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ABSTRACT: The development of a safe, robust, and efficient manufacturing route for the synthesis of diaminopyrimidine 1, a key
intermediate to gefapixant citrate (MK-7264), is described. A full mechanistic understanding of the cyclization step in the presence
of guanidine was established by performing isotopic labeling experiments and identification of impurities. Guided by the mechanistic
understanding, further attempts to modify the cyclization reaction by employing additives to reduce the triazine (9) formation and
guanidine loading will also be presented. This newly developed method delivered compound 1 in 88−94% yield on a commercial
scale and addressed the shortcomings of the early synthetic route including high PMI, low atom economy, long cycle-time, and
multiple purifications to achieve the desired quality.
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■ INTRODUCTION

Diaminopyrimidine 1 represents the penultimate intermediate
toward the synthesis of gefapixant citrate (MK-7264), a first-in-
class P2X3 antagonist currently in phase 3 clinical trials for
chronic cough.1 The synthetic route for compound 1 developed
by Afferent2 is depicted in Scheme 1. Sequential treatment of
cyanomethyl ether (CME) 2 with tert-butoxybis-
(dimethylamino)methane (Bredereck’s reagent)3 and aniline
hydrochloride produced enamine 3, which underwent con-
densation with guanidine carbonate (G·0.5H2CO3) to produce
desired compound 1. While this protocol was utilized to
synthesize kilogram quantities of diaminopyrimidine 1, a
number of factors rendered this approach unsuitable as the
long-term supply route capable of delivering metric ton
quantities of intermediate 1. For example, the high price (>
$1700/kg)4 and long lead-time of Bredereck’s reagent on scale
made usage of this reagent unfeasible. Use of aniline hydro-
chloride for the formation of the enamine not only resulted in
poor atom economy but also produced aniline-related potential
genotoxic impurities; consequently, multiple crystallizations
were required to obtain the desired purity level of compound 1.
Additionally, an aqueous workup of intermediate enamine 3
(using toluene−water), followed by distillation to reduce the
water content, was required prior to it being used in the
cyclization step with guanidine carbonate to generate product 1.
Collectively, these liabilities contributed to long cycle times (∼4
days for reaction time only), modest yields (55−60% over 3
steps), and high process mass intensity5,6 (step-PMI = 88
normalized to 1 kg of 1), precluding the implementation of this
route as a long-term solution. It became clear that a superior

synthetic approach was required to enable the team to provide
significant quantities of diaminopyrimidine 1 to meet the active
pharmaceutical ingredient demand for phase 3 clinical studies
and form the basis of a viable manufacturing process.

■ RESULTS AND DISCUSSION

Alkylation of PhenolA Reaction Stream for the
Pyrimidine Cyclization Step. In order to synthesize
pyrimidine 1, we first needed to develop a safe and robust
process to alkylate phenol 4 and generate pyrimidine starting
material 2.7 Earlier deliveries of CME 2 relied on an alkylation
process of phenol 4, in which chloroacetonitrile was added to a
mixture of KOH and dimethyl sulfoxide (DMSO) at high
temperature (Scheme 1). This approach was deemed unaccept-
able because of the process safety risks (an uncontrolled
exotherm) associated with the decomposition of DMSO under
these conditions.8 An initial screening of solvents indicated that
N-methyl-2-pyrrolidone (NMP) was an effective and safe
replacement for DMSO, so we undertook an examination of
alkylation conditions in this solvent.9 A high-level summary of
various alkylation conditions to generate CME 2 is provided in
Table 1. A survey of the alkali tert-butoxides initially suggested
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that the identity of the base may be important, where smaller
cations improved the outcome (Table 1, entries 1−3). However,
upon further inspection of different lots of LiOt-Bu, we
postulated that the additional conversion was arising from
adventitious amounts of water (entry 3 vs 4). Indeed, when we
spiked our reactions with water (10 wt % with respect to phenol
4), not only were we able to obtain comparable results with
different lots of LiOt-Bu (entry 5) but also, more importantly,
with all of the bases performed identically (entries 6−9). This
result led us to conduct the reaction with inexpensive and easily
handled aqueous solutions of sodium hydroxide as the base.
Employing these conditions led to full conversion to the desired
CME 2. The results shown in Table 1 when using 10 wt % water
demonstrates that hydroxide is the active base for this
transformation. The stronger tert-butoxide base is thought to
decompose chloroacetonitrile at a competitive rate relative to
that of the desired alkylation. The effect of adding water to the
lithium hydroxide reaction (entry 7) provides a homogeneous
reactionmixture and eliminates any sensitivities tomass transfer.
With an eye toward telescoping the incoming stream of
methoxyphenol in toluene, we explored mixtures of NMP and
toluene for the formation of CME 2. A 5:1 mixture of NMP/

toluene (entry 11) provided comparable results to the NMP
conditions (entry 10). A key amide impurity was found to form
when the ratio of NMP/toluene was less than 4:1. The 5:1
NMP/toluene conditions provided end of reaction (EOR)
stability for >72 h and could be safely scaled up to deliver
hundreds of kilograms of compound 2 without experiencing any
safety-related issues. This discovery allowed us to telescope the
methoxyphenol stream isolated from the upstream methox-
ylation reaction10 directly into the alkylation reaction without
the need for extensive solvent switching. An aqueous workup
provided compound 2 as a solution in toluene that could be
distilled to the appropriate volume for use in the pyrimidine-
forming reaction.

Cyclization of CME to DiaminopyrimidineExploring
Alternatives to Bredereck’s Reagent. Seeking to avoid the
use of Bredereck’s reagent and aniline hydrochloride, initial
efforts toward improving the pyrimidine formation were
targeted toward the use of N,N-dimethylformamide (DMF)−
DMA,3 a lower-cost alternative for the synthesis of an enamine
intermediate analogous to compound 3. To our surprise,
treatment of CME 2 with DMF−DMA in polar aprotic solvents
resulted only in unreacted CME 2, with no trace of the enamine
intermediate. This observation was supported by density
functional theory (DFT) calculations (Scheme 2) predicting
an exergonicity of 7.0 kcal/mol for the synthesis of enamine 5a
using Bredereck’s reagent (eq 1) but an endergonicity of 1.5
kcal/mol for the analogous synthesis using DMF−DMA (eq 2).
Prompted by the DFT prediction that the exchange of a
methoxy group of DMF-DMA by pyrrolidine was slightly
exergonic (eq 3), we posited that a Bredereck-like intermediate
could be formed in situ by mixing DMF−DMA and a secondary
amine at elevated temperatures. In addition, calculations (eq 4)
predicted a thermodynamically downhill process for the
formation of enamines 5b and 5e when pyrrolidine or azetidine
were used as additives. Conversely, the use of diisopropylamine
or piperidine was predicted to be ineffective based on the
positive Gibbs energies of reaction for the formation of
intermediates 5c and 5d, respectively. Thus, because of the
lower cost of pyrrolidine, we decided to investigate the
combination of DMF−DMA and pyrrolidine toward the
formation of intermediate enamine and subsequent cyclization
reaction (Scheme 3). Gratifyingly, heating a mixture of CME 2,
DMF−DMA, and pyrrolidine in DMF produced enamine 5b,
which, following an aqueous wash, smoothly underwent
cyclization with guanidine to afford the desired diaminopyr-
imidine in modest yield (75%). Encouraged by this initial result,

Scheme 1. First-Generation Route to Diaminopyrimidine 1

Table 1. Optimization of Phenol Alkylation toGenerate CME
2

entry base additive conversion (%)

1 KOt-Bu 73
2 NaOt-Bu 81
3 LiOt-Bu (lot 1) >99
4 LiOt-Bu (lot 2) 88
5 LiOt-Bu (lot 2) 10 wt % H2O

a >99
6 LiOH 70
7 LiOH 10 wt % H2O

a >99
8 NaOt-Bu 10 wt % H2O

a >99
9 KOt-Bu 10 wt % H2O

a >99
10 50 wt % NaOH >99
11b 50 wt % NaOH >99 (97%)c

a10 wt % H2O is with respect to phenol 4. bRun in 5 volumes NMP
and 1 volume of toluene. cAssay yield.
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we investigated a one-pot approach; unfortunately, all our
attempts to directly cyclize the enamine with guanidine under
these conditions failed to produce any desired product. While
this approach served as proof-of-concept toward an alternative
to expensive Bredereck’s reagent, the need for an additional
aqueous workup of the enamine intermediate prior to the
cyclization step, combined with a modest isolated yield, forced
us to evaluate other strategies for formation of the diaminopyr-
imidine core.

