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ABSTRACT: Methods to incorporate stable radioisotopes are integral to pharmaceutical and agrochemical development. However, 
despite the prevalence of pyridines in candidate compounds, methods to incorporate 15N-atoms within their structures are limited. 
Here, we present a general approach to pyridine 15N-labeling that proceeds via ring-opening to NTf-Zincke imines and then ring-
closure with commercially available 15NH4Cl salts. This process functions on a range of substituted pyridines, from simple building 
block-type compounds to late-stage labeling of complex pharmaceuticals, and 15N-incorporation is >95% in most cases. The reac-
tivity of the Zincke imine intermediates also enables deuteration of the pyridine C3- and C5-positions, resulting in higher mass 
isotopologs required for LCMS analysis of biological fluids during drug development.

Incorporating stable radioisotopes into organic molecules 
has implications across various scientific disciplines and is 
particularly relevant to drug and agrochemical development. 
Stable mass isotopologs of candidate compounds are required 
at several stages of development, including structure elucida-
tion, absorption, distribution, metabolism, excretion, and toxi-
cology (ADMET) studies.1-3 They are also used as mechanistic 
probes in conjunction with NMR and mass spectrometry.4-6 
Therefore, a subfield of chemical synthesis dedicates efforts to 
developing methods that incorporate stable isotopes into or-
ganic molecules, and two strategies dominate. First, de novo 
synthesis incorporates isotopic labels into pharmacologically 
relevant motifs by combining simpler precursors.7 Second are 
isotope exchange reactions involving C–H bonds or functional 
groups on the periphery of molecules.8-14 A remaining chal-
lenge is to isotopically exchange atoms inside heterocycles, 
which avoids multi-step de novo synthesis. Here, we report a 
process that converts 14N-pyridines into their 15N-isotopologs 
by ring-opening to Zincke imine intermediates and ring-
closing using 15NH4Cl.15 This method functions on various 
substitution patterns, is effective on complex pyridines, and 
provides excellent 15N-incorporation in the majority of cases. 
Deuteration of the C3- and C5-positions is also viable to pro-
duce higher M+2 and M+3 pyridine isotopologs. 

The prevalence of pyridines and related azines in pharma-
ceutical and agrochemical compounds means that their 
isotopologs are relevant to the applications described above.16-

19 Additionally, techniques are emerging that specifically use 
15N-azines, such as the SABRE-SHEATH approach, where 
spin hyperpolarization phenomena have the potential for bi-
oimaging.20-22 However, current methods to incorporate 15N-
atoms within their structure are limited. Scheme 1A shows a 
de novo approach under oxidative conditions using tetrahy-
dropyran derivatives as glutaraldehyde surrogates;23 applying 
this method beyond pyridine would require extensive synthetic 

effort to append substituents within the starting material. 
Chukanov and Chekmenev used classic Zincke chemistry to 
form a small number of 15N-pyridines.24, 25 Installing the di-
nitroaryl  
Scheme 1. Current Methods to Synthesize 15N-Pyridines 
and an Approach via Zincke Imine Intermediates. 
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 Scheme 2. Development of Two General Protocols for Pyridine 15N-Labeling 

aYields determined by 1H NMR analysis using mesitylene as an internal standard.  bIsolated yield.  c1H NMR yield reported due to 
the volatility of 3b. dAn analytically pure sample of 3b·HCl was obtained in 30% yield. 
N-activating group in this approach limits the scope signifi-
cantly as the process does not tolerate 2-position substituents 
and generally excludes applications such as late-stage 14N to 
15N-exchange.26 Furthermore, they observed incomplete 15N-
incorporation during the subsequent ring-opening ring-closing 
sequence. 

Our group has a longstanding interest in the reactivi-
ty of NTf-azinium salts, and Scheme 1B shows our proposed 

method to synthesize 15N-pyridines.27-30 In 2022, we disclosed 
that NTf-activated pyridines undergo facile ring-opening with 
dibenzylamine to form NTf-Zincke imines as part of a method 
for 3-selective halogenation.15, 31 Ring-closing with 15NH4X 
salts would be a trivial way to incorporate the 15N-atom, and 
was obvious to us based on our previous work. There are three 
distinct advantages of this approach.

