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A practical, enantioselective synthesis of cis-2,5-disubstituted pyrrolidine is described. Application of an enzymatic DKR reduction of a keto ester,
which is easily accessed through a novel intramolecular N—C benzoyl migration, yields syn-1,2-amino alcohol in >99% ee and >99:1 dr.
Subsequent hydrogenation of cyclic imine affords the cis-pyrrolidine in high diastereoselectivity. By integrating biotechnology into organic
synthesis and isolating only three intermediates over 11 steps, the core scaffold of 5;-AR agonists is synthesized in 38% overall yield.

B3 adrenergic receptor (83-AR) agonists represent a new
class of agents that may provide advantages over current
therapies for the treatment of overactive bladders. Pyrro-
lidine 1, recently reported by Merck laboratories, is the
core scaffold of a novel class of potent and selective human [35-
AR agonists.' In comparison with these acyclic A-hydroxyl-
amine f5-AR agonists,' a pyrrolidine moiety incorporated to
link the C2,C5 substituents significantly improves the selec-
tivity and potentially the metabolic stability of drug candi-
dates but raises the chemical complexity of accessing the
evolved generation of 83-AR agonist drug candidates.
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To support the drug development program, an efficient
synthesis of 1 suitable for large-scale preparation was
required. The key synthetic challenge in preparing pyrro-
lidine scaffold 1 is the effective and practical establishment
of three contiguous stereogenic centers. In particular, the
unique structure of 1 possesses an R,R (C1’, C2) stereo-
chemistry setup,” while the (C2, C5) substituted groups in
the pyrrolidine ring are in a cis relationship. Several
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protocols®~° for the asymmetric synthesis of 2,5-disubsti-
tuted pyrrolidines have been developed recently. However,
practical preparation of optically active cis-2,5-disubsti-
tuted pyrrolidines such as 1 still remains a challenging task
to date. In fact, the central problem of the initial syntheses'
of 1 essentially lies in the tortuous nature of setting the
desired stereochemistry via chiral auxiliaries'®® or not
readily available chiral starting materials.'®® We envi-
sioned that a straightforward approach to prepare cis-
pyrrolidine 1 (Scheme 1) could be accomplished through
an intramolecularly induced asymmetric reduction of the
corresponding pyrrolidine imine intermediate derived
from amino ketone precursor 2 with the C1’,C2 stereogenic
centers established already. On the basis of stereofacial
bias of the pyrrolidine, in principal, high cis C2,C5 selec-
tivity should be achievable by optimizing proper reduction
conditions and/or by modifying the R group of 2 to
amplify the capability of asymmetric induction.

Scheme 1. Retrosynthetic Analysis of Pyrrolidine 1
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Further, a retro-synthetic disconnection of ketone 2
leads to a syn 1,2-amino alcohol aldehyde 3 and phospho-
nate 4.° In comparison with the previous synthesis,' the
application of a Horner—Wadsworth— Emmons reaction
can offer a significant convergence to access pyrrolidine 1.
However, a literature survey showed that methodologies to
establish a syn stereochemistry relationship of 1,2-amino
alcohols in an open-chain system, such as 2 (R = H), have
been lacking, while the corresponding undesired anti 1,2-
amino alcohols can be easily prepared enantioselectively.’

Several approaches to prepare precursor 3 were explored.
The use of amino diol 6, which has the desired C1’ and C2
stereochemistry, is not feasible for large-scale preparation®”’
because 6 is not commercially readily available in large

quantities. Alternatively, we envisioned that an effective
preparation of syn 1,2-amino alcohol could be possible via
an selective asymmetric ketone reduction of the correspond-
ing enantiomer ent-(S)-5 as a fast epimerization of 5 can be
achieved under dynamic kinetic resolution (DKR) con-
ditions (Scheme 1).

For this synthetic strategy, a one-pot through-process
was first developed to prepare the desired a-amino f-keto
ester 9 (Scheme 2). Treatment of glycine ester 7 with benzoyl
chloride under Schotten—Baumann reaction conditions at
0 °C, in the presence of Na,COj; or Et;N, gave the corre-
sponding benzamide in >95% assay yield. The aqueous
phase was discarded; the organic layer was solvent switched
to dry MeCN and treated with (Boc),O in the presence of a
catalytic amount of DMAP to afford 8. Without workup,
the reaction stream in the same pot was directly treated with
a solution of +~-BuOK in THF at 0—5 °C. As such, 8 was
rearranged to 9 through an intramolecular nucleophilic
attack on the amide carbonyl group, a Chan-type N—C
benzoyl migration,'” effectively affording the desired keto
ester 9. Thus, ester 9 was directly isolated from aqueous
i-PrOH in 90% yield over three steps.