Second-Generation Synthesis Approach.Undaunted by
the failure of the through-process shown in Scheme 3, we
continued to explore alternative methods for synthesis of the
diaminopyrimidine12 moiety utilizing inexpensive and readily
available reagents. As shown in Scheme 4, we hypothesized that
the diaminopyrimidine moiety could be synthesized via a
condensation reaction between cyanoaldehyde 6 and guanidine.
In the forward sense, we envisioned that the formation of enolate
7 via a base-mediated formylation of compound 2, followed by
cyclization with guanidine, would afford the key intermediate 1.

Scheme 2. DFT-Computed Thermodynamics for Alternatives to Bredereck’s Reagent11

Scheme 3. Synthesis of the Diaminopyrimidine Core Employing DMF−DMA and Pyrrolidine as an Alternative to Bredereck’s
Reagent

Scheme 4. Retrosynthetic Strategy for the Second-Generation Synthesis
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If successful, this strategy would represent a straightforward and
atom-economical process.
As a proof-of-concept, we first evaluated the formation of

enolate 7 by following literature precedent.13 All our initial
attempts to deprotonate compound 2 and quench the ensuing

anion with ethyl formate resulted in exclusive formation of the
CME dimer 8a (Scheme 5A). While several examples of
generating enolates using ethyl formate as the formyl source in
the presence of a base (e.g., NaH and NaOEt) are known in the
literature;5 to the best of our knowledge, no example has been

Scheme 5. Importance of Order of Addition toward Minimizing the CME Dimer in Enolate Formation

Table 2. Optimization of Enolate Formation

entry KOt-Bu (equiv) HCO2Et (equiv) 7 (LCAP)a 8a (LCAP)a 2 (LCAP)a

1 1.00 2.00 76.0 1.1 19.9
2 1.25 2.00 86.8 1.5 10.0
3 1.50 2.00 93.9 1.5 3.7
4 1.75 2.00 96.1 1.5 1.8
5 2.00 2.00 98.1 1.2 0.2
6 2.25 2.00 98.5 1.0 0.0
7 2.25 1.00 70.7 26.3 0.0
8 2.25 1.25 75.3 22.2 0.0
9 2.25 1.50 95.4 3.6 0.0
10 2.25 1.75 97.9 1.2 0.0

aArea % by HPLC at EOR.
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reported starting from a CME derivative. The presence of an
oxygen atom at the β-position with respect to the nitrile not only
decreases the acidity of the α-methylene protons but also
enhances the reactivity of the resulting anion; therefore, in the
absence of an alkylating agent, the anion intermediate
immediately reacts with a molecule of starting material 2,
resulting in the exclusive formation of CME dimer 8a.
Minimizing the dimerization of CME during enolate

formation is critical for two reasons: (1) formation of CME
dimer 8a negatively impacts the yield of enolate 7 and, thus, the
yield of product 1; and (2) CME dimer 8a reacts with guanidine
during the cyclization step, leading to impurity 8b, which is
difficult to reject during the isolation of compound 1. After
substantial experimentation, it was discovered that the
formation of dimer 8a could be suppressed by reverse addition
of a solution containing both compound 2 and ethyl formate to a
solution of the base (Scheme 5B). Under this protocol,
formation of the desired enolate 7 became the major pathway.
Employing this effective order of addition (Scheme 5B), a

large number of experiments were carried out to better
understand the enolate formation by screening solvent, base,
and temperature, and the results are summarized as follows: (1)
polar aprotic solvents (NMP, dimethylacetamide, andDMF) are
superior solvents, ethereal solvents (tetrahydrofuran) tend to
produce more CME dimer 8a, while alcohol solvents (EtOH,
MeOH, and i-PrOH) proved unproductive; (2) strong, non-
nucleophilic bases (KOt-Bu, NaOt-Bu, KHMDS, and KOt-
amyl) are required for deprotonation, while use of slightly
weaker bases (KOEt and NaOEt) results in incomplete
reactions and more CME dimer formation; (3) the potassium
counter ion is critical to clean conversion of CME 2 to enolate 7;
(4) a cleaner reaction profile was observed at lower temperature
(−20 to 0 °C), while elevated temperature (20 to 30 °C) results
in a higher amount of CME dimer formation [3−4 high-
performance liquid chromatography (HPLC) area %]. Consid-
ering availability and low cost at a commercial scale, we decided
to perform the enolate formation in NMP with t-BuOK as the
base and ethyl formate as the formylating agent.
Enolate Formation.With an understanding of the order of

addition and the nature of reagents in hand, we began evaluating
the effect of base and ethyl formate stoichiometry to further
optimize the enolate formation at −10 to 0 °C (Table 2). Initial
experiments with a lower amount of base (entries 1 and 2)
afforded incomplete conversion and a substantial amount of
unreacted CME 2. This result was attributed to the
ineffectiveness of potassium ethoxide, formed during enolate
generation, as a base to drive the formation of enolate 7. The
conversion became more favorable as the amount of the starting
base was increased to 2.0 equiv (entries 3, 4, and 5). In contrast,
experiments employing a lower amount of ethyl formate led to
the formation of a higher amount of the CME dimer (entries 7
and 8), presumably due to high intrinsic reactivity of the anion

derived from CME 2 in the absence of an adequate amount of
ethyl formate. Gratifyingly, when the amount of ethyl formate
was increased to 1.5 and 1.75 equiv (entries 9 and 10), the
productive pathway was favored, resulting in >95% target
enolate and 3.6 and 1.3 area % of the CME dimer, respectively.
Knowing the intrinsic reactivity of the CME anion could pose a
challenge upon scaling up, we decided to perform the enolate
formation in the presence of 2.0 equiv of ethyl formate and 2.25
equiv of base (entry 6), which resulted in≤1 area % of the CME
dimer, with no observable unreacted CME 2.
Safety assessment showed that the total adiabatic temperature

increase (ΔTad) for the entire enolate formation involves
moderate exotherm with a ΔTad of ∼34 K. Closed tube
differential scanning calorimetry data suggest that an exotherm
of 37 J/g is released at an initiation temperature of 122 °C.
These data were in line with established safety considerations for
scale-up.14 However, during optimization, off-gassing was
observed when a mixture of CME 2 and ethyl formate was
added to the solution of potassium tert-butoxide. As a result, we
carried out an experiment to evaluate the stability of ethyl
formate alone in the presence of the base and noticed a similar
off-gassing event, which prompted us to hypothesize a
decomposition pathway of ethyl formate in the presence of
the base. While the gas evolution event was mentioned byMyers
and co-workers,15 no additional information was provided. This
competing decomposition pathway also explains why excess of
ethyl formate (2.0 equiv) is needed to successfully convert all
CME 2 to enolate 7.
We employed process analytical technology to conduct the

