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ABSTRACT: The selective modification of nitrogen heteroaro- Skeletal Labeling of Aromatic Azines and Diazines
matics enables the development of new chemical tools and

. . . 14 . . 15
accelerates drug discovery. While methods that focus on expanding N\j fransamination N\j
or contracting the skeletal structures of heteroaromatics are lx/Y then elimination | Y

emerging, methods for the direct exchange of single core atoms A sequence
remain limited. Here, we present a method for '*N — N isotopic
exchange for several aromatic nitrogen heterocycles. This nitrogen

Overview
isotope transmutation occurs through activation of the hetero- , : .
. ) ) A broad functional group tolerance up to 99% yield and 98% labeling
aromatic substrate by triflylation of a nitrogen atom, followed by a ) )
B . . B 15 > 40 substrate examples several heteroaromatics compatible
ring-opening/ring-closure sequence mediated by “N-aspartate to
functional on complex molecules mild and operationally simple

effect the isotopic exchange of the nitrogen atom. Key to the success
of this transformation is the formation of an isolable *N-succinyl
intermediate, which undergoes elimination to give the isotopically labeled heterocycle. These transformations occur under mild
conditions in high chemical and isotopic yields.

H INTRODUCTION Nonetheless, applications of *N-labeled compounds are
limited by the availability of enriched reagents to prepare
labeled compounds through chemical means,'® with *N-
labeled amino acids being the most common reagents. Existing
methods for isotopic labeling of heteroaromatic nitrogen(s) are
generally inefficient, often necessitating the de novo synthesis of
the desired enriched isotopolo§ues or harsh conditions for
Zincke transamination.'”"®**7*" Therefore, an approach to
directly label the skeletons of such compounds would be of
great value.

To achieve this goal, we envisioned a skeletal editing tool.
The field of skeletal editing has been rapidly expanding,®'
although most studies focus on altering skeletal frameworks
(Figure 1C). Methods for the direct exchange of atoms
constituting the core of nitrogen heterocycles without
changing their structural topography (i.e., atom transmutation)
remain scarce, although reports toward this goal are emerging
(Figure 1D,E). In 2022, Patel and Burns reported a sequential
nitrogen insertion/carbon deletion reaction of aryl azides to
achieve a C — N atom transmutation.*” In 2023, Levin et al.
reported a similar, ipso-selective C — N atom transmutation.”

The incorporation of traceable isotopes into organic molecules
has diverse applications across chemistry, biology, and
materials science. Specifically, isotopic labeling is instrumental
in studying organic reaction mechanisms and evaluating
biologically relevant molecules."”” Nitrogen-15 labeling, in
particular, induces dipolar NMR activity in nitrogen-containing
compounds, thus enabling the utilization of various powerful
analytical techniques (Figure 1A)."”~° Nitrogen heterocycles
are prevalent in drug compounds, agrochemicals, materials,
and natural products, making their selective modification
crucial for discovery campaigns in these industries.””® Given
the ubiquity of nitrogen heterocycles in functional molecules,
especially pharmaceuticals, and the significance of isotopic
labeling in applications like biomolecular NMR,"*~> structural
analysis,9 in vivo metabolomics,'®”'* mechanism elucidation,
solution-state mechanics,"”~'® and spin hyperpolarization
(particularly by SABRE-SHEATH, Figure 1B),"""*!

anticipated that a direct method for isotopically labeling
nitrogen heteroaromatics would be highly valuable. Though
Chekmenev et al. reported an isotope exchange of

nicotinamide™* using established Zincke*”** transamination =

in 2016, this methodology requires harsh conditions for Received:  October 16, 2023 ’:’J»'A-C-S
activation and ring closure, severely limiting substrate scope. Revised:  January 8, 2024 o
Even modest levels of isotopic labeling (8—10% '*N) can Accepted:  January 9, 2024

considerably enhance signal-to-noise ratios in N NMR, Published: January 29, 2024

enabling such commonly used techniques in the analysis of

isotopically impure compounds.”~*’
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Figure 1. Motivation and background. (a) Nuclear properties and applications of '*N. (b) Summary of the SABRE-SHEATH process for '°N
hyperpolarization in organometallic ligands. (c) Conceptual outline delineating topological and transmutative skeletal edits. (d) Summary of Burns
et al’s recent benzene-to-pyridine skeletal edit. (¢) Summary of Morandi et al.’s recent skeletal metalation, which could be used to achieve an
isotopic skeletal edit. (f) Summary of Levin et al.’s recent phenol core-labeling strategy.

