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ABSTRACT: Alogliptin (1) benzoate is a potent, highly selective inhibitor of serine protease dipeptidyl-peptidase IV, approved by
US FDA for the treatment of type 2 diabetes. Herein, we report a more cost-effective process that includes ruthenium-catalyzed
asymmetric hydrogenation followed by Hofmann rearrangement of 2-((6-chloro-3-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)methyl)benzonitrile (10) to introduce a chiral amino moiety at a late stage. Use of an inexpensive and readily available
nicotinamide (6) for a chiral aminopiperidine core and iodobenzene diacetate (PIDA) under mild and specific conditions allowed us
to access 1 with excellent total yield and comparable quality to that manufactured by the original process.
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■ INTRODUCTION
Takeda Pharmaceutical Company subsidiary Takeda San Diego
(formerly Syrrx) disclosed 2-{6-[3(R)-amino-piperidin-1-yl]-3-
methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-ylmethyl}-ben-
zonitrile (alogliptin, 1) as a dipeptidyl peptidase IV (DPP-4)
inhibitor and an agent for the treatment of type 2 diabetes
mellitus (Scheme 1).1−3 Alogliptin inhibits DPP-4, which

normally degrades the incretins glucose-dependent insulino-
tropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1).
The inhibition of DPP-4 increases the amount of active plasma
incretins, which helps with glycemic control. GIP and GLP-1
stimulate glucose-dependent secretion of insulin in pancreatic β
cells. GLP-1 has the additional effects of suppressing glucose-
dependent glucagon secretion, inducing satiety, reducing food
intake, and reducing gastric emptying.4 Alogliptin or a fixed dose
combination with the antidiabetic agent metformin hydro-
chloride was approved and launched first in Japan in 2010 and is
now commercially available in many countries, including
Australia, China, Europe, Japan, Mexico, South Korea, and the
United States, under varying brand names.5

The original process for the synthesis of alogliptin starts with
condensation of 6-chloro-3-methyluracil (2) and α-bromoto-

luoylnitrile (3) to give the key intermediate 4. Then, (R)-3-
aminopiperidine (5) is introduced to 4 by nucleophilic
substitution, followed by salt formation with benzoic acid to
afford alogliptin (Scheme 2).2

With growing demand around the world, it was considered
that a more efficient and cost-effective process for alogliptin
would be beneficial. Among the starting materials of the original
process, the optically active amine 5, a relatively expensive
material, has mainly been synthesized via inefficient routes
employing optical resolution, with yields of 50% at most.6 We
envisioned that an alternative process, where the chiral
stereocenter is constructed via an asymmetric method, would
improve the total yield and streamline the process. The atom
economical enantioselective approach would also enable
reduction of the raw material cost of alogliptin. Herein, we
report a new efficient asymmetric process for the synthesis of
alogliptin. A key transformation is asymmetric hydrogenation of
1,4,5,6-tetrahydropyridine-3-carboxamide (7), which is synthe-
sized in a single step from the readily available and low-cost
nicotinamide (6). We found that ruthenium catalysis in the
presence of strong acids was highly effective for the trans-
formation. After condensation with a pyrimidine-2,4-dione core,
an amide moiety was transformed into an amine without erosion
of enantioselectivity via Hofmann rearrangement, using
iodobenzene diacetate (PIDA) as an oxidizing agent.7
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Scheme 1. Chemical Structure of Alogliptin (1)

Articlepubs.acs.org/OPRD

© 2021 The Authors. Published by
American Chemical Society

327
https://dx.doi.org/10.1021/acs.oprd.0c00544

Org. Process Res. Dev. 2021, 25, 327−336

Made available through a Creative Commons CC-BY-NC-ND License

D
ow

nl
oa

de
d 

vi
a 

13
.7

0.
38

.4
7 

on
 M

ay
 1

4,
 2

02
1 

at
 0

6:
55

:3
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masatoshi+Yamada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sayuri+Hirano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryoji+Tsuruoka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masahiro+Takasuga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenichi+Uno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kotaro+Yamaguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kotaro+Yamaguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mitsuhisa+Yamano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.oprd.0c00544&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/oprdfk/25/2?ref=pdf
https://pubs.acs.org/toc/oprdfk/25/2?ref=pdf
https://pubs.acs.org/toc/oprdfk/25/2?ref=pdf
https://pubs.acs.org/toc/oprdfk/25/2?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=sch1&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.oprd.0c00544?ref=pdf
https://pubs.acs.org/OPRD?ref=pdf
https://pubs.acs.org/OPRD?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
https://creativecommons.org/licenses/by-nc-nd/4.0/