Table 1. 15N Labeling of Building Block-Type Pyridines via Zincke Iminesa,b,c,d,e 

aIsolated yield of products are shown. Yields in parentheses are those of the isolated Zincke imines.  b1H NMR yields reported with 
reference to an internal standard due to product volatility. cRecyclized for 48 hours. dReaction used 2.0 equiv of Bn2NH and recy-
clized at 60 ºC for 1 hour.  eRecyclized with 4.0 equiv 15NH4Cl and 4.0 equiv NaOAc. 
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First, the scope of pyridines is large, with 2-substitution toler-
ated and late-stage applications on complex pyridine-
containing drugs are viable. Second, 15NH4X salts are relative-
ly inexpensive as 15N-sources and, based on our understanding 
of the ring-closing mechanism, we expected high levels of 
15N-incorporation. Third, deuterating the electron rich C3- and 
C5-positions in the Zincke imines prior to ring closure would 
result in higher mass pyridine isotopologs, which are required 
for in vivo ADMET studies (vide infra). Scheme 1C shows 
examples of pyridine isotopologs obtainable via this ap-
proach.32 

Reaction Development. Scheme 2 shows two reaction pro-
tocols for 15N-labeling that vary based on the pyridine substi-
tution pattern. For 2-substituted pyridines, such as 2-
phenylpyridine 1a, our previously reported ring-opening con-
ditions using Tf2O, dibenzylamine, and collidine at low tem-
peratures are appropriate.15, 31 Washing the reaction mixture 
with an aqueous solution of CuSO4 removes dibenzylamine, 
and a significant advantage of this approach is the solubility 
properties of Zincke imines that precipitate when we add the 
organic extracts to hexanes. Isolating 2a in this fashion en-
sures that unlabeled 1a does not advance into the subsequent 
ring-closing step. Our previous protocol to ring close Zincke 
imines used ten equivalents of NH4OAc in EtOH at 60 ºC. 

Here, we preferred 15NH4Cl as the least expensive radiolabeled 
ammonium salt, but the yield of 15N-pyridine 3a was poor. 
However, adding an equimolar amount of NaOAc to the reac-
tion formed 3a in excellent yield. Scheme 2 also shows that 
the reaction performs equally well using two equivalents of 
15NH4Cl and NaOAc. We isolated 3a with >99% 15N-
incorporation, showing that the net isotope exchange process 
can occur with near perfect fidelity. In cases where precipita-
tion of Zincke imines occurs with minor impurities, we elected 
on a protocol that adds two equivalents of 15NH4Cl and 
NaOAc relative to the pyridine starting material and recorded 
yields over two steps (vide infra). 

In preliminary studies, we occasionally observed mixtures 
of Zincke imines and iminium salts during the ring-opening 
stage for pyridines with certain substitution patterns (Scheme 
2). Specifically, we have witnessed this outcome for mono 3- 
and 4-substituted pyridines, with electron-withdrawing groups 
increasing the tendency to form iminium salts. For example, 
when ring-opening 3-bromopyridine 1b, an 85:15 mixture of 
Zincke imine 2b and iminium salt 2b’ formed. In this case, we 
isolated the mixture of 2b and 2b’ via precipitation. In the 
ring-closing step, we used two equivalents of 15NH4Cl and 
NaOAc relative to 1b, efficiently forming 15N-3-
bromopyridine 3b with 98% isotopic incorporation.

Table 2. 15N Labeling of Drug-Like Fragments and Pharmaceuticals via Zincke Iminesa,b,c,d 

aIsolated yield of products are shown. Yields in parentheses are those of the isolated Zincke imines.  b1H NMR yields reported with refer-
ence to an internal standard due to product volatility. cRecyclized with 4.0 equiv of 15NH4Cl and 4.0 equiv of NaOAc. dRecyclized for 1 
hour.  eRecyclized for 48 hours with 10.0 equiv of 15NH4Cl and eRecyclized for 48 hours with 10.0 equiv of 15NH4Cl and 10.0 equiv of 
AgOAc.
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Results and Discussion. We next investigated the scope of 

building block pyridines with these two protocols in this iso-
tope exchange process (Table 1). In most of the examples test-
ed, we measured >95% 15N in the pyridine products, with a 
significant proportion measured at >99%. In a small number of 
cases, 15N-incorporation was lower indicating that competing 
mechanisms can occur that do not fully replace the initial 14N-
atom. Starting with 2-alkyl derivatives, we found that the pro-
cess tolerated methyl and phenethyl substituents, an acetal, 
and a protected pyrrolidine (3c-3f). Furan and thiophene het-
erocycles are also viable at the 2-position, as are 2-methoxy 
and 2-amino derivatives (3g-3j). Examples 3k and 3l show 
that the sequence accommodates alkyl and trifluoromethyl 
groups at the 3-position. Similarly, a series of 3-(hetero)aryl 
groups worked well (3m-3p), with 3p forming with complete 
regiocontrol. As well as 3-bromopyridine shown in Scheme 2, 
we also obtained a 15N-version of 3-fluoropyidine in reasona-
ble yield over two steps (4q). 