In 2023, Morandi et al. published a method that enabled
skeletal metalation of lactams, facilitating a '*C — "*C isotopic
skeletal edit.”* Interest has continued to grow in the paradigm
of isotopic labeling of the skeletons of molecules. For example,
in 2023, Levin et al. disclosed a facile synthesis of '>C core-
labeled phenols (Figure 1F) from a precursor bis-vinyl
dibromide.™

Herein, we report a method using a modification of the
established Zincke reaction that accomplishes a direct '*N —
N atom swap in a wide variety of nitrogen heteroaromatics
using an accessible, easy to prepare '*N-enriched aspartate-
derived diester. Key to this transformation is a low-temperature
triflylation of the heterocyclic nitrogen atom, which permits a
room-temperature Zincke-type ring-opening/ring-closure se-
quence mediated by an aspartate nucleophile to yield an
isolable N-succinyl intermediate where the nitrogen in the ring
has been swapped. Elimination of the succinyl group as
fumarate or maleate in situ unveils the isotopically labeled
heterocycle. Importantly, this transformation takes place
rapidly under mild conditions on a diverse library of
heteroaromatics in excellent chemical yields with generally
useful levels of isotopic enrichment. This method directly
enriches nitrogen heteroaromatics in complex molecules with
N using a readily available "N source enabling high-
sensitivity, rapid magnetic resonance experimentation in a
broader area of chemical space to impact drug development,
materials science, molecular imaging, and molecular biology.

B RESULTS AND DISCUSSION

Leveraging our prior work on a formal carbon atom deletion to
convert pyrimidines to pyrazoles (Figure 2A),*® we hypothe-
sized that N-triflylated pyrimidine heterocycles would undergo
an addition of nucleophile, ring opening, and ring closure’”
sequence to achieve a formal nitrogen deletion to yield 3 when
exposed to an aminomalonate nucleophile (Figure 2B).
Instead, exposing the N-triflylated heterocycle to the amino-
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malonate led to N-malonyl ylide 4, which was confirmed by X-
ray crystallographic analysis. Because this conversion accom-
plished a nitrogen-to-nitrogen atom swap in accordance with
established Zincke transamination, we recognized the potential
utility of this transformation if '’N-isotopically labeled
nucleophiles were employed. With this application in mind,
we sought to optimize for the formation of the N-malonyl
pyrimidinium ylide, where a nitrogen in the skeleton of the
heteroaromatic had been exchanged (see the Supporting
Information for details). However, the variable protonation
state of the malonyl ylide (methine C—H pK, ~ 5.0)*° and
competing side reactions such as bis-addition of the amine
nucleophile to the activated heterocycle (giving 15, Figure 2D)
led to variable yields. Additionally, removal of the malonyl
group from the ylide intermediate proved to be challenging
and similarly irreproducible. We hypothesized that these issues
arose from the high C—H acidity of the malonyl fragment;
therefore, we evaluated an aspartate diester in lieu of an
aminomalonate (Figure 2C), which led to higher, reproducible
reaction yields of up to 99%. This nucleophile also set the stage
for dealkylation of the N-alkyl intermediate—which is
precedented for the analogous pyridine system™—to give a
pyrimidine ring in which one of the nitrogen atoms had been
exchanged.

