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ABSTRACT: A practical synthesis of a highly functionalized tetrahy- Ru" catalyzed DKR reduction N

dropyran DPP-4 inhibitor is described. The asymmetric synthesis relies HoN /\’N/j_f/u

on three back-to-back Ru-catalyzed reactions. A Ru-catalyzed dynamic Ph>:N COEt i E\Lﬁ”/ L

kinetic resolution (DKR) reduction establishes two contiguous K 4 —*=. @\ °© e e
stereogenic centers in one operation. A unique dihydropyran ring is N =

efficiently constructed through a preferred Ru-catalyzed cycloisomeriza- | Ru or Rh catalyzed cycloisomerization |

tion. Hydroboration followed by a Ru-catalyzed oxidation affords the
desired functionalized pyranone core scaffold. Finally, stereoselective reductive amination and subsequent acidic deprotection
afford the desired, potent DPP-4 inhibitor in 25% overall yield.

ype 2 diabetes mellitus is a growing worldwide epidemic Scheme 1. Racemic Synthesis of 1

affecting more than 347 million people.' The clinical 1. PhOH .
application of dipeptidyl peptidase-4 (DPP-4) inhibitors has F 2. MeNO, 1. NaBHy; 88%
recently proved to be an effective new therapy for the treatment "';;2“3 NOz 5 pBU, 46%
of type 2 diabetes.”> Due to the clinical success of DPP-4 al € ' 3.Zn, ag HCI
inhibitors, interest in this area has grown. As a result of the efforts F » o |\'/L/| F e 4. (Boc),0, 96%
to discover structurally diversified potent drug candidates with i-ProNEt, DMF, 44%
additional benefits over current DPP-4 inhibitors, Merck F F
laboratories recently discovered highly functionalized tetrahy- o ::FHB L g::r]a?:rl;&o% {iiiion
dropyran 1, which represents a new class of structurally @,_\ = ' B
differentiated DPP-4 inhibitors.®> Tetrahydropyran 1 possesses I ’o 2. cat. 0sO4, NMO E G
a unique core scaffold required for achieving the desired P e ek A 5 ©
selectivity and efficacy in the tested diabetes model, but it raises y F
the chemical complexity of accessing the evolved new generation 1'HNJ§N NH,
of DPP-4 inhibitor drug candidates. . 4 - sy Al

5| <

To support the drug development program, an efficient decaborane F o 4
synthesis of 1 suitable for large scale preparation was required. 1 QNH
. . : : ) 2. aq HCI, EtOAc, 80% B
The main synthetic challenge in preparing 1 was the effective and ~1.9% overall yield \=N
practical construction of three stereogenic centers. In particular,
the unique structure of 1 possesses a contiguous R,S (C2, C3)

stereochemical array with an R (CS) functionalized amino group modification of reduction reagents. Therefore, a straightforward
in the tetrahydropyran ring. In fact, the central problem of the approach to prepare ketone 8 became the main focus of our
initial racemic synthesis® of 1 essentially was the arduous nature efforts (Scheme 2).
of establishing the desired relative C2,C3 stereochemistry We envisioried 8 to arise from dihydropyran 9 through a
(Scheme 1). Also, reductive amination between 6 and 7 suffered hydroboration™ followed by oxidation, as 9 could be prepared via
from low diastereoselectivity in establishing the C-S stereogenic a cycloisomerization of 10. In %articular, several metal catalyzed
center. The overall yield of the synthesis was only ~1.9%. cycloisomerization protocols” recently developed for the
Although initial results showed that the dr of the reductive preparation of 2,3-disubstituted dihydropyrans were promising,
amination was low, the convergent endgame strategy was although the competitive cyclization between N vs O selectivity

logically sound. Based on the stereofacial bias of the reduction had not been well studied at the time of our initial research.

of the corresponding iminium species derived from 6, in
principle, an improvement in CS (R) selectivity could be Received: September 8, 2014
achieved by optimizing proper reduction conditions, including Published: September 30, 2014
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Scheme 2. Retrosynthetic Analysis of Tetrahydropyran 1
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Furthermore, with the recent progress in dynamic kinetic
resolution (DKR) reduction,” we envisioned that the two O and
N bearing contiguous stereogenic centers in 10 could be
established in one operation by applying an asymmetric DKR
reduction. Thus, the challenge to achieve an asymmetric
synthesis of 1 was retrosynthetically bridged to a racemic
preparation of amino ketone 11.

