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ABSTRACT: The development of a convergent and highly stereoselective synthesis of an HCV NS3/4a protease inhibitor
possessing a unique spirocyclic and macrocyclic architecture is described. A late-stage spirocyclization strategy both enabled rapid
structure−activity relationship studies in the drug discovery phase and simultaneously served as the basis for the large scale drug
candidate preparation for clinical use. Also reported is the discovery of a novel InCl3-catalyzed carbonyl reduction with household
aluminum foil or zinc powder as the terminal reductant.

Since the approval of the first series of direct acting antiviral
agents by the FDA in 2011, the NS3/4A protease inhibitor

has remained the crucial component in the Hepatitis C
treatment regimen.1 However, the rapid emergence of drug
resistance, along with moderate sustained virological response
with the initial treatment options, has led to intensified
development efforts toward more potent antivirals with higher
barriers to drug resistance.2 One such compound is MK-8831
(1), which is under evaluation as a potential treatment with a
broader genotypic response (Figure 1).3 Structurally, in

addition to the macrocyclic scaffold found in a number of
second generation protease inhibitors such as grazoprevir,4

simeprevir,5 and danoprevir,6 MK-8831 contains a unique
spirocyclic stereogenic center which is thought to provide
favorable conformational rigidity, thereby enhancing the drug’s
binding affinity by lowering the entropic penalty arising from
protein−ligand complex formation.7

From a synthetic perspective, the spirocyclic design
introduced significant complexity for the preparation of a
large number of analogues for structure−activity relationship
(SAR) evaluation. Therefore, it was highly desirable to design a
synthetic strategy that would facilitate structural optimization
and simultaneously provide an immediate path forward to large
scale preparation. In this letter, we describe our efforts to
enhance access to complex target compounds at the junction of
discovery and process chemistry, and the evolution of this
chemistry into an efficient kilogram-scale synthesis of
compound 1.
We began our investigation by examining the medicinal

chemistry approach that utilized a late stage ring-closing
metathesis to construct the 15-membered ring macrocycle with
the preformed spirocycle D (Scheme 1). Since the quinoline
moiety A, one of the key SAR components, was introduced at
an early stage in a nonstereoselective manner and in a linear
multistep sequence, the synthesis created a significant delay in
the iterative lead optimization process. We envisioned a more
convergent approach wherein two advanced intermediates were
assembled stereoselectively at a late stage via an amine-
mediated spirocyclization.8 In regard to the diastereoselectivity
in the spirocyclization, we anticipated that the increased bulk of
the proline fragment could favorably impact the diastereose-
lectivity-determining C−O bond formation.
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Figure 1. NS3/4a Protease inhibitor 1 for the treatment of Hepatitis
C.

Letter

pubs.acs.org/OrgLett

© 2016 American Chemical Society 1394 DOI: 10.1021/acs.orglett.6b00331
Org. Lett. 2016, 18, 1394−1397



Our initial efforts using the advanced intermediates such as
amide 3 gave negligible improvement in diastereoselectivity
indicating that the steric bias from the substituted amide group
was insufficient to influence the selectivity (eq 1). To our

delight, however, the cyclization using the preformed macro-
cycle 5 provided the spirocyclic pyranone 6 in improved yield
and diastereoselectivity toward the desired stereoisomer (60%,
5:1 dr). We found that the reaction could be further enhanced
with an acid additive, improving the yield and diastereose-
lectivity to 87% and 10:1, respectively (eq 2).9

With proof-of-concept for late-stage spirocyclization in hand,
our next challenge was to reduce the benzylic ketone to the
corresponding methylene compound 8 chemoselectively in the
presence of a number of sensitive functional groups such as an
olefin, Boc group, ester, and cyclopropyl group. While all our
initial deoxygenation attempts failed due to these chemo-
selectivity problems, we ultimately identified a mild three-step
sequence involving ketone reduction, chlorination, and
reductive dechlorination10 that allowed for smooth trans-
formation of ketone to methylene in 60% overall yield, setting
the stage for further SAR at the ester or amine functionality
(Scheme 2).
The late stage spirocyclization−reduction strategy proved

remarkably useful in expediting the SAR activity by allowing
access to a variety of target compounds from the macrocyclic
intermediate 5 in a few simple steps. More specifically, delaying
the introduction of the quinoline fragment, which is the most
complex diversifying element, was crucial in rendering the
synthesis more convergent and amenable to parallel synthesis.
When the structural optimization efforts ultimately led to the

identification of compound 1 as a drug candidate with a
promising pan-genotypic profile, we started our development
work by analyzing the existing synthesis to address any

potential challenges for large scale manufacturing. In our
analysis, potentially problematic steps included the ring-closing
metathesis (RCM) that required high catalyst loading,
stannane-based Stille coupling used in the quinoline synthesis,
and the multistep deoxygenation sequence.
The synthesis of the macrocycle-fused prolinone 5 started

from known diene intermediate 11 (Scheme 3). During

optimization of the RCM reaction, it became evident that the
macrocyclization was not suitable for large scale preparation,
requiring a high catalyst loading (>5 mol %) and high dilution
(0.01−0.02 M) to afford the corresponding macrocycle in
reasonable yield. In addition, the cyclization was accompanied
by the formation of numerous oligomeric byproducts. This
inefficiency was especially noticeable when the more reactive
Grubbs−Hoveyda second generation catalyst was employed,
implicating product participation in olefin metathesis. Further
optimization efforts including higher concentration, elevated
temperature, or slow addition of catalyst and/or substrate failed
to provide a satisfactory improvement in reaction performance.
Postulating that the poor reactivity might be due to the

presence of Lewis basic functional groups capable of
sequestering the ruthenium catalyst, we adopted the method
developed by Shu and co-workers and temporarily masked the
proximal amide nitrogen with a Boc group.11 Selective
protection of the amide was not feasible due to facile O-Boc
formation on the proline ring; therefore, we pursued the use of
tri-Boc substrate 11 in the RCM reaction. To our gratification,
diene 11 performed remarkably well at a catalyst loading as low
as 0.5 mol %, providing the desired macrocycle 12 in 90% yield
and >95% purity by HPLC analysis over 2 steps. The clean
reaction profile in turn allowed us to carry the crude product
forward to the subsequent transformation without purification.
Global Boc deprotection, followed by carbamate formation
provided the prolinol derivative 14. Crude 14 was subjected to
Parikh−Doering oxidation to afford prolinone 5, which was

