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ABSTRACT: A stereoselective nine-step synthesis of the potent HIV nucleoside reverse transcriptase translocation inhibitor
(NRTTI) islatravir (EfdA, MK-8591) from 2-deoxyribose is described. Key findings include a diastereodivergent addition of an
acetylide nucleophile to an enolizable ketone, a chemoselective ozonolysis of a terminal olefin and a biocatalytic glycosylation
cascade that uses a unique strategy of byproduct precipitation to drive an otherwise-reversible transformation forward.

he World Health Organisation (WHO) estimates that

over 37 million people worldwide are currently living
with HIV." Although modern antiretroviral drugs are highly
effective and the death rate from HIV/AIDS is at its lowest
since the 1980s, the number of infected individuals continues
to rise by almost 2 million in 2016 alone. Today, nucleoside
reverse transcriptase inhibitors (NRTIs) are a mainstay of
modern antiretroviral therapy, and five drugs in this class are
currently approved HIV treatment by the FDA.”* However,
with no cure in sight, patients often take such drugs for
decades; therefore new medicines that address the issues of
side effects, efficacy, resistance, and dosing with existing
treatments are still highly sought after.””

Islatravir (EfdA, MK-8591, 1) is an adenosine-based
inhibitor of reverse transcriptase translocation (i.e., an
NRTTI)** discovered by researchers at the Yamasa Corpo-
ration and their academic collaborators in 2004 (see Scheme
1).%* It is the first NRTTI reported to date and has shown
great promise in preclinical studies, including remarkable
potency and a long intracellular half-life. As befits its promise
as a drug candidate, several total syntheses of 1 have been
reported in the literature thus far.”

In 2017, researchers at Merck & Co., Inc. disclosed a
scalable route amenable to the production of multikilogram
quantities of islatravir from inexpensive dihydroxyacetone.Sd
Although this route is highly efficient (17% overall yield), it is
relatively long (14 steps) and suffers from a low yielding and
poorly diastereoselective penultimate glycosylation step. More
recently, the development of an efficient and highly stereo-
selective biocatalytic glycosylation solved this latter problem,
allowing 1 to be prepared from ribose 5’-phosphate 2 with
near-perfect stereoselectivity (Scheme 1).° Although ultimately
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it was found that 2 could also be prepared enzymatically,
before this biocatalytic route became available, we sought a
chemical synthesis of 2 that would allow us to leverage this
new enzyme-mediated glycosylation method. Unfortunately,
attempts to adapt published syntheses of 1 or similar
nucleosides for the preparation of phosphate 2 resulted in
lengthy, inefficient synthetic sequences, and highlighted the
need for a completely new approach to this key intermediate.

With this goal in mind, we envisioned a chiral pool
approach, predicated on the use of the known 2-deoxy-p-
ribose-derived ketone $ as starting material (see Scheme 1).
Achieving an efficient and diastereoselective acetylide addition
to § to correctly set the stereochemistry at the fully substituted
stereogenic center in masked triol 4a would be a key challenge
of this approach, because of the well-known difficulty of
achieving axial addition to a-substituted cyclohexanones.” If
this could be accomplished, then acetal 4a contains all the
necessary carbon atoms and stereogenic centers found in
ribose 2. From here, acetal deprotection, phosphorylation of
the primary alcohol, selective ozonolysis of the terminal olefin
and deprotection were expected to give the target ribose-5-
phosphate 2, whose biocatalytic conversion to 1 has been
demonstrated.
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Scheme 1. Retrosynthetic Analysis of 1¢
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Although ketone $ has been used as a synthetic intermediate
in the literature,® it was impractical to obtain the quantities
necessary to develop our route using the reported procedures,
which required three chromatographic purifications. Thus,
significant development of the literature chemistry was
performed, in order to enable preparation of multihundred-
gram quantities of S (see the Supporting Information for
details). Crucially, although ketone § is a low-melting and
difficult-to-handle wax, we found that it readily forms a stable
crystalline hydrate. This enabled us to purify this material by
crystallization from aqueous acetonitrile, which, along with
other changes, allowed us to eliminate two chromatographlc
purification steps from the reported sequence.” With ketone $
now readily available, we began to study the key acetylide
addition reaction, the stereochemical outcome of which was
uncertain at the outset of these studies. First, we examined the
use of TMS-protected acetylide nucleophiles, as these can be
conveniently prepared from inexpensive trimethylsilylacetylene
without the need for handling or generatlng acetylene, which is
extremely hazardous on scale,'” and allowed us to screen a
range of alkynylmetals (see Table 1). Disappointingly,
although a range of protected acetylide nucleophiles was
found to react with § in good yield, none of these favored the
required diastereomer. This is perhaps unsurprising, since
formation of the desired diastereomer would require the axial
approach of the acetylide, which is a trajectory that is generally
disfavored for larger nucleophiles on steric grounds (see
Scheme 2).”"!

