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ABSTRACT: The development of a commercial manufactur-
ing route to verubecestat (MK-8931) is described, highlights of
which include the application of a continuous processing step
to outcompete fast proton transfer in a Mannich-type ketimine
addition, a copper-catalyzed amidation reaction, and an
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verubecestat (MK-8931)

61% yield

optimized guanidinylation procedure to form the key iminothiadiazine dioxide core.

erubecestat’ (MK-8931, 1), currently being evaluated in
Phase III clinical trials, is an inhibitor of BACE1 that
dramatically reduces the levels of amyloid f peptides in the
central nervous system of Alzheimer’s disease (AD) patients.2
Our laboratories have recently disclosed the first generation
synthesis of 1, a route that enabled the discovery, preclinical, and
early development research programs. We have also reported a
highly eflicient second generation synthesis that triples the
overall yield of the first.” The key features of this latter effort are a
diastereoselective Mannich-type addition of a methyl sulfona-
mide (3) to a chiral Ellman sulfinyl ketimine (2)° to generate the
stereogenic tertiary carbamine, a copper-catalyzed C—N
coupling of the resultant aryl bromide (4) and 4-fluoropicolina-
mide (5), and a late-stage guanidinylation of the penultimate
intermediate (7) with cyanogen bromide (Scheme 1). The
conciseness of this improved synthesis, supported by a
minimization of functional group manipulations and protecting
group chemistry, provides access to 1 at half the cost of the first
generation route and with a more than 70% reduction in the
waste generated as judged by the process mass intensity (PMI).°
The revised synthesis was successfully executed at scale to
support activities related to the verubecestat (1) late develop-
ment program. Nonetheless, several chemical transformations
drew our attention as steps that should be able to be conducted
with even greater synthetic efficiency. The first was the Mannich-
type addition of the lithium anion of 3 to ketimine 2. Only a
moderate assay yield of 4 is obtained at pilot plant scale (70—
75%), and the reaction must be performed under cryogenic
operating conditions (less than —65 °C), a temperature that not
only is highly energy-intensive to achieve and maintain but also
imposes significant constraints on the flexibility of both the siting
and vessel selection of commercial product manufacture. We
have recently reported deuterium quenching studies of this
reaction that revealed the competition between the desired 1,2-
addition and deprotonation of the electrophile by both the
organometallic nucleophile and the unquenched product,
experiments which led us to the discovery of a continuous
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Scheme 1. Second Generation Synthesis of Verubecestat (1)
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process for this step that controls the selectivity between the
varlous reaction pathways through mixing characteristics in
flow.” Not only does operating in a continuous instead of batch
mode provide a substantially higher assay yield of the desired
product (89—91%), but it relieves the reaction of the cryogenic
operating requirement; the optimal process temperature is now
only —20 °C (Scheme 2).

Contemporaneous with this discovery, we continued to study
the copper-catalyzed amidation reaction between S-fluoro-
picolinamide (5) and aryl bromide 4, as it too proceeded in
only modest yield (70%) at pilot plant scale (Scheme 1). No
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Scheme 2. Using Flow To Outpace Fast Proton Transfer in the
Mannich-Type Addition of 9 to 2

1 o}
" il
QP 1H7H?x‘:_l|v Y static mixer N8y
Me”SNPME > HL7oSNPMB | > @ <—— g
Me -20°C V\'lle Ve
3 9 - F
1.0 M in THF 2
1.75 equiv 0.8 Min THF
1.0 equiv

Batch process (cryogenic):
73% yield with competitive proton transfer tBu” N o) /o

Flow process (non-cryogenic):
87-91% yield when proton transfer is outpaced

significant improvement was realized through exhaustive high-
throughput reaction parameter screening. In considering
alternative fragment couplings that might proceed in higher
efficiency, we became interested in the reactivity and selectivity
of a partially deprotected analog of 5 under similar catalytic
conditions. We treated the unquenched product stream from the
continuous process (Scheme 2) with excess HCI to selectively
and rapidly remove the N-tert-butanesulfinyl group in the
presence of the more acid-stable para-methoxybenzyl sulfona-
mide, which delivered a solution of amine 11 in high assay yield
(Scheme 3). Amine 11 is only weakly crystalline, and so the