Mechanistically, as shown in Figure 2D, aminomalonate and
aspartate nucleophiles are presumed to attack N-triflylpyr-
imidinium species 9 at C6 as in the Zincke ANRORC
sequence,”””’ analogous to our previously reported observa-
tions with hydrazine in the pyrimidine-to-pyrazole trans-
formation (Figure 2A). Dearomatized adduct 10 could
undergo a related 67 electrocyclic rin§ opening, leading to
aza-Zincke imine intermediate 11.°>”*"" Since the aspartate
nitrogen atom that initially attacked the pyrimidinium remains
the most nucleophilic atom in the molecule, this nitrogen
attacks at C2 (favoring a 6-exo-trig over a 4-exo-trig cyclization)
resulting in ring-closed N-succinyl dihydro-aminopyrimidine
intermediate 12. Rearomatization by elimination of triflamide

https://doi.org/10.1021/jacs.3c11515
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A Pyrimidine Contraction: Previous Report
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Figure 2. Background and introduction to the present disclosure. (a) Summary of our prior work on the triflylation-promoted ring contraction of
pyrimidines by formal carbon deletion. (b) Unexpected formation of N-malonyl pyrimidinium ylides when triflylated pyrimidines were exposed to
aminomalonate nucleophiles. (c) Adjusted conditions using aspartate nucleophiles to generate N-succinyl pyrimidinium or pyridinium salts and
summary of the present report. (d) Proposed mechanism for the formation of N-succinyl pyrimidinium triflate salts.

gives 13 followed by addition of DBU to facilitate elimination
of the succinyl group yielding the neutral heteroaromatic,
where the highlighted nitrogen has been exchanged (7, Figure
2C).

Optimization data for this reaction are shown in Table 1.
Elimination of the succinyl fragment occurs readily at room
temperature upon the addition of DBU (optimally as a
solution in DCM) to the N-succinyl species. Using these
optimized conditions, we proceeded to evaluate the scope of
this reaction on a small library of pyrimidine-containing
compounds. These results are summarized in Figure 3. Some
substrates exhibited major and minor sites of N incorpo-
ration, as observed by "N NMR; the positions exhibiting the
higher '°N enrichment are depicted. The positional selectivity
of N labeling is influenced by sterics; greater labeling occurs
at the less hindered pyrimidine nitrogen, corresponding to the
attack of the aspartate nucleophile at the least hindered carbon.
Simple 4-arylpyrimidines 18—24 were found to undergo "*N
labeling in high chemical and isotopic yields (Figure 3A).

Table 1. Effect of the Solvent and Base for Aspartate-
Mediated Transamination in Pyrimidines

N Ph
TfO~ f/ | R-
R:N S

TF,0 (1.0 equiv), 1t, 5 min,
solvent (0.13 M), then

MeO,C )\/COZMe

dimethyl aspartate (1.0 equiv)
and base (2.0 equiv)
solvent (0.05 M), rt, 20 min

entry solvent base yield (%)
1 dichloroethane 2-chloropyridine 85
2 chloroform 2-chloropyridine 89
3 dichloromethane 2-chloropyridine 82
4 dioxane 2-chloropyridine 83
S dichloroethane 2,6-lutidine 65
6 dichloroethane dtbpy S8
7 dichloroethane 2-bromopyridine 96
8 dichloroethane 2-bromopyridine 99"

“Determined by 'H NMR using 1,3,5-trimethoxybenzene as an
internal standard. ”1.2 equiv of triflic anhydride and 1.5 equiv of
dimethyl aspartate.
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A Optimized Pyrimidine Labeling Conditions
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Figure 3. Performance of pyrimidine-containing substrates in isotopic exchange reaction. (a) Optimized conditions for the N — N isotopic
skeletal edit of pyrimidines. (b) Summary of 4-aryl and 4-heteroaryl pyrimidine substrates. (c) Summary of S-aryl pyrimidine substrates. (d)
Summary of disubstituted pyrimidine substrates. (e) Summary of complex substrates. (f) Frontier molecular orbitals for 4-phenylpyrimidine and S-
phenylpyrimidine. (g) Average frontier molecular orbital energies for 4-aryl vs S-aryl pyrimidines. (h) Fukui indices for 4-aryl vs S-aryl pyrimidines.