In view of these findings, we decided to investigate the use of
smaller acetylide nucleophiles. Encouragingly, the addition of
sodium acetylide to 4-tert-butylcyclohexanone has long been
known to favor the product of axial addition—corresponding

Table 1. Addition of Metalated Ethynyltrimethylsilanes
™S ™S

desired undesired

entry alkyne nucleophile yield (%) ratio of 6a:6b®
1 Cl,Ce——=——TMS 93 1.0:8.0
2 Li———TMS 53 1.0:3.0
3 MeZn—=—TMS 81 1.0:11.6
4 BrMg—=——TMS 95 1.0:1.5

“Diastereomeric ratio determined by 'H NMR.

Scheme 2. Axial Approach of Alkyne That Is Required To
Give the Desired Diastereomer 6a“
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“The stereochemical outcome was confirmed by NoE analysis.

to the desired stereochemistry in our case.'” Unfortunately, we
were not able to obtain any of the desired product from the
reaction of sodium acetylide with ketone $,"’ and lithium
acetylide ethylenediamine complex was similarly unsuccessful
(see Table 2, entries 1 and 2)."* Although we found that
ethynylmagnesium bromide underwent addition in reasonable
yield, this again favored the undesired equatorial addition
product (Table 2, entry 3). Given the promising literature
precedent for the use of sodium acetylide, we again returned to
this reagent. Since sodium acetylide is highly insoluble and
seemingly too basic to be an effective nucleophile in our
system, a way to modify its reactivity was sought. After some
experimentation, we were delighted to find that sodium
trimethylethynylaluminate—formed by premixing equimolar
amounts of sodium acetylide and trimethylaluminum in a
mixture of THF and toluene—was a singularly effective
acetylide source, giving the desired product in high yield and
with better than 19:1 diastereoselectivity (Table 2, entry 4)."

Upon further exploration, this aluminate addition reaction
exhibits many surprising features. Interestingly, the diaster-
eoselectivity and reaction profile were found to be highly
sensitive toward the ratio of trimethylaluminum to sodium
acetylide, with the maximum yield and dr being obtained with
precisely equimolar quantities of both (Table 2, entry 4). Even
a small excess of sodium acetylide was found to result in lower
yields, accompanied by the formation of numerous unidenti-
fied byproducts, underscoring the incompatibility of $ with this
reagent. Conversely, the use of excess trimethylaluminum was
found to greatly decrease the diastereoselectivity of the
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Table 2. Addition of Unprotected Acetylides to S
o HO /// HO, 7

')H”\\\/ M= ’)\\\/ N

+
O0._0 0\/0 O\/o
Ph Ph Ph
5 4a 4b
desired undesired
entry alkyne nucleophile yield (%) ratio of 4a:4bt
1 Na— N/A N/A
Me Me
N\
2 [ Li— N/A N/A
Ve
N
/ \
Me Me
3 BrMg—— 38 1.0:2.5
4 NaMezAl—— 85 19:1.001
5 NaMezAl—— 100 3.0:2.01
6 NaMezAl—= 100 1.0:3.0¢
7 NaMezAl—— 726 8.4:1.00