enolate formation in the presence of both solution and
headspace Fourier-transform infrared spectroscopy (FT-IR)
probes to understand the type of gas released and the rate of off-
gassing, which provided three key pieces of information: (1) the
gas evolved during the enolate formation was carbon monoxide;
(2) the rate of CO off-gassing was directly proportional to the
addition rate of a mixture of ethyl formate and CME 2 to the
base solution, and the off-gassing stops immediately when the
addition is stopped; (3) accurate calibration allowed excellent
quantification of CO emission, which was consistent with the
theoretical prediction shown in Scheme 6. Furthermore, the in
situ solution FT-IR spectrum revealed no trace of ethyl formate
throughout the addition, which was also confirmed via gas
chromatography (GC) analysis of the final enolate solution,
indicating its rapid and complete consumption under these
reaction conditions. These important pieces of data enabled us
to determine the required rate of addition during the enolate
formation. This information is critical because the amount of
CO formed can be easily calculated based on ethyl formate
charge, which would help us to determine the addition time to
control the rate of CO evolution. As illustrated in Scheme 6, one
equivalent of ethyl formate is used toward enolate formation for

Scheme 6. Balanced Equation for CO Generation during Enolate Formation
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one equivalent of CME 2, while the remaining ethyl formate
decomposes to form CO.
Based on the balanced equation above, in which the amount

of CO directly related to the amount of ethyl formate is utilized
in the enolate formation, we realized that the local CO emission
guidelines would limit material throughput in the absence of any
engineering control such as a thermal oxidizer unit (TOU). For
example, for 50 kg of CME 2 (244 mol), 15 pounds of CO (244
mol) would be generated during the enolate formation under
the optimized conditions employing 2.0 equiv of ethyl formate
(488 mol); therefore, the addition time can be adjusted to 4 h to
maintain CO release under the local limit of 4 lb/h (∼1.8 kg/h).
In order to maintain CO emission in check during the enolate
formation in the absence of a TOU, larger-scale batches would
require longer addition times (e.g., enolate formation for 250 kg
of CME 2 would require addition of reagents over a period of
∼40 h).We explored whether enolate formation and subsequent
cyclization could tolerate such a long aging process, and, indeed,
compound 1 was still generated in high yield and good quality.
Ultimately, we did not have to rely on such a long addition time,
as alternative engineering controls (i.e., a TOU) enabled us to
bypass this concern, which rendered the enolate formation
operationally feasible within 8−10 h, irrespective of the starting
quantity of CME 2.16

Cyclization Reaction. After establishing the enolate
formation with KOt-Bu (2.25 equiv) and ethyl formate (2.0
equiv) in NMP, we turned our attention to the cyclization
reaction by directly charging guanidine salt to the enolate
solution and subsequently heating to 115 °C for 12−15 h. To
our surprise, reactions using 3.0 equiv of guanidine carbonate
(G·0.5H2CO3) (as was done in the first-generation synthesis)
performed poorly, leading to incomplete reaction even after
prolonged heating (∼30 HPLC area % enolate left). We
screened a variety of readily available guanidine salts for the
cyclization step and collected time-course data (Figure 1). The

temporal data in Figure 1 clearly highlight the improved rate of
product formation when utilizing guanidine HCl (G·HCl) in
comparison to other guanidine salts such as guanidine acetate
(G·AcOH), guanidine sulfate (G·0.5H2SO4), and guanidine
carbonate (G·0.5H2CO3). These data also highlight that G·
0.5H2CO3, used in the original process, is the slowest at forming
product 1. This finding led us to focus on developing the

cyclization of the enolate with G·HCl, which provides complete
conversion of enolate and an acceptable reaction profile after 15
h of heating at 115 °C.
Initial cyclization reactions involving 2.0 equiv of G·HCl at

115 °C for 15 h resulted in full conversion of enolate, delivering
75 HPLC area % of the desired diaminopyrimidine 1 at the end
of the reaction (Table 3, entry 1). One of the key identifiable

components of the mass balance of this cyclization reaction was
triazine 9, whose structure was determined through extensive
NMR spectroscopic and mass spectrometric analysis on a
purified sample of this compound. While variation of temper-
ature and dilution did not afford any significant advantage, the
number of equivalents of G·HCl used proved a critical
parameter for reaction performance and optimization (Table
3). For instance, when the amount ofG·HClwas increased from
2.0 to 3.0 equiv, the amount of triazine at the end of the reaction
dropped from 11.1 to 6.6 HPLC area %, while improving the
diaminopyrimidine liquid chromatography area percent
(LCAP) to 87.2%. It became apparent that, with the increase
of guanidine amount, the conversion to the desired product
continues to improve while simultaneously decreasing the
triazine formation.
With the aim to further understand the cyclization reaction, an

investigation into the reaction kinetics was undertaken. Varying
the initial concentration of G·HCl, while maintaining all other
reaction parameters identical, revealed that the rate of the
cyclization reaction is first order in G·HCl (Figure 2). The
reaction with 2.5 equiv of G·HCl proved to be sluggish;
however, significant rate acceleration was observed with 7.5
equiv of G·HCl, resulting in complete consumption of enolate
within 4 h and less of impurity 9. On the basis of this
observation, we hypothesized that increasing the amount of
guanidine during the course of cyclization would maximize the
yield of compound 1 by favoring the productive pathway while
minimizing the side reactions, leading to the formation of
triazine 9. We note that performing the cyclization at
temperatures lower than 115 °C (e.g. 95 or 105 °C) resulted
in significantly slower cyclization rates, which resulted in longer
reaction times and incomplete consumption of enolate.

Mechanism and Isotopic Labeling Studies. While the
isolation of diaminopyrimidine 1 was achieved in high yield and
purity on laboratory scale, the question regarding why high
amounts (8 equiv) of G·HCl were required to achieve these
results remained unanswered. We designed a series of isotopic

Figure 1. Temporal profile for the formation of diaminopyrimidine 1
using various guanidine salts (3 equiv relative to compound 2)
illustrating the improved kinetics with G·HCl.

Table 3. Effect of the Guanidine Hydrochloride Amount in
Cyclization Reaction

entry guanidine charge 1 (LCAP)a 9 (LCAP)a

1 2.0 equiv 75.0 11.1
2 3.0 equiv 87.2 6.6
3 4.5 equiv 89.5 4.9
4 6.0 equiv 92.0 3.1
5 8.0 equiv 93.5 2.1

aArea % by HPLC at EOR.
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labeling experiments aimed at gaining further mechanistic
insight into the cyclization in order to apply this information
toward designing an improved cyclization process (e.g., using
lessG·HClwhile minimizing the amount of triazine 9 impurity).
These isotopic labeling experiments were designed to track the
incorporation, or lack thereof, of either 13C or 15N isotopic labels
into specific locations in the desired product and the triazine
formed, depending on the choice of the isotopically labeled

starting material (Scheme 7). In all cases, both the desired
product and the triazine were isolated via purification, and
extensive NMR and high-resolution mass spectrometry experi-
ments provided isotopic incorporation results and unequivocal
structural verification.
Scheme 7A illustrates the preparation of the enolate from

CME 2 using 13C-labeled ethyl formate and its reaction with 3
equiv of G·HCl. This reaction led to formation of the desired
diaminopyrimidine containing a 13C at the C-6 position. In
contrast, no evidence of incorporation of the 13C label from ethyl
formate was observed in triazine samples. These data are
consistent with loss of the−CHO group from enolate during the
formation of triazine. When a similar experiment was carried out
using 15N-labeled CME 2 (Scheme 7B), the desired product
contained 15N at the expected amino group on C-4, while no
evidence of incorporation of the 15N label in the triazine was
observed. These data suggest the loss of nitrogen from the nitrile
group of CME 2 during the formation of triazine. Finally,
cyclization of the enolate with 13C-labeled G·HCl led to the
formation of desired diaminopyrimidine samples containing a
13C-label at the C-2 position as expected, while bothC-2 andC-4
positions in the triazine had incorporation of a 13C-label
(Scheme 7C). We hypothesized that an equilibrium between
guanidine and biguanide (BG) is established under the
cyclization conditions (vide inf ra), where the latter is responsible
for the formation of triazine 9. Based on the results from labeling
experiments, we have proposed a reaction pathway that results in

Figure 2. Temporal data for the formation of product 1 using varying
concentrations of G·HCl (1.3, 1.7, and 2.2 M), illustrating the positive
order dependence.

