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ABSTRACT: A scalable and efficient synthesis of the GPR40 agonist MK-8666 was developed from a simple pyridine building
block. The key step to set the stereochemistry at two centers relied on an enzymatic dynamic kinetic reduction of an unactivated
ketone. Directed evolution was leveraged to generate an optimized ketoreductase that provided the desired trans alcohol in >30:1
dr and >99% ee. Further, it was demonstrated that all four diastereomers of this hydroxy-ester could be prepared in high yield
and selectivity. Subsequently, a challenging intramolecular displacement was carried out to form the cyclopropane ring system
with perfect control of endo/exo selectivity. The endgame coupling strategy relied on a Pd-catalyzed C—O coupling to join the

headpiece chloropyridine with the benzylic alcohol tailpiece.

ndividuals afflicted with type II diabetes have long benefited

from pharmaceutical intervention targeting insulin and/or
glucose modulation. However, drug-induced hypoglycemia
remains an ever-present risk to patients. The overarching
theme of next-generation therapies is to provide feedback
control that would prevent large disruptions to blood sugar
homeostasis. A relatively new class of druggable targets being
investigated to prov1de more stable glucose levels are free fatty

acid receptors' (FFAs), with FFA1” (GPR40) garnering the
most attention. In fact, a small molecule therapeutic was recently
advanced to phase III clinical trials based on this mechanism.’
Given the aforementioned benefits of this modality coupled with
our strong commitment to the diabetes field, MK-8666 was
developed as a GPR40 partial agonist.”

MK-8666 features an unusual pyridine-fused bicyclo[3.1.0]-
hexane with three contiguous stereocenters. Retrosynthetically,
the molecule can be roughly divided in half to give a biaryl
portion referred to as the tailpiece and the tricyclic pyridine
portion referred to as the headpiece (see abstract graphic).
Synthesis of the tailpiece is described elsewhere” and will not be
the focus of this discussion. Scheme 1 depicts the early route to
the headpiece** that commences with construction of indene 2 as
amixture of regioisomers from S-bromo-2- methoxypyridine (1).
The crux of this route was the cyclopropanation of 2 with ethyl
diazoacetate that was poorly selective and gave 8 isomers.
Although some aspects of this sequence were improved upon, it
was deemed inadequate for further development and scale up.

W ACS Publications  © XXxx American Chemical Society

Scheme 1. Discovery Route to the Tricyclic Headpiece
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Given the difficulties encountered building the tricyclic ring
system, subsequent efforts were spent on developing a practical
and eflicient approach for the production of clinical supply. We
envisioned building the tricyclic ring system through an
intramolecular enolate alkylation (Retrosynthesis in Scheme
2). This approach would require a trans alcohol or halide that
ideally would be generated from a dynamic kinetic resolution.

Scheme 2. Retrosynthesis of the Tricyclic Headpiece
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We anticipated building the ketone from a triester and a
difunctionalized-5-halo-4-picoline.

To investigate this synthetic strategy, we first sought to
establish an efficient synthesis of keto-ester 10 (Scheme 3). First,

Scheme 3. Synthesis of Ketone 10
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lithiation of 2-chloro-5-bromopyridine and quenching with
DME provided a 4-formylated pyridine that was used without
isolation. Reduction with NaBH, gave alcohol 4, which was then
chlorinated with SOCI, to provide the chloromethylpyridine §
Alkylation of commercially available triester 6 with S was
accomplished using NaOMe in DMACc to give 7. The conversion
of 7 to 10 was first demonstrated by decarboxylation with AcOH-
buffered LiCl in NMP° to generate diester 8 in 90% yield
followed by lithiation/ring closure to provide ketone 10 in 67%
yield. However, a higher yield of the lithiation/cyclization step
was achieved when the sequence was reversed. We attribute this
to triester 7 having one fewer enolizable center and being more
electrophilic than diester 8. In the event, lithium—bromide
exchange and cyclization of compound 7 at —90 °C gave keto-
diester 9 in 93% yield. Subsequent decarboxylation under similar
reaction conditions proceeded smoothly to provide 10 in 87%
yield.