“Diastereomeric ratio determined by 'H NMR. "Using AlMe; (2.0
equiv) and NaCCH (2.0 equiv). ‘Using AlMe; (2.5 equiv) and
NaCCH (2.0 equiv). “Using AlMe; (3.0 equiv) and NaCCH (2.0
equiv). ‘Isolated yield on 822 g scale (see the Supporting Information
for details). fUsing AlMe; (1.92 equiv) and NaCCH (1.55 equiv).

reaction, eventually even causing the unwanted epimer 4b to
be favored (Table 2, entries S and 6). The origin of this
reversal is not immediately clear, but it may be that the excess
trimethylaluminum coordinates to the carbonyl oxygen in a
fashion that disfavors the axial approach of the nucleophile,
encouraging unwanted equatorial attack—essentially perform-
ing the opposite function to the much bulkier Yamamoto
aluminum Lewis acids that have been employed to block
equatorial attack upon cyclohexanones.'® The aluminate is a
far weaker Lewis acid than trimethylaluminum and likely
cannot perform this role alone. Unfortunately, attempts to
study the reaction by NMR spectroscopy were complicated by
higher-order aggregates and further investigation of this
unusual effect is ongoing.

Balancing these competing scenarios, it was found that,
because of difficulties in accurately charging the heterogeneous
slurry of sodium acetylide that is available commercially, it was
best to use a 5% excess of trimethylaluminum in toluene to
ensure reproducibly high yields with acceptable diastereose-
lectivity. Under these optimized conditions, the reaction was
run on 822 g scale, giving 72% yield and 8.4:1 dr. Aside from
its unique diastereoselectivity in this reaction, note that,
compared to more common acetylide anion sources, such as
ethynylmagnesium bromide, sodium trimethylethynylalumi-
nate possesses additional advantages in cost and large-scale
availability. Indeed, we could only identify one U.S.-based
supplier able to provide ton-scale quantities of the former (and
only as a 0.5 M solution), whereas sodium acetylide and

trimethylaluminum are inexpensive and widely available in
bulk, because of their industrial importance.

Returning to silylated alkynes with this result in mind, we
were curious about how the aluminate generated from
ethynyltrimethylsilane would behave in the addition reaction
and how its diastereoselectivity would compare to the reagents
already screened (see Scheme 3). Although this aluminate

Scheme 3. Unexpected Stereodivergence in the Addition of
Alkyne Nucleophiles to Ketone 5
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reagent has not been previously reported, we found that it
could be formed as expected by deprotonation with NaHMDS,
followed by treatment of the sodiated alkyne with
trimethylaluminum. To our surprise, we found that addition
of this aluminate nucleophile strongly favored the desired
diastereomer 6a, in contrast to all other metalated alkynes of
this type, which all predominantly produce unwanted alcohol
6b. This unexpected stereodivergence in the addition of
acetylides therefore allows preparation of both epimers of 6
with good diastereoselectivity, a feature that may be useful in
the preparation of other 4’-substituted nucleosides. The origin
of the unique axial selectivity of aluminate reagents is currently
unknown, and it is not clear if these reagents represent a
general solution to this problem. Regardless, we suspect that
the general difficulty in accesing organosodium species may
limit this tactic to alkyne nucleophiles, unless aluminates
generated from other more readily prepared organometallic
nucleophiles display similar reactivity.

With a scalable and highly diastereoselective acetylide
addition in hand, we now turned our attention to advancing
alcohol 4a toward the target (see Scheme 4). First,
deprotection of the benzylidene acetal was accomplished
using hydrochloric acid in methanol.'” Next, we studied the
regioselective phosphorylation of the primary alcohol in triol 7
using diethyl chlorophosphate. Initially, it was found that the
reaction suffered from poor selectivity and produced cyclic
phosphate byproducts when aged in a pyridine solvent or run
with high loading of nucleophilic catalysts (e.g., 20 mol %
DMAP).'® A favorable balance of reaction rate and selectivity
was eventually obtained with 1 mol % DMAP in dichloro-
methane, delivering phosphate 3 in good yield.