Scheme 3. Synthesis of Amine 11 and Subsequent C—N
Coupling with 5-Fluoropicolinamide (5)
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isolation of pure material without resorting to chromatography
proved challenging. Nevertheless, we were delighted to discover
that, unintuitively, the desired amidation reaction of 11 with §
proceeded with near-quantitative conversion of the starting
material and in higher isolated yield (85%) than the previously
employed fully protected aryl bromide 4. We speculate that 11
could serve as a monodentate ligand for copper, accelerating the
aryl amidation reaction by favoring the catalytically active
copper—amide species over the unreactive cuprate complex.®
trans-N,N’-Dimethylcyclohexane-1,2-diamine remained the
preferred bidentate ligand, as it afforded the best yield while
minimizing the amount of ligand-aryl bromide coupled by-
product (which we observed with other less sterically hindered
diamine ligands such as N,N’-dimethylethylenediamine and
trans-1,2,-diaminocyclohexane). Toluene was the optimal
solvent to suppress proto-debromination of 11 to amine 13
(Scheme 3). The coupling must be conducted above 100 °C to
achieve optimal conversion and avoid significant formation of 13
(Table 1, entries 1 and 2), but diminishing returns were observed
at 125 °C (entry 3). Unlike the C—N coupling of the second
generation synthesis, only an equimolar amount of ligand was
required relative to the copper salt (entry 3), which provides

Table 1. Selected Catalyst Loading and Temperature
Optimization Experiments for the C—N Coupling of Aryl
Bromide 11 with 5-Fluoropicolinamide (5)

NH;
? O\\//o
NPMB

1.1 equiv 5-fluoropicolinamide (5)
Cul, trans-N,N'-dimethyl-

NH2 0 O
N/ cyclohexane 1,2-diamine
Br. L S0
H NPMB
Me 0 7 o equiv K,CO3
F toluene, H,0

1

Cul ligand temy conversion
entry  (equiv) (equiv) (°C 13 (%)“ (%)
1 0.3 0.6 88 3.0 90.5
2 0.3 0.6 107 1.6 99.3
3 0.3 0.6 125 1.3 99.4
4 0.3 0.3 110 0.6 99.7
S 0.2 0.2 110 0.9 99.5
6 0.1 0.1 110 0.7 92.0

“Determined by HPLC analysis.

significant cost-savings at commercial manufacturing scale. This
observation was consistent with the hypothesis that the substrate
itself can serve to ligate copper, although an exogenous ligand is
still necessary to effect this reaction. The decrease in ligand
loading also slightly increased the assay yield of 12, as we found a
proportional decrease in the amount of 13 formed (e.g., entries 3
and 4). The catalyst loading can be decreased to only 0.2 equiv
with no significant decrease in performance (entry S), but 0.1
equiv was insufficient for full conversion (entry 6). Under the
optimal conditions, 12 was obtained in 90% isolated yield on
pilot plant scale.”

Together, the novel continuous process for the Mannich-type
ketimine addition to prepare 10 and the revised C—N coupling
chemistry provided a significant improvement in the overall yield
compared to the second generation route. The main challenge to
integrating these innovations into a next generation synthesis of
verubecestat (1) was that, in the previous route, crystallization of
intermediate 6 provided the pivotal point of stereochemical
purity upgrade (typically from 91:9 dr to >99:1 dr). This
isolation was the only stage in the synthesis at which the
separation of diastereomers through crystallization was possible,
and downstream rejection of the corresponding undesired
enantiomers through crystallization was far more modest.
Intermediate 4 is a weakly crystalline solid, preventing it from
serving as a similar point of diastereomeric control. Thus, we
chose to evaluate chiral acid salts of our new C—N coupling
precursor 11, seeking to upgrade the stereochemical purity as
early as possible in the synthesis and, critically, to identify an
isolable solid intermediate. In high-throughput fashion, we
looked for crystalline salts of a wide array of commercially
available chiral acids in the presence of 11; (S)-mandelic acid
emerged as the most promising.'” In the optimized crystal-
lization process, the desired salt (15) could be isolated in 98.5%
yield (relative to the desired enantiomer present in the starting
material), 99.9% purity, and 98.8% ee (Scheme 4). Notably,
being able to use a water-immiscible solvent such as toluene for
the crystallization after an aqueous deprotection of 10 provided a