At the outset, our strategy to access trans alcohol 11 rested on
the premise that a dynamic asymmetric reduction of keto-ester
10 would set both adjacent stereocenters. We chose to focus on
biocatalysis technology’ based on its proven reliability coupled
with the diversity of commercially available ketoreductases
(KREDs). Moreover, several enzymatic examples have been
published, albeit mostly with a-keto esters and other activated
systems having pK,’s ranging from 7 to 15.° Even though ketone
10 was calculated to have a pK, of 18.5 for the a-hydrogen (see
Supporting Information (SI) pp S39—S40 for details), we were
optimistic that epimerization through an enol pathway could take
place at near-neutral pH.”

Initial screening of our KRED library under standard aqueous
conditions at pH 7.0—8.0 revealed enzymes capable of providing
three of the four possible diastereomers with high selectivity
(Table 1). This, coupled with high conversions and rates,
demonstrated the feasibility of the proposed dynamic kinetic
reduction. Most enzymes favored the formation of the cis
diastereomer (Table 1, entries 1—4). Similarly, the application of
ruthenium-catalyzed transfer hydrogenation'’ provided only the
cisisomer 11b in 94% ee (Table 1, entry S). Unfortunately, only a
small subset of enzymes were found that were selective in
forming trans alcohols (Table 1, entries 6—8). The highest
selectivity for the desired isomer 11 was obtained using KRED-
208, achieving >99% ee, but a modest 2.4:1 trans/cis ratio (Table
1, entry 8).

With the aim to further improve selectivity, an investigation
into the reaction kinetics of KRED-208 was undertaken. This

Table 1. Ketone Reduction Optimization, Enzyme Evolution

COzt-Bu s COzt-Bu COzt-Bu S COgt Bu COzt-Bu
Redumon

c:s11a c:s11b trans- 11c trans-11
entry catalyst % conv trans/cis % 1la % 11b % 11c % 11
1 KRED P1C1“ 95 <0.1:1 97 1 2 0
2 KRED P1H4" 95 <0.1:1 95 0 0 S
3 KRED 131“ 100 0.2:1 0 82 18 0
4 KRED 136" 100 <0.1:1 0 100 0 0
S (RR)-RuCl- 100 <0.1:1 3 97 0 0
TsDpen”
6 KRED 124“ 95 7.3:1 0 12 88 0
7 KRED 93 >50:1 1 1 94 4
exp-B1T*
8 KRED 208 97 2.4:1 30 0 0 70
KRED 264° 93 >30:1 2 0 0 98
optimized
enzyme

“2 g/L 10, 100 wt % KRED, 1 g/L NADP, 0.1 M phosphate buffer pH
8.0, 30 °C. Y0.075 M in ethyl acetate, 15 mol % catalyst, 5 equiv of
formic acid, 2 equiv of DABCO. “50 g/L 10, 2 wt % KRED, 0.1 g/L
NADP, 0.1 M phosphate buffer pH 9.0, 50 °C, active nitrogen sweep.

revealed that the cis diastereomer 11a was favored early (0.8:1
trans/cis at 17% conversion), but as the reaction proceeded, the
trans isomer began forming preferentially, ultimately reaching a
final ratio of ~2.4:1 trans/cis (Figure 1). Additional insight came
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Figure 1. Kinetic profiling of KRED-208 activity.

from monitoring the ee of starting material which remained
racemic throughout the reaction, indicating epimerization was
fast with respect to ketone reduction.

A free energy diagram in Figure 2 illustrates how these
observations can be rationalized. The initial slight intrinsic bias
for the cis product can be traced to the difference in barrier
heights on the red curve (AG,?). As the reaction proceeds,
acetone builds up through 2-propanol oxidation and the
equilibrium between alcohol products and ketone will become
less favorable (reflected by AG,) that results in a thermodynami-
cally determined cis/trans ratio (AG,). This is supported by
calculations that predict the trans isomer to be between 0.4 and
1.4 keal/mol more stable than the cis isomer (see SI p S37 for
details). Entry to the blue curve is kinetically prevented, reflected
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Figure 2. Free energy diagram of reduction with KRED-208.

by a large AG,*, because the enzyme active site is completely
selective for hydride transfer to the Si-face of the ketone.