A key intermediate of our synthetic approach to amino ketone
11 was Boc propargylglycine 14, which is commercially available,
but expensive. After evaluating the reported preparations,®~ "% we
quickly settled on a strategy for the preparation of 14 through
alkylatlon of glycine benzophenone imine with propargyl
besylate."" The use of phase transfer catalyst Bu,NBr in the
presence of Cs,CO; in MTBE was crucial to achieve a
reproducible conversion and reaction rate for this heterogeneous
alkylation. Interestingly, the addition order of the reagents had a
significant impact on yield, as we noticed that the formation of
byproducts could be effectively suppressed when Cs,CO; was
charged to the reaction mixture last.'> Thus, under this optimal
addition order >99% conversion and >95% yield were obtained.

A through process was then developed to carry the crude
alkylation stream to Weinreb amide 15 (Scheme 3). Upon the
completion of the alkylation, the reaction was quenched with
water directly."® The crude stream was washed with 1 N HCI to
afford hydrolyzed amine HCl salt 13 in aqueous phase, which, in

Scheme 3. Preparation of Ketone 17 and DKR Reduction
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one-pot, was treated with excess NaOH (2.5 equiv) followed by
(Boc),0 in biphasic aqueous MTBE at ambient temperature to
give the desired Boc protected acid 14. The crude 14 was treated
with CDI followed by Weinreb’s amine in DMF to yield the
desired amide 15, which was directly crystallized upon addition
of water to the reaction mixture. This practical through process
afforded 15 in 83% yield over four steps. Grignard reagent 16 was
then prepared through a halogen—metal exchange upon
treatment of 1,4-difluoro-2-bromobenzene with i-PrMgCl or
turbo Grignard (i-PrMgCl/LiCl) in THF or toluene.'* Treat-
ment of amide 15 with 16 gave the desired ketone 17, which was
isolated from heptane in 78% yield.

With 17 in hand, we explored opportunities to prepare the
desired anti 1,2-amino alcohol 10 through a DKR reduction. The
facial selectivity of ketone reduction is controlled by a chiral
catalyst while the diastereoselectivity of the process is controlled
by the relative ratio of the epimerization rate vs reduction rate of
the desired enantiomer S-17. Attempts to apply DAIPEN type
hgands and Ru-catalyzed DKR hydrogenation were unstccess-
ful.” Noyori’s Ru-transfer hydrogenation system'> gave low
diastereoselectivity initially. However, the major diastereomer
was desired compound 18, and no over-reduction of the alkyne
group was observed. After ligands available at the time were
screened, pentafluorophenyl-DPEN was identified as a promis-
ing lead. Screening of bases showed that carbonates gave poor
selectivity due to a slow epimerization, whereas amine bases such
as DBU, DABCO, and morpholine gave improved results. Of
these bases, DABCO was the best with no inhibition of the Ru
catalyst. In the cases that either the reduction rate was accelerated
faster than the epimerization rate or the epimerization rate was
not competitive with the reduction rate, a higher catalyst loading
or higher reaction temperature led to lower diastereoselectivity.
Slow addition of formic acid did not improve the diastereomeric
ratio. Solvent choice had a profound eftect with THF and
CH,Cl, giving higher yields and diastereomeric ratios. In the
presence of 0.5 mol % of 20 and 3 equiv of DABCO in THF at 35
°C, 9:1 dr and 95% ee were realized with near-quantitative assay
yield. Attempts to upgrade stereochemical purity through direct
crystallization of 18 were unsuccessful. Therefore, the crude
DKR stream was directly used for subsequent cycloisomeriza-
tion.