Scheme 4. Optimized Conditions for the Crystallization of 15
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seamless connection between an organic phase extraction of free-
based 11 (the end of the continuous process) and the
downstream salt isolation (the starting material for the revised
C—N coupling).

With these synthetic improvements in place, we turned to the
deprotection of 12. In the second generation synthesis, the para-
methoxybenzyl protecting group is removed with neat trifluoro-
acetic acid (Scheme 1). Faced with the prospect of continuing to
use such an excess (24 equiv) of an expensive reagent, we
returned to reaction parameter screening in an attempt to
uncover a practical and cost-efficient alternative. We overcame
the very poor solubility of 7 in most organic solvents by using
acetic acid as the bulk media, and although acetic acid was not
strong enough to perform the desired transformation efficiently,
stronger acids could be added to accelerate the deprotection.
Both sulfuric and methanesulfonic acid in the presence of acetic
acid provided 7 in equivalently high yield and purity as obtained
with the neat trifluoroacetic acid protocol (Scheme 5); we chose
to advance the latter acid since sulfuric acid led to intractable
emulsions in a variety of aqueous workups.

Scheme 5. Previous Conditions for the Deprotection of 12
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In lab-scale experiments, once the deprotection was complete,
the hazy solution was cooled to 20 °C, diluted with water, washed
with toluene, and then slowly added to aqueous ammonium
hydroxide to effect a pH-driven crystallization of 7. In our first
kilogram-scale batch of the new methanesulfonic acid based
procedure, we did not, surprisingly, observe the same hazy
solution at the end of reaction. Instead, the solution became clear
and the hazy material amassed to a sticky gumball that could not
be redispersed into solution with agitation or heat. Analysis of the
solid material by MALDI-TOF mass spectrometry revealed
many species, the largest of which were over 6000 Da. Each
observed peak differed in mass from the others by a multiple of
120 Da (Figure 1), implicating para-methoxybenzyl cation
polymerization as the source of the gumball. Conducting the
deprotection in the presence of 1.0 equiv of the electron-rich
arene 1,3-dimethoxybenzene (DMB) completely prevented the
formation of higher-order PMB polymers, and the resulting
DMB-PMB byproducts were readily removed during the workup
in the existing toluene wash (Scheme 6).
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Figure 1. MALDI spectra of PMB polymers from the deprotection of 12
to 7.

Scheme 6. Optimized Conditions for the Deprotection of 12
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In the second generation synthesis, a reactive crystallization of
hydrogen bromide salt 8 provided the basis for an efficient
formation of the iminothiadiazine dioxide ring from 7 and
cyanogen bromide (Scheme 1). Our laboratories have recently
disclosed an unprecedented formation of a 1:1:2 cocrystal of 1, 7,
and hydrogen bromide, respectively, under these reaction
conditions, ' a singular physical phenomenon that renders the
existing process untenable. In renewed efforts to wholly redesign
the end game to circumvent this liability, we initially sought to
identify basic conditions that would provide a homogeneous
reaction and neutralize the problematic hydrogen bromide. In
general, we observed low assay yields due to the reaction of 1 (no
longer protected as hydrogen bromide salt 8) with cyanogen
bromide. For example, when 0.5 equiv of N,N-diisopropyl-
ethylamine was used we observed a 8:1 mixture of 1 to
overcyanated 16 (Scheme 7).