Scheme 2. Through-Process to Keto Ester 9
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With 9 in hand, we started to explore the opportunities
to prepare the desired syn-1,2-amino alcohol 10. Studies
showed that a fast epimerization of ketone 9 could be easily
achieved with a weak base such as Et;N. However, DKR
hydrogenation of racemic 9 in the presence of Noyori’s
Ru-BINAP catalyst, which, to our knowledge,” is the only
reported method for the asymmetric preparation of syn-1,2-
amino alcohol analogues of 10 through a reduction of
a-amino-f-keto esters at the time,'' resulted in an extremely
slow reaction with low conversion under various conditions.’

In parallel, we also investigated the preparation of 10 via
an enzymatic DKR reduction. If the desired enzymatic
reactivity converting 9 to 10 (even with low conversion)
could be realized through screening, we were confident
that we could evolve/develop the initial proof-of-concept
result to a practical process through enzyme evolution, given
the recent development and success on enzyme engineering
technology.'”
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Scheme 3. Through-Process to Enone 15 via Enzymatic DKR
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To this end, screening of enzymatic DKR reduction
identified that several enzymes promoted the desired reaction
to produce 10. Preliminary results showed that methyl ester 9
gave higher dr selectivity than the corresponding ethyl ester.

The attainment of the catalytic cycle for the desired
enzymatic DKR reduction required the use of coenzyme
NADP and CDX-901, both of which, by consuming glu-
cose to gluconic acid, deliver the hydride source to selec-
tively reduce ent-(S)-9 to give the desired 10. Enzymes'?
KRED-130 and CDX-901 were initially selected for fur-
ther optimization. Although promising results were ob-
tained on a laboratory scale to give 10 in 99% ee and 90%
assay yield, the stability and reactivity of the enzymes on
large-scale runs were not ideal and resulted in incomplete
conversion. However, this issue was overcome by employ-
ing the evolved enzymes GDH-105 and CDX-018,"* which
were also evolved to withstand higher concentration of
organic solvent desired for improving the solubility of 9
and therefore the volume productivity. After optimization,
the highly enantioselective enzymatic DKR reduction was
carried out by treating 9 in an aqueous DMSO phosphate
buffer in the presence of glucose, a catalytic amount of
NADP, and enzymes GDH-105 and CDX-018 at 30 °C.
NaOH (2 N) was added to neutralize the gluconic acid

(13) In collaboration with Codexis Inc., USA.
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formed during the reaction and to maintain the reaction
pH at 7.5 to accomplish a fast epimerization of 9, thereby
achieving > 98% conversion within 2 days. It is also worth
noting that the use of i-PrOH—#-BuOMe for extractive
workup resulted in a clear phase separation that overcame
the potential emulsion caused by enzyme protein. As such,
10 was obtained in 92% assay yield with >99% ee and
>99:1 dr selectivity. Thus, the syn stereochemistry of 10,
which is generally not readily prepared through a chemical
reduction, was established through a powerful enzymatic
DKR reduction of racemic substrate 9. The integration of
biotechnology into classical organic synthesis is an alter-
native and useful tool to solve synthetic problems.

To convert syn-amino alcohol 10 to aldehyde 13, which
thereby allowed us to extend the desired functionality for the
preparation of 1 through a Horner—Wadsworth— Emmons
reaction (Scheme 1), acetonide 11 was prepared in the pre-
sence of 10 mol % of BF;3-OEt, and dimethoxypropane in
toluene/acetone (Scheme 2). The use of a small amount of
toluene streamlined the process, such that the conversion
from 9 to 14 was performed without isolating any intermedi-
ates. Reduction of ester 11 with either 1.3 equiv of LiBH, or
0.7 equiv of LiAlH,4 gave 12 in 95% assay yield. Subsequent
TEMPO/bleach oxidation was carried out in a biphasic mix-
ture of aqueous MeCN/toluene in the presence of NaHCO;
and 15 mol % of KBr at <10 °C to afford aldehyde 13
without any ee loss in 88% assay yield. The aqueous phase
was discarded, and the wet crude reaction stream of alde-
hyde 13 was directly used “as is” in the subsequent step.

Appropriately mild conditions'* were identified to pro-
mote the desired Horner—Wadsworth— Emmons reaction.
In the presence of 3 equiv of LiBr and 3 equiv of Hunig’s
base, the coupling of phosphonate 5° and aldehyde 12 pro-
ceeded smoothly in MeCN to give 14 in 89% assay yield.
The use of either LiCl or <3 equiv of LiBr led to a lower
conversion and yield. Interestingly, byproduct 15, which
competitively formed up to ~12% through a reversible
aldol condensation of 14 and aldehyde 13'° within initial
several hours, was eventually converted to the desired 14
in >99% conversion'® upon aging the reaction at 20 °C
overnight (Scheme 3). After aqueous workup, enone
14 was crystallized from aqueous i-PrOH in 80% yield
and >98% purity. Thus, starting from keto ester 9, enone
14 was prepared in 60% yield over five steps without
isolating any intermediates.

