repulsion. Therefore, only one
N-oxide can form and consequently undergo dealkylation as
experimentally observed for CDTA(O¢-Bu), and compound 2.
On the other hand, the rotational freedom of EDTA derivatives
allows the placement of the cations in anti-periplanar posi-
tions, thus minimizing the electrostatic forces. When the nitro-
gen atoms are [also] part of a ring structure, like for NOTA(O¢-
Bu);, AAZTA(Ot-Bu), and PCTA(O¢-Bu)s, the situation becomes
more complicated and can lead to multiple sites of oxidation
with different possible dealkylation pathways. In the case of
the AAZTA derivative, the exocyclic nitrogen is a preferential
site for the formation of the N-oxide and successive detach-
ment of the alkyl group probably for steric reasons; the main/
only regioisomer that forms is the 1,4,N-trisubstituted isomer,
while the 1,N,N-isomer was not observed. With PCTA(O¢-Bu)s,
a situation similar to that for EDTA probably occurs because of
the alternate direction of the nitrogens’ lone pairs, and even
the tris-NO intermediate can form. Dealkylation can therefore

Table 1 Summary of the results obtained during the investigation of the N-dealkylation reaction with several protected chelators?

CDTA(Ot-Bu), 2 EDTA(Ot-Bu), NOTA(Ot-Bu); AAZTA(Ot-Bu), PCTA(Ot-Bu),
Mono-NO Y Y N Y (3) Y (2,3,5) N
Poly-NO N N Y (3) Y (5,7) Y (5,7,10) Y (3,4,6)
Mono-dealk without Fe-cat Y Y N Y (2) Y (2,3) Y (3,4,6)
Poly-dealk without Fe-cat N N N N Y (2,3) N
Mono-dealk with Fe-cat Y Y Y (3) Y (2) Y (2,3) n/d
Poly-dealk with Fe-cat N N Y (3) Y (3,5,7) n/d n/d

%Y = observed; N = not observed. In parentheses: equivalents of mCPBA required.
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Scheme 7 Proposed mechanism for the iron-free dealkylation based on a [1,2]-Meisenheimer rearrangement followed by a Baeyer-Villiger

oxidation.

take place leading to, for example, the symmetrical and asym-
metrical isomers of PC2A(O¢-Bu),.

Conclusions

An investigation was carried out on the dealkylation of exhaus-
tively-substituted polyamino-polyesters, commonly used as
precursors for important chelating ligands for metal ions of diag-
nostic and therapeutic interest. The non-classical Polonovski reac-
tion was chosen, which reportedly includes two steps: the reaction
with meta-chloroperoxybenzoic acid to form an N-oxide moiety,
followed by the addition of an iron(u)-based catalyst to promote
the detachment of the alkyl chain. However, we demonstrated
that in most of the investigated cases, dealkylation takes place
without the need for the metal catalyst when an excess of mCPBA
is used. A mechanism based on the [1,2]-Meisenheimer
rearrangement was proposed for this reaction. The N-dealkylation
reaction was particularly successful for some constrained sub-
strates resulting in higher yields than those reported in the litera-
ture for the synthesis of analogous systems but via longer path-
ways. For example, CD3A(Ot-Bu); was obtained in 70% yield from
trans-1,2-cyclohexanediamine in 2 steps, compared to a
maximum of 58% in the previously reported procedures. On the
other hand, this procedure is not advantageous with respect to
the literature ones for some of the considered model compounds,
at least at this stage of development, due to the formation of
byproducts and lower yields. In any case, the N-dealkylation reac-
tion was confirmed on macro- or mesocyclic ligands such as
NOTA, PCTA and AAZTA, whose mono-dealkylated derivatives
have already been used for MRI or nuclear medicine applications,
and therefore it is of high interest to optimize it in terms of
oxidant and other reaction conditions (time, temperature, sol-
vents, etc.), as it definitely represents an important improvement
for the synthesis of already widely used partially-alkylated
ligands, as well as an opportunity for the development of new
ones.

This journal is © The Royal Society of Chemistry 2025
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