The investigation of the desired cycloisomerization began with
studies on competitive cyclization of a vinylidene species 21
between N vs O selectivity (Scheme 4). To this end, purified

Scheme 4. Metal Catalyzed Cycloisomerization of 18
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alcohol 18 was used for initial studies to evaluate several catalyst
systems.>®"¢ It was found that the use of (CO)4W—C(OMe)
Me/Et;N in THF at 40 °C under McDonald’s conditions® b Jed
to exclusive N-cyclization. Surprisingly, a 2-pyrroline carbene 23
with Boc group migration was obtained.
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Trost’s Rh based catalytic system led to the desired O-
cycloisomerization exclusively. The use of a preprepared
fluorinated analog of Wilkinson’s catalyst [(3-F-Ph);P];RhCl
showed a remarkable improvement of the reaction rate and yield
over the catalyst prepared in situ from [Rh(COD)Cl],/P(3-F-
Ph);. Following optimization, a 93% assay yield was obtained by
heating 18 to 80 °C in DMF in the presence of 1.5 mol % of [ (3-
F-Ph),P];RhCl. Attempts to further reduce the catalyst loading
resulted in incomplete conversion. When these optimized
conditions were applied to the crude mixture of diastereomers
(18:19 =9:1) produced through the DKR reduction, diminished
performance of the catalyst was observed, characterized by
incomplete conversion of 18 and 19. A successful solution to
overcome this issue was to preserve the effective catalyst
concentration through slow addition of the substrates. As such,
the intermolecular side reactions were suppressed. Under
optimized conditions a solution of a 9:1 mixture (18:19) in
DMEF was added over 2—3 h to a solution of 2 mol % Rh catalyst
at 80 °C to achieve >98% conversion.

We further extended our cycloisomeration studies to
inexpensive, commercially available Ru catalysts. We were also
interested in expanding upon the identification of O-selectivity
observed with Rh vinylidenes.* Our preliminary results showed
that carbamate NH capture of Ru vinylidene was disfavored and
therefore inefficient compared to the desued O-cyclization to
form dihydropyran under Trost’s conditions.® After examining
several conditions, promising results were obtained with
RuCICp(PPh;), (Table 1, entry 6). However, the reaction was

Table 1. Selected Results of Ru-Catalyzed Cycloisomerization
of 18

time cony yield

entry Ru complex R;P (h) (%) b (%) b
1 [RuCL(C,H,)], BINAP 30 62 -
2 [RuCL(CyH,)], (3FPh);P 30 73 -
3 [RuCL(CO),], (3-FPh),P 40 97 38
4 RuCl (3-FPh),p 40 98 41
s RuCl PPh, 16 99 20
6  RuCICp(PPh;),  None 24 98 89

“Unless otherwise mentioned, all reactions were carried out at 85 °C
in DMF (0.4 M) in the presence of 2 Ru complex (S mol %) Bu,NPF,
(50 mol %), NaHCO3 (50 mol %), and R;P (20 mol %). YDetermined
by HPLC analysis.”

very sensitive with poor reproducibility. After various studies, we
finally found that the attainment of a high catalytic Ru cycle for
the desired cycloisomerization could be achieved by simply
introducing 6.6 mol % PPh, into the reaction system (Scheme
5); presumably, the active Ru species was further stabilized with
more phosphine ligand available in the reaction mixture.
Without isolation of dihydropyran 22, the crude stream after
aqueous workup was directly subjected to hydroboration. In
order to achieve full conversion, 2.5 equiv of BH;-SMe, were
used (Scheme 5).'” Presumably, the NHBoc functionality
consumed/deactivated 1 equiv of borane. The hydroboration
proceeded efficiently between —10 and 0 °C. Following an
oxidative workup (NaBO;),'® the assay yield of 25 was >95%. At
this point, development of an effective crystallization process was
desired to isolate the desired 25 from the crude mixture of
diastereomers. After several experiments the desired crystalline
25 with >98% purity was successfully isolated as a 3:2 mixture of
diastereomers from toluene/heptane, along with nearly complete
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Scheme S. Through-Process to Pyranone 27 and Endgame
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rejection of the undesired product 26 (<0.5%). In addition, the
introduction of BusP (20 mol %) during the crystallization
allowed for an effective rejection of residual Rh and Ru to lower
the burden of controlling the level of heavy metals in final
product 1, as residual heavy metals are strictly regulated for active
pharmaceutical ingredients. Thus, starting from ketone 17,
pyranol 25 was isolated in 64% yield and >99% ee over three
steps without isolating any intermediates.