Mono 4-substituted pyridines are also compatible (4r-4t). 
Next, we tested a series of disubstituted pyridines and found 
successful outcomes with 2,3-, 2,4- 2,5- and 3,4-substitution 
patterns containing a range of useful functional handles and 
carbon-bearing groups (4u-4ac). Lastly, selective C3-
halogenation of intermediate Zincke imines followed by ring 
closure is also effective in forming 2,3-disubstituted pyridines 
4ad & 4ae.15 

In the next part of this study, we tested a collection of drug-
like molecules and pharmaceutical compounds in this labeling 
process (Table 2). These molecules are generally more com-
plex than the building block pyridines in Table 1 and can pos-
sess multiple heterocycles and reactive sites. To access 15N-
labeled pyridines in these advanced molecules, practitioners 
typically process simpler 15N-pyridines through multi-step 
sequences. This effort is laborious and potentially unfeasible if 
an appropriate 15N-pyridine is not readily available.  Such 
drawbacks can preclude applications such as SABRE-
SHEATH discussed previously. Examples 4af-4ah are 2-
arylpyridine derivatives resembling drug fragments and are 
easily obtainable from the parent 14N-compound. We also con-
structed a 15N-version of a derivative of the antihistamine 
bepotastine (4ai). Monosubstituted pyridines with groups at 
the 3- and 4-positions also work well (4aj-4al), as do 2,3-
disubstituted examples 4am & 4an. It was also possible to 
synthesize 15N-nicotine via this approach (4ao). We then suc-
cessfully applied the two-step process on a series of drug 
compounds and formed 15N-isotopologs of vismodegib, 
bisacodyl, zytiga, etoricoxib, and loratadine (4ap-4au). 

In the final part of this study, we deuterated the intermediate 
Zincke imines prior to ring closure to obtain M+2 and M+3 
pyridine isotopologs. During in vivo ADMET studies involv-
ing biofluids such as blood plasma, ion suppression can occur 
that can introduce substantial inaccuracies and limit quantita-
tive analysis. Higher mass isotopologs, with ion traces that do 
not overlap with the parent compound, serve as internal stand-
ards and alleviate these problems.3, 33, 34 While these protocols 
normally require isotopologs with +4 mass units or higher, 
having sets of M+2 and M+3 pyridines is still valuable. Com-
bined with other labeling methods, practitioners can introduce 
additional mass units into distinct portions of a candidate’s 
structure. Adding isotopic labels at later stages of drug devel-

opment can also facilitate this effort and avoid recourse to 
extensive synthesis from simpler precursors. 

Scheme 3 shows a preliminary study that revealed two reac-
tion protocols that incorporate deuterium atoms into Zincke 
imine intermediates. For 2-substituted pyridines, we tested 
Zincke imine 2a and found that stirring in AcOD at 50 ºC 
hours deuterates the electron-rich C3- and C5-positions with 
reasonable level of D-incorporation (Scheme 3A). During this 
process, we observed minor amounts of recyclization to 2-
phenylpyridine with incomplete deuterium incorporation; pre-
cipitating 2m removes this partially unlabeled material and 
subjecting the crude material to ring closure under the stand-
ard protocol forms d2-3a with reasonable levels of D- and 15N-
incorporation, and in 21% yield. For mono 3-substituted pyri-
dines, we used a modified deuteration procedure (Scheme 3B). 
Stirring adduct 2d in an EtOD/DCE solution of DCl at 0 ºC 
results in complete deuteration at C5; we again precipitated 
the deuterated intermediate to remove minor amounts of par-
tially deuterated pyridine in the reaction mixture, and recy-
clization with 15NH4Cl formed d-3m with excellent isotopic 
purity. Scheme 3C shows two examples of complex pyridine-
containing products that we converted into M+2 and M+3 
higher-mass isotopologs using the above protocols. We ob-
tained d2-3ap from vismodegib in good yield over two steps d-
3al from its respective Zincke imine in reduced efficiency. 
Further investigations will focus on increasing the levels of  
 Scheme 3. Deuterium and 15N Labeling Sequences for 
[M+2] and [M+3] Pyridines 

aIsolated yields are shown. bPercentage deuterium incorpora-
tion measured by 1H NMR spectra. cPercentage 15N incorporation 
values extrapolated from values from Tables 1 & 2.  
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deuterium incorporation and expanding this protocol to other 
complex pyridine-containing structures. 

In summary, we have developed a process that ring opens 
14N-pyridines and then incorporates 15N-atoms into their struc-
ture during a ring-closing step. This simple protocol uses 
common reagents and 15NH4Cl, a commercially available 
source of 15N-atoms and generally results in >95% isotope 
incorporation. The process functions on building block pyri-
dines with various substitution patterns and functional groups 
and is viable for late-stage 15N-incorporation in complex pyri-
dine-containing molecules. We extended this process to label 
pyridine C3- and C5-positions with deuterium atoms, resulting 
in higher mass isotopologs that are valuable for in vivo 
ADMET studies. Given that simple ammonia sources function 
in this protocol, the chemistry should translate to 13N labeling 
for PET tracer applications. 
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