Scheme 7. Isotopic Labeling Experiments
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the loss of a nitrogen and a carbon atom from the enolate,
potentially via the intermediate shown in Scheme 7D.17

In order to investigate whether the enolate can react with BG·
HCl to generate triazine, a series of experiments were
performed, and the corresponding data are summarized in
Table 4. To our surprise, when freshly prepared enolate

solutions were heated with varying amounts of BG·HCl at 115
°C for 15 h (entries 1−3), both compounds 1 and 9 were
formed. The observation that desired 1 is also formed suggests
that guanidine is reversibly generated from biguanide under the
cyclization conditions. Interestingly, the ratio of 1 to 9 decreases
as the ratio ofG·HCl toBG·HClwas changed from 1:1 (entry 4)
to 1:3 (entry 6). Compound 1 was always preferentially
generated, irrespective of the ratio of reagents used, suggesting
a lower activation barrier in the cyclization reaction with
guanidine as compared to that with biguanide.
It became imperative to investigate how biguanide is formed

from guanidine. In the balanced reaction converting CME 2 to
the enolate, excess alkoxide (likely in the form of ethoxide) and

alcohol (t-BuOH and EtOH) are present (Scheme 8A). Heating
G·HCl alone in NMP overnight did not result in conversion to
BG, and, analogously, heating BG·HCl did not result in the
formation of G (Scheme 8B).
In order to determine whether G·HCl could produce BG in

the presence of alcohols or alkoxides, we independently heated
mixtures of G·HCl and alkoxides (or alcohols) in varying ratios
at 115 °C in NMP overnight in sealed microwave vials to mimic
reaction conditions (Scheme 8C). These stress tests clearly
showed the formation of biguanide whenG·HClwas exposed to
alkoxides (KOt-Bu or KOEt) but not in the presence of alcohols
(t-BuOH or EtOH), as determined by HPLC. A similar stress
test of BG·HCl in NMP at 115 °C overnight in the presence of
either alkoxides (KOt-Bu or KOEt) or alcohols (t-BuOH or
EtOH) demonstrated that only alkoxides were capable of
promoting the generation of guanidine. These key experiments
clearly established the role of alkoxides in the formation of
biguanide from guanidine during the cyclization.
A plausible mechanism to generate biguanide in the presence

of alkoxide is via an isourea18 intermediate, which, in turn,
undergoes substitution by another molecule of guanidine
(Scheme 9).19 Both the addition of alkoxides to guanidine to

Table 4. Partitioning of Products 1 and 9 When Reacting
Enolate 7 with Varying Ratios of G·HCl and BG·HCl

equivalents of

entry 7 G·HCl BG·HCl 1:9a

1 1 3 1.9:1
2 1 6 1.3:1
3 1 9 1.2:1
4 1 3 3 4.5:1
5 1 3 6 3.6:1
6 1 3 9 3.3:1

aBased on area % by HPLC at EOR.

Scheme 8. Illustration of Conditions That Can and Cannot Interconvert G and BG

Scheme 9. Illustration of a Potential Pathway to Convert
Guanidine (G) to Biguanide (BG) via Isourea
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generate isourea, and the reaction of isourea with guanidine to
generate biguanide are precedented in the literature.10,11 The
alkoxide-mediated dimerization of guanidine to form biguanide
necessitates the release of NH3 in order to balance the equation.
Indeed, when the cyclization reaction was monitored by FT-IR,
headspace analysis detected the presence of NH3, specifically
during the heating period after having added G·HCl to the
enolate solution.
After establishing the root cause for the formation of

biguanide, we returned to the question surrounding the loss of
carbon originally derived from the carbonyl of ethyl formate
toward the formation of triazine. Analysis of isolated 1 revealed
the presence of 2,4-diamino-1,3,5-triazine (10) as an impurity.
One potential route to form impurity 10 involves biguanide
condensing onto the carbon subsequently lost during the
cyclization step (Scheme 10). Furthermore, when 13C-labeled
ethyl formate and 13C-labeled G·HCl were used for the enolate
and cyclization steps, respectively, compound 10 containing 13C
isotopes at all three aromatic carbons was easily detected by
NMR spectroscopy upon analysis of the EOR sample. Analysis
of the reaction mixture by GC−mass spectrometry revealed a
broad peak at 12−16 min associated with a m/z 112.0 when
using 13C-labeled ethyl formate, whereas this same GC-peak
corresponded tom/z 111.0 when using unlabeled ethyl formate.
These observations are consistent with the formation of
compound 10 via incorporation of the carbon atom originating
from ethyl formate. Because GC and in situ solution FT-IR
analyses of the enolate formation revealed that no ethyl formate
was detectable, the formation of impurity 10 must incorporate
the carbon derived from enolate 7, suggesting a deformylation
pathway for the formation of triazine 10. 13C-labeled ethyl

formate and 13C-labeled G·HCl lead to triply 13C-labeled 2,4-
diamino-1,3,5-triazine (2,4,6-13C3-10), suggesting that 10
incorporates the formate carbonyl carbon atom.
Further analysis of isolated 1 revealed the presence of the

unique impurity 11, as shown in Scheme 11A. Isolation of this
impurity and characterization via NMR spectroscopy unambig-
uously supports its structure, representing additional evidence in
favor of the biguanide species generated during the cyclization
reaction. This particular impurity was also observed when
reacting enolate with biguanide hydrochloride directly (Scheme
11B). Attempts at converting impurity 11 under basic
conditions (Scheme 11C), mimicking the cyclization process
afforded neither triazine 9 nor compound 1, which is consistent
with impurity 11 not being an intermediate on the reaction
pathway to either pyrimidine 1 or 9. Finally when compound 1
was heated with G·HCl, no formation of 11 was observed.