It became apparent that further progress toward developing a
highly selective reaction would require two advances: (1) An
enzyme with a significant intrinsic bias to generate the trans
isomer and (2) preventmg reversibility. The first would require
an evolved enzyme'" that provides improved diastereoselectivity.
Reversibility could be addressed by removal of acetone with a
nitrogen sweep.' > In partnership with Codexis Inc., six rounds
of enzyme evolution delivered KRED-264, a novel variant able to
produce 11 with >30:1 dr when a nitrogen sweep is utilized
(Table 1, entry 9). This variant is also more active, requiring only
2 wt % loading with respect to ketone 10. The optimized enzyme
also exhibits high selectivity from the beginning and maintains it
throughout the reaction course. With this development we
den}gonstrated the ability to access all four diastereomers'* of
11.

Having a robust methodology in place for the preparation of
11, we sought to affect the proposed cyclization (Table 2).'° The

Table 2. Optimization of Enolate Cyclization”

CO#Bu T WCOtBu CO,tBu
S —T?V r?
' Z
CI“N
" endo-12
notformed
entry activating group base solvent yield of 12
1 TsCl Et;N THF 0’
2 TsCl LiHMDS THF st
3 (Me,N),POCI LiHMDS THF 30°
4 (PhO),POCI LiHMDS THF 60
5 (EtO),POCI LiHMDS THEF 70
6 (Et0),POCI LiHMDS MTBE 94

“All reactions were run for 16—24 h at —10 °C. bSigniﬁcant quantities
of lactone 13 were generated. “Degradation of 12 was observed.

nature of the activating group had the greatest influence on the
outcome of this transformation. For example, the sulfonate
derived from TsCl in combination with a base primarily gave rise
to lactone 13 (Table 2, entries 1, 2) arising from O-alkylation of
the enolate with the strong leaving group. The use of a weaker
leaving group such as a phosphate ester or phosphorodiamidate
was critical to obtain the desired product (Table 2, entries 3—
6)."” MTBE was a superior solvent for this transformation, and
the desired cyclopropanation product was isolated in a 94% yield
when (EtO),POCI was used in conjunction with LIHMDS

(Table 2, entry 6). Notably, the undesired endo-12 product was
never observed.'®

With the headpiece in hand, installation of the tailpiece alcohol
through SyAr chemistry was nontrivial, failing with a wide variety
of bases and solvents examined. In some cases, dimeric or ring-
opened fragmentation products were identified. We attributed
this outcome to the sensitive nature of the strained ring system
with an acidic methylene position adjacent to the cyclopropane.
Ultimately, it was found that chloropyridine 12 and alcohol 14
could be coupled to generate 15 in high yield (>90%) with a
combination of Pd(OAc),, BrettPhos, and Cs,CO; in toluene
(Scheme 4)."” The rate of this reaction was sensitive to the

Scheme 4. C—O Coupling, Hydrolysis, and Salt Formation
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source of Cs,CO;* which was problematic in light of the
potential for decomposition. To address this, the base was milled
to consistently achieve high reactivity. Cleavage of the t-Bu ester
in 15 was accomplished with gentle heating in the presence of
NaOH that avoided decomposition observed with acid-
promoted conditions. Finally, the tris salt was isolated by
crystallization from EtOAc/EtOH/water.

In summary, we have developed an efficient sequence to MK-
8666 that utilized a novel enzymatic DKR reduction to set the
absolute configuration and requisite trans configuration of a key
intermediate. Mechanistic understanding of the kinetic and
thermodynamic factors helped guide our development. The
cyclopropane-forming step was only possible by carefully
balancing the reactivity of the enolate/electrophile pair. The
penultimate step made use of a Pd-catalyzed C—O coupling in
which milling of the Cs,CO; was deemed critical to obtain
reproducible and robust results.
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