Other arenes were also tolerated at C4 (see 23 and 24). 5-
Arylpyrimidines 25—27 also underwent labeling (Figure 3B),
albeit with a lower efficiency. This discrepancy is likely due to
the lower electron density (and thus nucleophilicity) of the
participating pyrimidine nitrogen in the S-aryl substrates
relative to the 4-aryl substrates. Pyrimidines bearing electron-
poor arenes do not undergo appreciable amounts of labeling,
supporting this hypothesis. The successful participation of 4,5-
diaryl pyrimidine 33 implies that electronics at nitrogen dictate
the success of the reaction to a greater degree than the steric
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encumbrance about the heterocyclic carbon atoms. We posit
that 4-aryl pyrimidines undergo triflylation to a greater degree
and feature a stronger N—S bond, rendering the activated
species more resistant to detriflylation to give an unlabeled
starting material. The low chemical yields for the S-
arylpyrimidines likely resulted from decomposition under the
reaction conditions, possibly due to bis-addition of the
aspartate nucleophile to the pyrimidine heterocycle (as

determined by mass spectrometry) and subsequent side

https://doi.org/10.1021/jacs.3c11515
J. Am. Chem. Soc. 2024, 146, 2950—2958
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A Optimized Pyridine Labeling Conditions
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reactions of the bis-adduct. These hypotheses are supported by
our computational studies (Figure 3F,G, vide infra).
Polysubstituted pyrimidines also participated in the "*N —
"N exchange as summarized in Figure 3D. Importantly, 2-
substituted pyrimidines 28 and 35 were found to undergo "*N
labeling in serviceable yields (see the Supporting Information
for details). For 2-substituted pyrimidines, there is a large steric
barrier associated with the triflylation step, which correspond-
ingly renders the triflyl motif more susceptible to attack by a
nucleophile in the resulting pyrimidinium species. These
factors likely explain the lower labeling yields observed for 2-
substituted substrates. CS-functionalized pyrimidines 30—32
also participated in the reaction, with higher chemical and
isotopic yields observed for electron-rich pyrimidines. Finally,
several elaborated pyrimidines underwent labeling with
variable degrees of success (Figure 3E). Practically, the yields
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of several “complex” pyrimidines were limited by poor
solubility in the reaction medium. Additionally, the inherently
low nucleophilicity of the pyrimidine heterocycle often led to
competing triflylation at other more reactive sites on these
molecules, preventing the desired reaction or inducing side
reactivity. Relative to the CS-aryl-substituted pyrimidines, on
average, the 4-arylpyrimidine substrates feature larger HOMO
coeflicients on the heterocyclic nitrogen atoms and higher-
lying HOMOs, indicative of enhanced nucleophilicity. In fact,
the HOMOs of the S-arylpyrimidine substrate are minimally
localized on heterocyclic nitrogen atoms (Figure 3F). The N-
triflyl derivatives of the S-arylpyrimidines also feature greater
LUMO character on the heterocyclic carbon atoms and are less
sterically hindered at these sites, indicating a higher likelihood
of deleterious bis-nucleophile addition (Figure 3G). These data
are corroborated by the Fukui nucleophilicity and electro-
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A Acid Wash Protocol For High Isotopic Purity
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Figure S. (a) Acid wash protocol for increasing isotopic yield by removing the unreacted starting material from the chemically distinct, labeled N-
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80%. Red and blue circles represent substrates below or above the respective threshold line. Substrates used for validation are marked with crosses.
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philicity indices for the nitrogen and carbon atoms of the
neutral and triflylated species, respectively (Figure 3H).