Screening of Acid Additives. Based on our mechanistic
insight that the excess alkoxide present in the enolate solution
causes guanidine to convert, in part, into biguanide under the
reaction conditions, we sought to utilize an acid additive to
mitigate this competing pathway.20 Specifically, addition of an
acid additive prior to the cyclization event would quench the
excess alkoxide and thereby suppress the formation of
biguanide.21 A screen of additives was undertaken to identify
conditions to meet our goal of employing only 2−3 equiv of G·
HCl for the cyclization reaction for 15 h, as opposed to 8 equiv.
As shown in Table 5, cyclization reactions in the presence of 0.5
equiv of carboxylic acids, such as acetic acid, trifluoroacetic acid,
and pivalic acid (entries 2, 3, and 4), decreased the amount of
triazine to less than 3 area % compared 6.6 area % without an
additive (entry 1). On the other hand, inorganic acids (entries 5

Scheme 10. Plausible Explanation of How Impurity 10 is Generated Based on 13C-Labeling Experiments

Scheme 11. Formation of Impurity 11 as Additional Evidence of Generating Biguanide In Situ during Enolate Cyclization with
Guanidine Hydrochloride
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and 6) proved detrimental to the overall reaction profile. While
use of 0.5 equiv of KHSO4 (entry 7) showed promise, other salts,
including potassium phosphate salts (entry 8−10), failed to

provide any advantage. The cyclization reactions were also
screened in the presence of ammonium salts (entries 11−14 and
18−19) and found to be equally efficient with regard to the
reaction profile and controlling triazine formation under 2 area
%. Ammonium chloride was selected for further screening and
development work because it had the lowest price and greatest
availability at a commercial scale. We were pleased to find that
excellent results were achieved by further adjusting the amount
of G·HCl and ammonium chloride (entries 14−17).
While analysis of the reaction mixtures at the end of

cyclization seemed encouraging, this strategy led to several
issues upon scale-up including lower and inconsistent isolated
yields (77−84%) on a laboratory scale (ca. 5−15 g), a dark color
of isolated 1 and the appearance of two solvent-related
impurities 14a and 14b (Scheme 12), which were identified in
the isolated solid at variable amounts with upward 1.5 area %,
exhibiting poor rejection not only during the isolation of
compound 1 but also in the downstream.
Notably, the appearance of the NMP moiety only on the C-2

amino group is intriguing (labeling of the C-2 position in 14a &
14b is shown in Scheme 12). We hypothesized that, under the
basic conditions employed, NMP also undergoes formylation22

to form enolate 12, which generates the modified guanidine
species 13 upon reaction with guanidine. Cyclization of
compound 13 with enolate produces 14a−b and explains the
appearance of the NMPmoiety only at the C-2 amino group. To
validate the mechanism, we ran the reaction with 13C-labeled
ethyl formate, generating both impurities 13C2-14a and 13C2-
14b, each containing two 13C labels, as determined by mass
spectrometry experiments on EOR mixtures. Quenching of an
aliquot of the enolate reaction mixture and subsequent analysis
by GC−MS revealed mass signals consistent with NMP-
aldehyde 12b and 13C-12b, depending on whether ethyl formate

Table 5. Table of Additives Screened in Attempt to Suppress
Formation of Impurity 9 in the Cyclization Step to Product 1

entry
G·HCl
(equiv) additive 1 (LCAP) 9 (LCAP)

1 3 none 87.2 6.6
2 3 MeCOOH (0.5 equiv) 91.3 1.5
3 3 CF3COOH (0.5 equiv) 90.8 1.9
4 3 Me3CCOOH (0.5 equiv) 92.4 1.3
5 3 conc. HCl (0.5 equiv) 75.0 0.9
6 3 H2SO4 (1.0 equiv) 26.0 7.0
7 3 KHSO4 (0.5 equiv) 90.1 1.0
8 3 K3PO4 (0.5 equiv) 77.9 8.2
9 3 K2HPO4 (0.5 equiv) 86.5 3.2
10 3 KH2PO4 (0.5 equiv) 86.6 4.0
11 3 NH4COOH (0.5 equiv) 87.6 0.5
12 3 NH4ClO4 (0.5 equiv) 87.0 1.0
13 3 NH4SO3CF3 (0.5 equiv) 87.2 0.8
14 3 NH4Cl (0.5 equiv) 89.2 0.9
15 3 NH4Cl (0.75 equiv) 89.7 1.4
16 4 NH4Cl (0.75 equiv) 92.7 1.0
17 5 NH4Cl (0.75 equiv) 94.2 0.8
18 5 (NH4)2SO4 (0.75 equiv) 80.6 1.7
19 5 (NH4)2CO3 (0.75 equiv) 92.9 1.7

Scheme 12. (A) Proposed Rationale for the Generation of Impurities 14a and 14b; (B) Use of 13C-Labeled Ethyl Formate Results
in 14a and 14b Containing Two 13C-Atoms as Determined by MS Analysis
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was unlabeled or 13C-labeled, respectively (Scheme 12). It is
worth noting that these impurities were also detected in the
reactions employing 8.0 equiv of guanidine, albeit in <0.05
HPLC area %, as determined by the HPLC analysis of the
reaction mixture. Discouraged by the finding of these elevated
levels of solvent-related impurities in the presence of additives,
we decided to carry out the cyclization reaction with 8.0 equiv of
G·HCl for the long-term manufacturing process because of
excellent yield and the consistent purity profile for compound 1.
Isolation of Product 1.After accomplishing the synthesis of

compound 1 with a high degree of control in an easily operable
and one-pot sequence, we sought to effect a direct isolation
employing an efficient crystallization process. The choice of
NMP as the reaction solvent provided an ideal opportunity to
directly isolate the desired product from water. During the
cyclization reaction, the physical properties of the process
stream changed from a solution to a thick slurry. We quickly
discovered that the thick reaction mixture turned into a
homogeneous solution during the addition of the water while
maintaining the internal reaction temperature above 90 °C.
With this information in hand, we decided to optimize the
solvent system with an emphasis on designing a high-yielding
crystallization process.
An extensive polymorph screen identified only one non-

solvated crystalline form and an NMP-solvate of compound 1.
No hydrates were identified from the polymorph screen, and the
nonsolvated form is thermodynamically stable at ambient
conditions. Because residual NMP is undesired in the down-
stream chemistry, it was necessary to directly isolate the
nonsolvated form. A phase map (Figure 3) was generated to

understand the relative stability of forms as a function of
temperature and solvent composition. From 25 to 80 °C, the
NMP solvate is thermodynamically stable at water levels below
33 vol % in NMP, while at higher water content, the nonsolvated
form can be generated. A suitable seeding point at 80 °C was
identified that would allow us to crystallize the desired form.
To simplify the operation, the isolation process was carried

out by charging all water (twice the volume of NMP), seeding at
82−87 °C, followed by cooling to 15−20 °C, and aging for 10 h.
After filtration, the solid was washed with a mixture of 2:1 water/
NMP (v/v), followed by water, to afford a wet cake that was
dried under vacuum at 50 °C to afford diaminopyrimidine 1 in
the desired form as an off-white solid. Remaining impurities
present in the dry cake exhibited excellent rejection in the
downstream chemistry, obviating the need for a further purity
upgrade at this stage.
Incorporating all the previous optimization efforts, we were

able to develop a robust process, as shown in Scheme 13. All
impurities generated in this step were controlled within
acceptable limits; in particular, compounds 8b and 9 were
limited to <1.5 and 0.15 area % in the final isolated solid. The
final optimized process has been successfully implemented on a
commercial scale to prepare approximately 2 metric tons of

compound 1 in 88−94% isolated yield and >97% HPLC purity,
as shown in Table 6.

■ CONCLUSIONS
We have described the development of a robust and efficient
synthesis of advanced intermediate 1 for the preparation of
gefapixant citrate (MK-7264). The one-pot procedurally simple
sequence entails an enolate formation, a cyclization, and a direct
isolation. Key accomplishments include: (1) reduced cost by
using ethyl formate, potassium tert-butoxide, and guanidine
hydrochloride as reagents ($237 vs $2172 per kg of pyrimidine 1
as per Sigma-Aldrich pricing); (2) improved yield (88−94% vs
65%); (3) reduced PMI (step-PMI 29 vs 88 normalized to 1 kg
of 1); (4) shortened cycle time (36 vs 96 h); (5) eliminated
additional purifications by developing a robust crystallization;
and (6) thorough mechanistic understanding of the cyclization
reaction guided by isotopic labeling experiments, which
ultimately revealed the establishment of an equilibrium between
guanidine and biguanide under basic conditions and, thereby,
explained the formation of triazine 9 and other impurities
(Figure 4).
Themechanistic understanding also pointed to a path forward

through the implementation of additives during the cyclization
reaction, only to conclude that this is not possible as long as
NMP is used as the solvent because of the generation of NMP-
related impurities that are difficult to reject downstream. In the
end, the decision to switch from a variable and unpredictable
impurity profile to a high-yielding and robust process in the
presence of 8.0 equiv of guanidine was made, and the choice was
validated on a commercial scale. Ultimately, the usage of excess

Figure 3. Phase map for product 3.