Hydrogenation of 14 (5 wt % of 10% Pd—C, 20 psi H,,
THF, 20 °C, 2 h) gave ketone 16 cleanly (Scheme 4). The
use of THF avoided hydrogenolysis cleavage of the
benzylic C—O bond. With compound 16 in hand, we set
forward for global deprotection. However, initial

(14) (a) Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.;
Masamune, S.; Roush, W. R.; Sakai, T. Tetrahedron Lett. 1984, 25,
2183-2186. (b) Rathke, M. W.; Nowak, M. J. Org. Chem. 1985, 50,
2624-2626.
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Roy, C. E.; Wade, C. E. Tetrahedron 2010, 66, 8832-8836. (b) Ahn,
K. H.; Kwon, G. J.; Choi, W.; Lee, S. J.; Yoo, D. J. Bull. Korean Chem.
Soc. 1994, 15, 825-827.
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Scheme 4. Deprotection and Hydrogenation
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treatment of 16 with TFA resulted in the desired imine 17
along with 20—25% of cyclic carbamate byproduct 20.
Further studies showed that complete global deprotection
followed by spontaneous dehydration—cyclization was
best carried out in i-PrOH—HCI. After 24 h at ambient
temperature, imine 17 bis-HCI salt monohydrate was
directly isolated from i-PrOH—i-PrOAc in 95% yield and
>97% purity.

To complete the construction of the core skeleton de-
sired for a novel class of 33 adrenergic receptor agonists,
diastereoselective reduction of imine 17 was highly desired.
Preliminary results showed the reduction applying hydride
methods gave unsatisfactory selectivity; we therefore focused
our efforts on hydrogenation of 17. Among the various
catalysts/conditions’ examined, Raney Ni gave 96:4 dr se-
lectivity (cis:trans) in MeOH at 75 °C/40 psi H, (Table 1,
entry 7). However, 100 wt % of Raney Ni was required in
order to achieve >95% conversion in 20 h. In addition, the
use of aqueous MeOH instead of dry MeOH resulted in
lower dr selectivity.”

A survey of the literature'"'® suggested that increasing
the bulkiness of the substitute group of the C2 stereogenic
center in the pyrroline ring, which can be achieved by mask-
ing the OH group in 18, could improve the cis-selectivity.
Thus, bis-HCI salt monohydrate 17 was treated with
2.1 equiv of (Me;Si),NH in THF to give the corresponding

Org. Lett, Vol. 15, No. 6, 2013

Table 1. Selected Initial Results of Hydrogenation of Imine”

entry substrates catalysts solvents conv® (%) cis/trans®
1 17 Pd/C i-PrOH 64 60:40
2 Pd/C EtOH 93 56:44
3 Rh/Al,03 MeOH 94 61:39
4 Ru/C i-PrOH 61 84:16
5 PtO, EtOH 69 66:33
6 Pt/Al,03 i-PrOH >99 84:16
7 Raney Ni MeOH >99 96:4°¢
8 18 Pt/Al;,03 THF >99 96:4
9 Rh/Al THF 72 98:2
10 Pd/C THF 78 91:9
11 Pd/Al THF 37 95:5

“Unless otherwise mentioned, all reactions were carried out at 25 °C,
15—40 psi H, with 10—25 wt % of catalyst loading. ® Determined by
HPLC analysis.’ “ 75 °C, 40 psi H,, 100 wt % of Raney Ni.

TMS-protected imine 18 quantitatively, which set a new
stage for screening hydrogenation conditions in an at-
tempt to improve the cis selectivity. Interestingly, under
the basic conditions, imine 17 was readily oxidized upon
exposure to air to give ketone 21; notwithstanding, main-
taining an inert atmosphere was straightforward on the
plant scale. Finally, several suitable catalysts/conditions
were identified to prepare 1 in high diastereoselectivity
(Table 1, entry 8). Given overall considerations in terms
of reaction rate, conversion, and impurity profile, Pt/Al,O3
was selected for further optimization. In practice, the in situ
TMS-silylated imine 18 was directly subjected to hydro-
genation in the presence of 5 wt % of 5% Pt/Al,O; at
20—25 °C/40 psi H, for 12 h to give the corresponding
amine 19 (cis/trans = 96:4). After aqueous HCI workup,
the desired cis-pyrrolidine 1 hemihydrate was crystallized
from aqueous i-PrOH in 80% yield and > 99% purity. The
undesired trans diastereomer was cleared to <0.2%.

In summary, an efficient asymmetric synthesis of cis-2,5-
disubstituted pyrrolidine 1 has been developed. This prac-
tical synthesis features the application of enzymatic DKR
reduction to establish the two stercogenic centers of syn
phenyl 1,2-amino alcoholin >99% eeand > 99:1 drin one
step. Effective hydrogenation of chiral cyclic imine affords
pyrrolidine 1 in high cis diastereoselectivity. Starting from
inexpensive glycine ester and only isolating 3 intermedi-
ates, the core scaffold of S3-AR agonists is prepared in
38% yield over 11 steps. This synthesis is amenable to the
preparation of various analogues of 1.
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