Scheme 7. Over-cyanation of 1 with Cyanogen Bromide To
Form 16 under Basic Reaction Conditions
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We hypothesized that we could avoid generating either the
aforementioned cocrystal or 16 if we developed a process that
featured a chemoselective conversion of intermediate 7 to
cyanamide 17, a workup step to remove residual cyanogen
bromide, and then a final intramolecular cyclization event to
generate 1. Amine bases weaker than N,N-diisopropylethylamine
provided cyanamide 17 as the exclusive product, but in only 50—
63% conversion (Table 2, entries 1—3). A breakthrough occurred
upon the evaluation of inorganic bases, where higher levels of
conversion to cyanamide 17 were observed in a range of solvents
using either KH,PO, or NaHCOj (entries S, 6, 11, and 12). We
chose to optimize the reaction with NaHCO; rather than
KH,PO,, as the latter presented handling challenges on scale due
to its hygroscopicity. When employing NaHCO;, some product
decomposition was observed under extended reaction times in
MeOH or DMACc (entries 8 and 9). NMP, THF, and 2-MeTHF
were differentiated with respect to conversion and stream
stability, and similarly high levels of reaction conversion were
achieved using 2-MeTHF when the process was conducted at
only 45 °C. Following a reductive workup using aqueous sodium
thiosulfate to destroy the small amount of residual cyanogen
bromide, the 2-MeTHF stream containing cyanamide 17 could
be simply treated with aqueous sodium hydroxide to facilitate
intramolecular cyclization to 1, which was accompanied by only
trace amounts of overcyanated 16 (Scheme 8). The product was
isolated as its para-toluenesulfonate salt (18) by addition of a
solution of para-toluenesulfonic acid; a subsequent free-basing
with potassium carbonate and crystallization from EtOAc and n-
heptane provided 1 in 86% isolated yield from 7.
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Table 2. Selected Optimization Experiments for the
Conversion of Amine 7 to N-Cyano Intermediate 17

N I n Hall mlr_’\lle 1.0eifi:ybase F Y N\\NH H’]"Me
SN A0 ————— N N0
7 17
entry base solvent conversion (%)*"
1 HMDS MeCN S0
2 diethylaniline MeCN 56
3 2,6-di-tert-butylpyridine MeCN 63
4 K,HPO, THF 58
5 K,HPO, DMAc 73
6 K,HPO, IPA 86
7 K,HPO, NMP 60
8 NaHCO, MeOH 63 (54)
9 NaHCO, DMAc 80 (71)
10 NaHCO, THF 53 (86)
11 NaHCO, NMP 96
12 NaHCO, 2-MeTHF >99¢

“Determined by HPLC analysis after 24 h. “Values in parentheses
refer to conversion determined after 48 h. “Reaction conducted at 45
°C.

Scheme 8. Revised End Game Synthesis of Verubecestat (1)
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The sum of this work constitutes the third generation synthesis
of verubecestat (1). The overall yield of 61% from the coupling of
2 and 3 through to 1 improves significantly on the second
generation route, for which the same sequence delivers a 44%
overall yield. Additionally, gains in efficiency across the overall
process produced a further 18% reduction in PMI. These results
were enabled by the discovery of a novel continuous process for
the Mannich-type ketimine addition used to form the chiral
tertiary carbamine, the identification of a new chiral salt (15) to
provide the key point of stereochemical upgrade, and anew C—N
coupling that takes advantage of an unexpected boost in
reactivity gained by employing a substrate (11) that has been
partially deprotected. Further improvements in the end game
that enhance the robustness of this process include the use of 1,3-
dimethoxybenzene to avoid risks posed by PMB-based polymers
in the final deprotection and a new orchestration of the
guanidylation sequence to synthesize the iminothiadiazine
dioxide ring that circumvents a recently identified cocrystal.
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