Scheme 13. Optimized Process for Converting CME 2 to
Product 1

Table 6. Tabulated Scale-Up Data for the Synthesis of
Diaminopyrimidine 1

amount of 2 used (kg) amount of 1 made (yielda) purity of 1 (LCAP)

280 375 kg (89%) 97.8
281 377 kg (88%) 97.7
281 352 kg (92%) 97.8
280 355 kg (92%) 97.2
280 362 kg (94%) 97.6
224 270 kg (89%) 97.4

aIsolated yield corrected based on the weight percent of the isolated
material.
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ethyl formate, potassium tert-butoxide, and guanidine was not a
decision that was taken lightly, and revealed the limitations that
are inherent to the way the batch process was carried out. The
subsequent paper in this series23 describes how this limitation
with the improved batch process could be overcome by
switching from the batch to flowmode for the enolate formation.

■ EXPERIMENTAL SECTION

Materials. Details below pertain to lab-scale development
work. Reagents were purchased in the reagent grade from
commercial suppliers and used without further purification,
unless otherwise described. Anhydrous solvents (dimethylsulf-
oxide, N-methylpyrrolidine) were obtained from Sigma-Aldrich
as part of their Sure/Seal bottles product line. NMR solvents,
specifically, DMSO-d6 (anhydrous, 99.9% d-content, catalog
570672-50G), CD3CN (99.8% d-content, catalog DLM-21-
10X0.75), and CDCl3 (99.8% 99.8% d-content, catalog DLM-7-
100) were purchased from Sigma-Aldrich and Cambridge
Isotope Laboratories and used as received. UPLC-MS-grade
acetonitrile (0.1 μm filtered) and UPLC-MS-grade water (0.03
μm filtered) were purchased from Thermo Fisher Scientific.
Unless otherwise noted, all reactions were performed under an
N2-atmosphere.
Instrumentation. Proton nuclear magnetic resonance (1H

NMR) spectra and carbon nuclear magnetic resonance (13C
NMR) spectra were recorded at 25 °C (unless stated otherwise)
on a Bruker 500 spectrometer using a liquid nitrogen-cooled
triple resonance Prodigy CryoProbe or on a Bruker 600
spectrometer using a helium-cooled triple resonance CryoP-
robe. Chemical shifts for protons are reported in parts per
million downfield from tetramethylsilane and are referenced to
the residual proton of the NMR solvent according to values
reported in the literature.24 Chemical shifts for carbon are
reported in parts per million (ppm, δ) downfield from
tetramethylsilane and are referenced to the carbon resonances
of the NMR solvent. For samples in CDCl3, the residual solvent
signal was referenced to 7.26 ppm for 1H and 77.0 ppm for 13C,
for samples in CD3CN the residual solvent signal was referenced
to 1.94 ppm for 1H and 1.32 ppm for 13C, and for samples in
DMSO-d6, the residual solvent signal was referenced to 2.50
ppm for 1H and 39.52 ppm for 13C. Data are represented as
follows: chemical shift, integration, multiplicity (br = broad, s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintet, hept
= heptet, m =multiplet, dd = doublet of doublets, ddd = doublet
of doublet of doublets, dt = doublet of triplets), coupling
constants (J) in hertz (Hz). Homo- and heteronuclear coupling
constants from the isotopic labeling experiments are specified as
JCH, JCC, or JCN. HRMS data were obtained using a Waters
Acquity UPLC interfaced with a Waters Xevo G2 QTof ESI.
Manufacture of Diaminopyrimidine (1). Reactor 1 was

charged with NMP (1119 kg), followed by KOt-Bu (277 kg,

2468.6 mol, 2.26 equiv) at 20 to 25 °C. The mixture was stirred
for 1 h at 20 to 25 °C prior to cooling to −12 to −8 °C. A
solution of CME 2 (224 kg, 1091.4 mol, 1.0 equiv) and
ethylformate (110 kg, 2294.8 mol, 2.1 equiv) in NMP (102 kg)
was charged to reactor 1, maintaining the internal temperature
around −10 °C. The cold mixture was aged for 3 h when solid
guanidine·HCl (834.1 kg, 8731.2 mol, 8.0 equiv) was charged to
the reactor 1 followed by aNMP-flush (123 kg). The reactor was
heated to 115 °C and aged for 6 h (<1% enolate by HPLC). The
mixture was cooled to 90 to 95 °C when water (2370 kg) was
added maintaining the internal temperature above 90 °C. The
resulting homogeneous solution was cooled to 85 °C and seeded
(1 wt % with respect to CME 2, loaded as a slurry in 2:1 (v/v)
H2O/NMP). After being aged for 2 h at 85 °C, the slurry was
linearly cooled to 15 to 20 °C over 6 h. The slurry was aged for
additional 10 h, followed by filtration. The batch was filtered in
an agitated filter dryer using Kavon 909 poly cloth. The wet cake
was washed with 2:1 (v/v) water/NMP mixture (2 × 669 kg),
water (2 × 669 kg) and dried under vacuum at 50 °C for ∼24 h
to afford the desired diaminopyrimidine 1 as an off-white solid
(270.4 kg, 89% yield, >97% purity). 1H NMR (500 MHz,
DMSO-d6): δ 7.23 (s, 1H), 6.83 (d, J = 3.0Hz, 1H), 6.70 (dd, J =
8.9, 3.0 Hz, 1H), 6.63 (d, J = 8.9 Hz, 1H), 6.32 (s, 2H), 5.75 (s,
2H), 3.71 (s, 3H), 3.28 (hept, J = 6.90 Hz, 1H), 1.20 (d, J = 6.9
Hz, 6H). 13C NMR (126 MHz, DMSO-d6): δ 159.64, 157.07,
154.96, 148.30, 144.06, 138.88, 130.28, 116.78, 112.45, 111.18,
55.30, 26.49, 22.75. ESI HRMSm/z: calcd for C14H19N4O2 ([M
+ H]+), 275.1503; found, 275.1512.

Spectral Data for 6-13C-1. 1H NMR (500 MHz, DMSO-d6):
δ 7.23 (d, JCH = 173.0 Hz, 1H), 6.83 (d, J = 3.0 Hz, 1H), 6.69
(dd, J = 8.9, 3.0 Hz, 1H), 6.62 (d, J = 8.9 Hz, 1H), 6.30 (br s,
2H), 5.74 (s, 2H), 3.71 (s, 3H), 3.28 (hept, J = 6.9 Hz, 1H), 1.20
(d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, DMSO-d6): δ 159.72
(d, JCC = 3.3 Hz), 157.04 (d, JCC = 5.9 Hz), 154.93, 148.33,
144.26 (13C enriched), 138.85, 130.21 (d, J = 74.1 Hz), 116.73,
112.44, 111.16, 55.29, 26.48, 22.74. ESI HRMS m/z: calcd for
13C1C13H19N4O2 ([M + H]+), 276.1536; found, 276.1539.