We then hypothesized that these reaction conditions should
achieve an analogous transformation of pyridines. Indeed, we
have found that an electronically diverse set of pyridines
undergo labeling through the ANRORC sequence and the
intermediacy of N-succinylpyridinium species. Optimization of
this reaction on pyridine substrates (see the Supporting
Information for details) led to the identification of conditions
similar to those previously established by McNally and co-
workers in 2022 for the ring opening of N-triflylpyridinium
species for site-selective halogenation.”' Though this reaction
was successful at room temperature, performing the triflylation
and amine addition at —78 °C significantly improved the yields
(Figure 4A).

Pyridines 39—49 generally underwent '*N — '*N exchange
when exposed to these modified conditions in moderate to
high yield with a clear bias toward electron-rich (and therefore
more nucleophilic) pyridines (Figure 4B). para-Aryl and meta-
arylpyridines were well tolerated, though ortho-arylpyridines
did not undergo "*N labeling, likely due to steric congestion
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upon triflylation leading to a high barrier for the 6-exo-trig
cyclization required for labeling. Accordingly, when 2,2'-
bipyridine and pyriproxyfen (a 2-substituted bioactive
pyridine) were subjected to the reaction conditions, the
starting materials (i.e., the naturally abundant isotopologues)
were recovered quantitatively. Pyrazine 50 and 6/5 fused
pyridine 51 also participated, demonstrating the application of
the protocol to analogous heterocycles.

Elaborated pyridines 52—63 were found to undergo labeling
in moderate to high chemical and isotopic yields (Figure 4C).
Since the pyridine nitrogen is more nucleophilic relative to the
pyrimidine nitrogen atoms, competing reactive groups were
better tolerated in these cases. In general, other aromatic
heterocycles did not significantly impede the reaction.
Importantly, several substrates bearing more than one pyridine
(52, 53, and 54) underwent selective labeling on the more
electron-rich, sterically accessible heterocycle. Small substitu-
ents at the 2-position on the pyridine ring were somewhat
tolerated (e.g., 53). However, the deleterious effect of 2-
substitution is evident when comparing the isotopic yields of
etoricoxib (53) and noretoricoxib (54), where the absence of

https://doi.org/10.1021/jacs.3c11515
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the 2-methyl substituent leads to a fivefold improvement in
isotopic labeling. Some 2-substituted pyridines were found to
undergo the transamination sequence when triflylated and
exposed to f-alanine esters, likely due to the lower steric
hindrance around the amine nitrogen atom relative to the
branched aspartate nucleophile. The N-acrylylpyridinium salt
formed in this way could undergo a similar DBU-mediated
dealkylation by elimination of acrylate; however, because of the
extremely limited availability of '*N-f-alanine and marked
instability of the free base amine under ambient conditions,
this approach was not considered beyond preliminary
investigations. Even electron-deficient pyridines (such as 3-
chloropyridine 55 and 4-sulfonamidopyridine 59) participated
in the reaction. Enolizable phenylalanine derivative 59 did not
undergo racemization (as confirmed by chiral HPLC analysis).
Solubility challenges in dichloromethane at —78 °C were
addressed by adding protective groups to some drug-like
substrates (e.g, acetylation of abiraterone to the prodrug
57);** this approach, however, was not applicable to
nifenazone (61).

The use of a mild acid wash to remove unreacted starting
material after transamination results in the isolation of the
labeled pyridine product with a high isotopic purity. This
sequence is summarized in Figure SA. The isotopic
distribution for the labeled product obtained by this method
matched that of the labeled dimethyl aspartate nucleophile for
the model substrate (4-phenylpyridine, 41”). For substrates
43’,45', and 59’, greatly enhanced isotopic distributions were
achieved using this protocol as shown in Figure 5A.