Ozonolysis of substrate 3 invoked concerns surrounding
chemoselectivity between the alkyne and olefin, tolerance of
sensitive functional groups such as a tertiary propargylic
alcohol and primary phosphate, and the isolation of a
potentially unstable product.'” Initial experiments generated
a mixture of products that were characterized as the lactol and
the related methyl glycoside 8. We were pleased to discover
that either product could be selectively formed by varying the
pH and solvent, allowing us to isolate the more stable methyl
glycoside from an acidic mixture of 1:3 MeOH:CHCI;. Under
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Scheme 4. Completion of Islatravir
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optimized conditions, we successfully performed the ozonol-
ysis on 25 g scale to deliver the desired methyl glycoside 8 in
83% yield.

Methyl glycoside 8 could subsequently be fully dealkylated
using bromotrimethylsilane, and after quenching with water,
the aqueous solution of lactol could be used directly in the
enzymatic glycosylation step. Unfortunately, this protocol
generated product streams containing high levels of Br ions
that adversely affected the efliciency of the enzymatic
glycosylation—particularly the purine nucleoside phosphor-
ylase—requiring high dilution and high enzyme loading in
order to overcome the negative impact of halide ions on this
biocatalyst.’ This result, taken in combination with a notable
lack of solid intermediates throughout the described synthesis,
caused us to target an isolation at the lactol stage utilizing the
phosphate group as a handle. Initial results indicated that salts
with Ca’**, Mn®*, Mg*, or NH*" were isolable, but purity,
stability, and ease of isolation guided us toward the Ca®* salt.
After some optimization, it was found that we could isolate the
stable calcium phosphate lactol 9 in high yield by addition of
Ca(OAc), to the crude aqueous lactol solution, followed by
trituration and filtration of the highly insoluble solid with
acetonitrile.

To our delight, isolated calcium lactol phosphate 9 far
outperformed the aqueous stream of 2 from the deprotection
that had originally been used in the final enzymatic
glycosylation cascade. Furthermore, the use of 9 as an
intermediate provided an additional advantage, because it
allowed us to simplify the glycosylation protocol. As originally
published,’ using the parent phosphoric acid 2 (instead of its
calcium salt 9), the biocatalytic glycosylation requires the
addition of sucrose phosphorylase and sucrose in order to
sequester the phosphate ions produced in the reaction (as

glucose 1-phosphate).””*" Without the driving force provided
by this phosphate-scavenging system, the otherwise-reversible
glycosylation cascade from 2 to 1 does not proceed to high
conversion. However, when 9 is used as starting material, the
phosphate produced in the reaction is precipitated as a highly
insoluble calcium salt, driving the reaction to completion even
in the absence of sucrose/sucrose phosphorylase.”” The crude
API obtained from this reaction could be dissolved in
dimethylformamide (DMF), filtered away from the inorganic
calcium phosphate byproducts and recrystallized upon the
addition of water to deliver the product in >99% purity and
82% isolated yield.

We have reported a highly stereoselective synthesis of
islatravir in six steps (36% overall yield) from known ketone §
(nine steps overall from inexpensive 2-deoxyribose). Of
particular interest is the highly diastereoselective addition of
sodium trimethylethynylaluminate, which is an inexpensive and
underutilized acetylide equivalent whose use was demonstrated
on a >800 g scale, as well as a selective ozonolysis of the
terminal olefin, and an enzymatic glycosylation cascade driven
forward by the precipitation of calcium phosphate. This
sequence represents an expedient approach to 4’-substituted
ribose derivatives that may be generalizable for other non-
natural nucleosides.
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