Spectral Data for 15N-1. 1H NMR (500 MHz, DMSO-d6): δ
7.25 (s, 1H), 6.83 (d, J = 2.8 Hz, 1H), 6.70 (dd, J = 8.9, 2.9 Hz,
1H), 6.64 (d, J = 8.8 Hz, 1H), 6.22 (d, J = 87.5 Hz, 2H), 5.66 (s,
2H), 3.72 (s, 3H), 3.29 (hept, J = 6.9 Hz, 1H), 1.21 (d, J = 6.9
Hz, 6H). 13C NMR (126 MHz, DMSO-d6): δ 159.54 (d, JCN =
2.6 Hz), 156.88 (d, JCN = 20.1 Hz), 154.92, 148.17, 144.07,
138.78, 130.27 (d, JCN = 1.8 Hz), 116.69, 112.40, 111.17, 55.22,
26.43, 22.58. ESI HRMSm/z: calcd for C14H19

15N1N3O2 ([M +
H]+), 276.1473; found, 276.1475.

Spectral Data for 2-13C-1. δ 1H NMR (500 MHz, DMSO-
d6): δ 7.25 (d, J = 12.6 Hz, 1H), 6.83 (d, J = 2.9 Hz, 1H), 6.70
(dd, J = 8.9, 3.0 Hz, 1H), 6.64 (d, J = 8.8 Hz, 1H), 6.29 (br s,
2H), 5.65 (s, 2H), 3.72 (s, 3H), 3.28 (hept, J = 6.9 Hz, 1H), 1.21
(d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, DMSO-d6): δ 159.54

Figure 4.Graphical illustration of improvements in terms of: (left) raw material cost, (middle) yield, and (right) step-PMI normalized to 1 kg of 1 for
the second generation (Gen 2) compared to the first generation (Gen 1) chemistry.

Organic Process Research & Development pubs.acs.org/OPRD Article

https://dx.doi.org/10.1021/acs.oprd.0c00246
Org. Process Res. Dev. XXXX, XXX, XXX−XXX

L

https://pubs.acs.org/doi/10.1021/acs.oprd.0c00246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00246?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00246?fig=fig4&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://dx.doi.org/10.1021/acs.oprd.0c00246?ref=pdf


(13C-enriched), 156.89, 154.92, 148.17, 144.07 (d, JCC = 3.5
Hz), 138.78, 130.28 (d, JCC = 14.3 Hz), 116.69, 112.40, 111.18,
55.22, 26.43, 22.58. ESI HRMS m/z: calcd for 13C1C13H18N4O2
(M+), 275.1463; found, 275.1449. ESI HRMS m/z: calcd for
13C1C13H19N4O2 ([M + H]+), 276.1536; found, 276.1519.
Manufacture of CME (2). A 12 to 15 wt % solution of 2-

isopropyl-4-methoxylphenol (314.3 kg, 12 wt %, 226.8 mol) was
concentrated to 45 to 60 wt % 2-isopropyl-4-methoxyphenol in
toluene under vacuum at 40 to 50 °C. To the solution was added
189 L of NMP, and the mixture was cooled to 5 °C. Sodium
hydroxide (27.2 kg, 50 wt % in water, 340 mol) and
chloroacetonitrile (36 kg, 340 mol) were added sequentially to
themixture while maintaining the internal temperature below 10
°C. The reaction was aged for 2 h and then diluted with 150 L of
toluene and 226 L of water while maintaining the temperature
below 10 °C. The mixture was warmed to 20 to 25 °C, the layers
were separated, and the organic layer was washed with 75 L of 20
wt % NaCl (aq). The organic layer was concentrated to roughly
two volumes and filtered to provide 2-(2-isopropyl-4-
methoxyphenoxy)acetonitrile (56.8 kg, 74.6 wt %) as a solution
in toluene. The filter was washed with NMP to provide
additional 2-(2-isopropyl-4-methoxyphenoxy)acetonitrile (27.1
kg, 5.0 wt %) as a solution in NMP. The combined yield of 2was
about 94%. 1H NMR (400 MHz, CDCl3): δ 6.88 (d, J = 8.8 Hz,
1H), 6.83 (d, J = 2.9 Hz, 1H), 6.70 (dd, J = 8.8, 3.0 Hz, 1H), 4.72
(s, 2H), 3.79 (s, 3H), 3.27 (hept, J = 6.9 Hz, 1H), 1.22 (d, J = 6.9
Hz, 6H). 13C NMR (126 MHz, CDCl3): δ 155.82, 148.24,
140.13, 115.69, 114.27, 113.59, 110.61, 55.69, 55.30, 27.03,
22.98.
Synthesis of 15N-Labeled-2. To a cold (0 °C), stirred

solution of KOt-Bu (2.4 g, 21.7 mmol) in NMP (15.0 mL) was
added a solution of 2-isopropyl-4-methoxyphenol (3.0 g, 18.1
mmol) in NMP (15.0 mL) over a period of 30 min. Neat
chloromethyl methyl sulfide (2.1 g, 21.7 mmol) was added
dropwise over a period of 15 min. The reaction mixture was
slowly warmed to room temperature and aged overnight. The
reaction was quenched with water (25 mL), followed by a
saturated aqueous solution of NH4Cl (25 mL). The resulting
layer was extracted with heptane (2 × 25 mL). The combined
organic layers were washed with 5 wt % aqueous solution of LiCl
(20mL), dried overMgSO4, filtered, and concentrated to yield a
residue that was purified by column on silica (elution with 100:1
to 10:1 hexane/EtOAc) to yield the desired thiomethylether
intermediate as a colorless oil. 1H NMR (500 MHz, CDCl3): δ
6.85 (d, J = 8.8 Hz, 1H), 6.81 (d, J = 3.1 Hz, 1H), 6.67 (dd, J =
8.8, 3.1 Hz, 1H), 5.12 (s, 2H), 3.78 (s, 3H), 3.33 (hept, J = 6.9
Hz, 1H), 2.26 (s, 3H), 1.22 (d, J = 6.9 Hz, 6H). 13C NMR (126
MHz, CDCl3): δ 154.81, 148.41, 140.05, 114.94, 113.21, 110.31,
73.85, 55.70, 26.98, 23.05, 14.99. To a cold (0 °C), stirred
solution of the above intermediate (1.5 g, 6.6 mmol) in DCM
(6.0 mL) was added a solution of sulfuryl chloride (6.96 mL of
1.0 M solution in DCM, 6.96 mmol) dropwise. The resulting
yellow solution was stirred at 0 °C for 1 h and then at room
temperature for 30 min. The mixture was concentrated, and the
residue was quickly filtered through a pad of silica, followed by
washing with 30:1 hexane/EtOAc (100 mL). The filtrate was
concentrated to provide the α-chloro ether. 1H NMR (500
MHz, CDCl3): δ 7.07 (d, J = 8.9 Hz, 1H), 6.82 (d, J = 3.1 Hz,
1H), 6.72 (dd, J = 8.9, 3.1 Hz, 1H), 5.89 (s, 2H), 3.79 (s, 3H),
3.29 (hept, J = 6.9 Hz, 1H), 1.20 (d, J = 6.9 Hz, 6H). This
intermediate was dissolved in acetone (6.0 mL). To the solution
was added KC15N (0.43 g, 6.6 mmol) and heated to 60 °C
overnight. The resulting slurry was filtered and washed with

MTBE. The filtrate was concentrated, and the residue was
purified by column chromatography on silica gel (elution with
100:1 to 10:1 hexane/EtOAc) to afford the desired 15N-labeled
cyanomethylether (15N-labeled-2) as a colorless oil. 1H NMR
(500 MHz, CDCl3): δ 6.88 (d, J = 8.8 Hz, 1H), 6.85 (d, J = 3.1
Hz, 1H), 6.71 (dd, J = 8.8, 3.1 Hz, 1H), 4.71 (d, JNH = 1.6 Hz,
2H), 3.79 (s, 3H), 3.29 (hept, J = 6.9 Hz, 1H), 1.23 (d, J = 7.0
Hz, 6H). 13C NMR (126 MHz, CDCl3): δ 155.68, 148.12,
139.96, 115.66 (d, JCN = 16.1Hz), 114.15, 113.44, 110.51, 55.54,
55.12 (d, JCN = 2.9 Hz), 26.92, 22.85.