To elucidate the structural features required to achieve
either moderate (30:70 '*N to "N) or high (80:20 N to
“N) isotopic ratios in the labeled products of this reaction
(Figure SC,D), we computed DFT descriptors for both the
neutral starting materials and the corresponding triflylated
intermediates. These thresholds were selected since 30% '*N
labeling is adequate for several practical applications, while
achieving 80% labeling demonstrates the efficiency of the
reaction. We subjected the entire set of pyrimidines and simple
pyridines (in Figures 3 and 4) to single-node decision trees
with the exception of the only examples of 2-substituted
pyrimidines (i.e., 28 and 35; see computational and modeling
details in the Supporting Information).”> We validated the
models using the set of complex pyridine substrates depicted in
Figure 4C, since these substrates represent medicinally
relevant, complex examples. Using the 30% "N incorporation
threshold (Figure SA), the classification algorithm shows that
substrates can be effectively binned according to the computed
N—C6 distance in the parent compound (prior to triflylation)
with 94% accuracy. Substrates with computed N—C6 bond
distance > 1.330 A consistently yield '*N incorporation above
30%. This structural feature also suggests that as the N—C6
distance increases, the nitrogen atom becomes more
nucleophilic and thus undergoes triflylation more effectively.
Additionally, a longer N—C6 bond could also indicate reduced
steric hindrance at nitrogen, further facilitating triflylation.

The model misclassified two pyrimidines (32 and 33), both
of which possess a para-methoxyphenyl group at C4. As
mentioned before, these compounds may form stronger N—S
bonds, rendering them more resistant to detriflylation and
increasing the observed isotopic yield relative to what is
expected from the model. Finally, we validated the model’s
ability to predict isotopic yields using the complex pyridine set.
Notably, none of the simple pyridines in the training set
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yielded "N incorporation below 30%, which led us to
anticipate that testing the model’s performance against
pyridines with varied substitution, with their diverse isotopic
yield range, could serve as a robustness test for the model. The
validation test resulted in an 83% accuracy, demonstrating the
potential applicability of this model.

The second classification model utilized an 80% "N
incorporation threshold (Figure SB), wherein the computed
N-C6 bond length in the triflylated heterocycle serves as an
effective criterion for categorizing substrates into those yielding
high (>80%) or lower isotopic yield, achieving an accuracy of
90%. Triflylated substrates with computed N—C6 bond
distances exceeding 1.357 A consistently exhibit N
incorporation above 80%. Specifically, the model suggests
that as the trifly]l N—C6 bond length increases, C6 becomes
more electrophilic, rendering this carbon atom more
susceptible to nucleophilic attack. The model misclassified
compounds 22, 32, and 34, predicting isotopic labeling
efficiency higher than what is empirically achieved. The simple
model fails to account for additional reaction intricacies (e.g.,
increased reaction barrier for the 67 electrocyclic ring opening
or the 6-exo-trig closure steps), which could potentially explain
the observed misclassifications. Nonetheless, this model can be
a valuable tool for anticipating substrates that can produce high
isotopic yields. The model accuracy in the validation set is
85%, demonstrating robustness.

B CONCLUSIONS

In summary, we have developed a one-step procedure to
achieve single-atom isotopic transmutation from *N — "N in
various heteroaromatics. This transformation proceeds through
the intermediacy of the corresponding N-triflylated hetero-
cycle, followed by a “N-aspartate diester-mediated ANRORC
process and subsequent succinyl elimination to give the
isotopically enriched product. High chemical yields and
moderate to high isotopic ratios are typically observed, even
for complex or drug-like molecules. Two classification models
were implemented to assess isotopic labeling efficiency using
stereoelectronic parameters; both indicated that longer N—C6
bond distances in the neutral or triflylated substrates were
associated with enhanced labeling efficiency. Notably, products
possessing isotopic enrichment matching that of the labeled
dimethyl aspartate can be isolated through a slightly modified
procedure, which is valuable for applications requiring high
isotopic purity. As nitrogen-containing heterocycles are
prevalent in complex functional molecules, such as pharma-
ceuticals, we envision that the isotopic enrichment of these
molecules without resorting to lengthy de novo syntheses will
enable studies in mechanism elucidation, in vivo metabolomics,
spin hyperpolarization, and more.
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