Scheme 1. Initial SAR Chemistry Scheme 2. Deoxygenation of Pyrone

Scheme 3. Preparation of Macrocycle 5
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isolated as a crystalline solid in 98% overall yield from
protected macrocycle 12, constituting the single isolation point
in an 8-step linear sequence.12

The quinoline 19 required for enamine-mediated spirocyc-
lization was synthesized in three steps starting from
bromoquinoline 16 (Scheme 4). Early route development

involving Stille coupling provided expedient access to the
quinoline intermediate for the initial spirocyclization studies.
For scale-up, we pursued an alternative acetylation method to
avoid the toxicity issue associated with using a stoichiometric
amount of tin reagent.
We envisioned that a properly regiocontrolled Heck coupling

between the bromoquinoline 18 and a vinyl ether would serve
as a practical alternative to Stille coupling.13 A variety of
phosphine ligands and solvent combinations were evaluated in
a high-throughput setting using Pd(OAc)2 and ethylene glycol
vinyl ether. Curiously, the Tedicyp ligand, which was reported
to favor the linear isomer, proved most efficient in our
screening, affording the branched product 19 exclusively in 87−
89% LC assay yield.14 Et3P was also effective, providing the
desired product in 79−81% yield. Ultimately, Et3P was selected
for large scale application given its broader commercial
availability (Scheme 4, step d). Product isolation was achieved
by adding water to dissolve inorganics followed by acidification
to crystallize the product directly from the reaction mixture in
78% yield.
Gratifyingly, the crucial spirocyclization between compounds

5 and 19 scaled very well with only minor modification.
Optimization studies revealed that the product yield was higher
with chloroacetic acid as an additive than with benzoic acid, and
the cyclization was quite robust, tolerating up to 1 equiv of
water obviating the need for molecular sieves.15 Aqueous
workup, followed by recrystallization from toluene−heptane,
provided the spirocycle product 20 in 94% yield as a single
isomer (Scheme 5).
With the desired spirocycle product 20 in hand, our next

focus was to improve the three-step deoxygenation sequence.
Although it served the early stage small scale synthesis well,
large scale preparation required safer, more robust method-
ology with operational simplicity. With these goals in mind, we
conducted a series of high throughput experiments examining a
variety of reduction methods.16 As observed previously, Wolff−
Kishner-type conditions gave extensive decomposition, pre-
sumably due to the base sensitivity of the pyranone moiety.
Silane-mediated reduction conditions were also revisited
resulting in no reaction or complex mixtures. Finally, a screen
of Clemmensen-type reduction conditions using a series of
reducing metals, acids, and additives revealed that the
combination of aluminum or zinc powder, BF3·OEt2, and a
catalytic amount of InCl3 as a viable chemoselective reducing

agent. Remarkably, shredded household aluminum foil in 2-
propanol was identified as a highly effective terminal reductant.
With a favorable Al/Al2O3 ratio, the use of foil significantly
reduced the required amounts of aluminum and InCl3
compared with aluminum powder. Under optimized con-
ditions, the deoxygenation proceeded smoothly with 4.7 equiv
of aluminum and 5.4 mol % InCl3 at 40 °C. The product
isolation was accomplished by removing the insoluble metal
byproduct by filtration, aqueous workup, and crystallization
from CPME−heptane to provide reduced compound 21 in
80% yield. Zinc-based reduction was found to be equally
effective, especially for a larger scale, as the residual metal was
more conveniently removed from fixed vessels. This Zn-based
procedure afforded the desired product 21 in 86% yield on a 20
kg scale.17

The final coupling with sulfonamide 23 was accomplished via
acyl imidazole using KOtBu as base in warm THF. The
isolation of compound 1 required extensive investigation of its
physical properties due to its tendency to form an amorphous
solid, which made it difficult to completely remove impurities
without reliance on column chromatography. While all our
attempts at isolating compound 1 as a crystalline neutral solid
or salt proved unsuccessful, a cocrystal screen identified a
crystalline ethanol solvate of the potassium salt as well as an
acetic acid solvate of neutral 1. The latter proved effective at
purging impurities and readily scalable, leading to its adoption
for the final process. The final coupling step was successfully
applied to multikilogram-scale synthesis providing MK-8831 in
88% yield and >99% purity, which was suitable for human
safety studies.
In summary, we have described a practical large scale

synthesis of MK-8831 (1) that utilizes a highly convergent and
diastereoselective enamine-mediated spirocyclization and a
novel InCl3-catalyzed chemoselective deoxygenation reaction
as key steps. Overall, the synthesis of compound 1 was achieved
in 14 total steps and 43% yield from proline derivative 10
without column chromatography. The chemistry development
strategy described here showcases our efforts to enable both
rapid SAR in the drug discovery phase and bulk production of a

Scheme 4. Preparation of Quinoline 19

Scheme 5. Large Scale Synthesis of MK-8831 (1)
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drug candidate facilitating its transition to the drug develop-
ment stage.
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