With a practical route to pyranol 25 in place, we turned our
attention to an oxidation to afford pyranone 6. Attempts to
oxidize 25 with catalytic TEMPO under various conditions were
plagued by incomplete conversion; only one of the diastereomers
was oxidized.” Fortunately, we discovered that Ru-catalyzed
oxidations converted both diastereomers of 25 with equal
efficiency. In the presence of 0.2 mol % RuCl;'* and 0.55 equiv of
NaBrOj, the oxidation proceeded smoothly in aqueous HOAc—
MeCN at 0 °C.>° Upon completion of the oxidation, i-PrOH was
added to quench the excess oxidants, because other reducing
reagents such as Na,SO; and NaS,0; could cause the reaction
mixture to turn to a gel during the aqueous workup. With the
appropriate ratio of MeCN—water determined, the desired
ketone 6 was crystallized in >98% purity by adding water to the
reaction mixture directly.

To complete the construction of the skeleton of 1, a highly
diastereoselective reductive amination of 6 with 7 was desired,
since the dr with decaborane was low in the initial synthesis.®
Surprisingly, a breakthrough in improving diastereoselectivity
came from an unexpected, significant salt/acid buffer effect
(Table 2). Among the various catalysts/conditions examined, the
reductive amination with NaBH(OAc); was best carried out in
the presence of a weak acid such as HOAc.*' In particular, when
MsOH or pTSA salt 7 was neutralized with a tertiary amine base
followed by pH buftering with HOAc, the dr selectivity was
dramatically improved in amide solvents (Table 2, entries S—8).
With a combination of Et;N and HOAc in DMA, reductive
amination of bis pTSA salt 7 afforded 27 in 19:1 selectivity
(Table 2, entry 7). The desired crystalline product 27 was
directly isolated in 88% yield simply by adding aqueous ammonia
to the crude reaction mixture. It is important to note that the
filtration rate was significantly improved when the reaction slurry
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Table 2. Selected Results of Reductive Amination of 6

entry 7 additives solvents dr®

1 free base S equiv HOAc DMA 6.4:1

2 S equiv HOAc NMP 9.5:1

3 2.5 equiv HOAc i-PrOH 3.6:1

4 HCl salt S equiv HOAc 10% H,O/DMF 8:1

S MsOH salt” 3 equiv Ei;N, S equiv DMF 16:1
HOAc

6 3 equiv Et;N, 5 equiv DMF 14:1
HOAc

7 pTSA salt 3 equiv Et;N, 5 equiv DMA 19:1
HOAc

8 3 equiv Et;N, 5 equiv NMP 12:1
HOAc

“Unless otherwise noted, all reactions were carried out at 20 °C with
NaBH(OAc),. *Determined by HPLC analysis.” “Hygroscopic.

was heated to 70 °C to dissolve/digest fine particle solids before
the batch was cooled to ambient temperature for filtration.

The initial rejection of the diastereomer of 27 from the
reaction mixture was inefficient, as the isolated 27 contained
about 4% of the diastereomer. However, the rejection of the
corresponding diastereomer was excellent in the endgame. Thus,
treatment of 27 with HCI in aqueous EtOH yielded 1 near-
quantitatively. The bis HCl salt dihydrate 1 was directly isolated
from the reaction stream in 90% yield and >98.9% purity. The
corresponding minor diastereomer carried from the previous
step was easily cleared to <0.5%.

In summary, an efficient asymmetric synthesis of tetrahy-
dropyran DPP-4 inhibitor 1 has been developed. This practical
synthesis features an application of Ru-catalyzed DKR reduction
to establish two contiguous stereogenic centers of an anti aryl
1,2-amino alcohol in >99% ee in one step. A Ru-promoted O-
selective cycloisomerization followed by hydroboration and a
Ru-catalyzed oxidation prepares the desired functionalized
pyranone 6. Finally, stereoselective reductive amination and
subsequent acidic deprotection complete the synthesis of 1.
Starting from inexpensive glycine ester 12, the overall yield of this
synthesis is 25%. This synthesis is also amenable to the
preparation of various analogs of the title compound.
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