Spectral Data for 8a. 1H NMR (500 MHz, CDCl3): δ 6.89
(d, J = 8.8 Hz, 1H), 6.85−6.81 (m, 3H), 6.72 (dd, J = 8.8, 3.1 Hz,
1H), 6.66 (dd, J = 8.8, 3.1 Hz, 1H), 4.84 (s, 2H), 4.68 (br s, 2H),
3.80 (s, 3H), 3.78 (s, 3H), 3.38−3.24 (m, 2H), 1.26−1.23 (m,
12H). 13C NMR (126 MHz, CDCl3): δ 155.97, 155.09, 148.80,
147.02, 145.44, 139.30, 139.10, 116.04, 115.29, 113.57, 113.36,
110.86, 110.48, 103.84, 77.41, 77.16, 76.91, 65.50, 55.75, 27.31,
27.22, 23.00, 22.99. ESI HRMSm/z: calcd for C24H31N2O4 ([M
+ H]+), 411.2278; found, 411.2279.

Spectral Data for 8b. 1H NMR (500 MHz, DMSO-d6): δ
6.80 (d, J = 8.9 Hz, 1H), 6.74 (d, J = 3.0 Hz, 1H), 6.64 (d, J = 3.1
Hz, 1H), 6.59 (dd, J = 7.0, 3.0 Hz, 1H), 6.58 (dd, J = 6.9, 3.1 Hz,
1H), 6.36 (d, J = 8.9 Hz, 1H), 6.27 (br s, 2H), 6.02 (s, 2H), 4.48
(s, 2H), 3.66 (s, 3H), 3.64 (s, 3H), 3.40−3.33 (m, 1H), 2.98−
2.79 (m, 1H), 1.10 (d, J = 6.8 Hz, 6H), 0.98 (d, J = 7.0 Hz, 6H).
13C NMR (126 MHz, DMSO-d6): δ 160.06, 158.81, 154.22,
153.58, 149.84, 148.83, 138.01, 137.12, 125.61, 113.13, 112.61,
112.53, 112.33, 110.47, 110.19, 67.24, 55.30, 55.22, 26.22,
25.93, 22.67, 22.61. ESI HRMSm/z: calcd for C25H33N4O4 ([M
+ H]+), 453.2496; found, 453.2483.

Spectral Data for 9. 1H NMR (500 MHz, DMSO-d6): δ
6.89−6.60 (m, 7H), 4.64 (s, 2H), 3.67 (s, 3H), 3.33−3.25 (m,
1H), 1.15 (d, J = 6.9 Hz, 6H). 13CNMR (126MHz, DMSO-d6):
δ 173.61, 167.11, 153.59, 149.86, 137.90, 113.40, 112.42,
110.36, 71.42, 55.21, 26.19, 22.71. ESI HRMS m/z: calcd for
C14H19N4O2 ([M + H]+), 290.1612; found, 290.1616.

Spectral Data for 2,4-13C2-9.
1H NMR (500 MHz, DMSO-

d6): δ 6.84−6.61 (m, 7H), 4.64 (s, 2H), 3.67 (s, 3H), 3.30 (hept,
J = 6.94 Hz, 1H), 1.15 (d, J = 6.9 Hz, 6H). 13C NMR (126MHz,
DMSO-d6): δ 173.61 (t, J = 2.0 Hz), 167.09 (13C enriched),
153.58, 149.86, 137.91, 113.41, 112.42, 110.35, 71.42 (t, JCC =
5.1 Hz), 55.21, 26.20, 22.71. ESI HRMS m/z: calcd for
13C2C12H19N4O2 ([M + H]+), 292.1684; found, 292.1696.

Spectral Data for 10. 1H NMR (500 MHz, DMSO-d6): δ
7.93 (s, 1H), 6.66 (br s, 4H). 13C NMR (126 MHz, DMSO-d6):
δ 166.53, 166.03. GC LRMS m/z: calcd for C3H5N5 (M+),
111.0; found, 111.0.

Spectral Data for 11. 1H NMR (600 MHz, DMSO-d6): δ
10.53 (br s, 1H), 8.41 (br s, 4H), 7.64 (br s, 1H), 7.39 (br s, 1H),
7.28 (s, 1H), 6.89 (d, J = 3.1 Hz, 1H), 6.88 (d, J = 8.8 Hz, 1H),
6.77 (dd, J = 8.9, 3.0 Hz, 1H), 3.74 (s, 3H), 3.13 (hept, J = 6.9
Hz, 1H), 1.17 (d, J = 6.9 Hz, 6H). 13CNMR (151MHz, DMSO-
d6): δ 156.34, 156.21, 155.50, 151.41, 145.88, 140.27, 138.79,
135.45, 119.75, 112.65, 111.82, 55.35, 26.65, 22.84. ESI HRMS
m/z: calcd for C15H21N6O2 ([M + H]+), 317.1721; found,
317.1721.

Spectral Data for 14a. 1H NMR (500 MHz, DMSO-d6): δ
9.00 (d, J = 12.0 Hz, 1H), 7.78 (dt, J = 11.9, 2.5 Hz, 1H), 7.31 (s,
1H), 6.92−6.85 (m, 2H), 6.86 (d, J = 2.7 Hz, 1H), 6.78−6.71
(m, 2H), 3.73 (s, 3H), 3.35−3.29 (m, 2H), 3.22 (hept, J = 6.9
Hz, 1H), 2.76 (s, 3H), 2.65 (ddd, J = 7.7, 6.3, 2.5 Hz, 2H), 1.19
(d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, DMSO-d6): δ 169.49,
156.91, 155.55, 154.15, 147.28, 142.01, 139.64, 133.23, 127.41,
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118.31, 112.54, 111.49, 105.85, 55.31, 46.00, 29.42, 26.55,
22.82, 20.88. ESI HRMS m/z: calcd for C20H26N5O3 ([M +
H]+), 384.2030; found, 384.2020.
Spectral Data for 14b. 1H NMR (500 MHz, DMSO-d6): δ

9.76 (d, J = 11.2 Hz, 1H), 7.35 (dt, J = 11.1, 1.9 Hz, 1H), 7.28 (s,
1H), 6.94−6.86 (m, 2H), 6.86 (dd, J = 2.3, 1.2 Hz, 1H), 6.75−
6.71 (m, 2H), 3.72 (s, 3H), 3.37 (dd, J = 7.7, 6.5 Hz, 2H), 3.21
(hept, J = 6.9 Hz, 1H), 2.76 (s, 3H), 2.65 (ddd, J = 8.2, 6.5, 1.9
Hz, 2H), 1.19 (d, J = 6.9 Hz, 6H). 13CNMR (126MHz, DMSO-
d6): δ 170.53, 157.16, 155.54, 152.86, 147.28, 142.05, 139.59,
133.27, 129.02, 118.17, 112.54, 111.48, 103.23, 55.31, 46.94,
29.15, 26.54, 22.81, 21.33. ESI HRMS m/z: calcd for
C20H26N5O3 ([M + H]+), 384.2030; found, 384.2023.
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