■ RESULTS AND DISCUSSION

Partial Reduction of Nicotinamide (6). The classical
method for the partial reduction of 6 into 7 with Pd/C as a
heterogeneous hydrogenation catalyst has been reported to
proceed in 70−92% yield.8 Optimization of the partial reduction
was investigated, to suppress over-reduction to racemic
nipecotamide (8). The stirring speed and hydrogen pressure

in the reactionmixture were found to be important to obtain 7 in
acceptable yield with constant reproducibility.
Transformation of 6 to 7 was carried out with Pd/C type-K,

purchased fromN.E. CHEMCATCorporation, inMeOHunder
0.1 MPa of hydrogen pressure at 40 °C for 21 h. Although the
reaction gave a mixture in the ratio of 6/7/8 = 1/77/22, 7 was
successfully isolated in 70% yield after crystallization from
MeOH. Enamide 7 was then converted to its mono p-

Scheme 2. Original Synthetic Process of Alogliptin (1) Benzoate

Scheme 3. Partial Reduction of 6

Table 1. Asymmetric Hydrogenation of 7a

entry metal precursor ligand s/cb additivec conversion (%)d % eee

1 [RhCl(cod)]2 (R)-BINAP 20 74 racemic
2 [IrCl(cod)]2 (R)-BINAP 20 67 racemic
3 Pd(OAc)2 (R)-BINAP 20 0
4 RuCl2{(R)-binap} 20 39 −59
5 RuCl2{(R)-binap} 20 CH3CO2H 84 −15
6 RuCl2{(R)-binap} 20 PhCO2H 61 −12
7 RuCl2{(R)-binap} 20 PhSO3H 100 −70
8 RuCl2{(R)-binap} 20 p-TsOH·H2O 100 −70
9 RuCl2{(R)-binap}(dmf)n 100 p-TsOH·H2O 100 −68
10 RuCl2{(S)-binap}(dmf)n 100 p-TsOH·H2O 100 69
11 RuCl2{(R,S)-mandyphos}(dmf)n 100 p-TsOH·H2O 100 −69
12 RuCl2{(R,S)-xylyl-mandyphos}(dmf)n 100 p-TsOH·H2O 100 −81
13 RuCl2{(R)-phanephos}(dmf)n 100 p-TsOH·H2O 100 −86

aUnless otherwise stated, reactions were conducted under 1 MPa of H2 for 20 h at 50 °C using 7 in MeOH containing a metal complex. bSubstrate-
to-catalyst molar ratio. c1 equivalent of 7. dDetermined by chiral high-performance liquid chromatography (HPLC) analysis, with the conditions:
SHISEIDO CD-Ph column (5 μm, 250 × 4.6 mm), 0.1 M aq KPF6/MeCN 95/5, flow rate: 0.5 mL/min, oven temperature: 25 °C, detection: 200
nm (UV), tR: 13.7 min (7), tR: 15.2 min (ent-8), and tR: 17.0 min (8). eAssayed by chiral HPLC analysis, with the conditions: CHIRALPAK IC
column (5 μm, 250 × 4.6 mm), MeCN/0.02 M aq H3PO4 3/7, flow rate: 0.5 mL/min, oven temperature: 25 °C, detection: 200 nm (UV), The
sample was derived to benzoylated form, tR: 13.1 min (N-benzoylated ent-8), and tR: 17.2 min (N-benzoylated 8).
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toluenesulfonate as a 0.85 ethanol solvate, with 96% yield from
EtOH, for the next asymmetric hydrogenation step (Scheme 3).
On a 70 kg scale of 6, 7·TsOH was obtained in 60% yield in two
steps and used directly in the next step as a substrate for
asymmetric hydrogenation.
Asymmetric Hydrogenation of 1,4,5,6-Tetrahydropyr-

idine-3-carboxamide (7).We first designed a small screen to
assess the feasibility of asymmetric hydrogenation of enamide 7
to hydrogenation product 8. To our knowledge, transition
metal-catalyzed asymmetric hydrogenation of 7-like non-
protected tetrahydropyridines has not been reported, although
some catalytic examples for 3-carboxy-protected 1,4,5,6-
tetrahydropyridines were recorded with good enantioselectiv-
ity.9 The screen commenced with a relatively small set of
commercially available chiral transition metal catalysts (Table
1). The combination with (R)-BINAP and [RhCl(cod)]2 or
[IrCl(cod)]2 resulted in moderate conversion with no
enantioselectivity (Table 1, entries 1 and 2). The combination
with (R)-BINAP and Pd(OAc)2 provided a negligible amount of
8 (entry 3). In the case of RuCl2{(R)-binap}, 8 was generated in
39% conversion with moderate enantioselectivity (−59% ee,
entry 4). In the asymmetric hydrogenation of 7, addition of
Bronsted acid was found to be very effective to improve the
reaction conversion (entries 5 and 6). Among the Bronsted acids
tested, sulfonic acids such as benzenesulfonic acid and p-
toluenesulfonic acid monohydrate achieved full conversion of 7
to provide 8 with −70% ee (entries 7 and 8). We selected p-
toluenesulfonic acid monohydrate as an acid additive and
subsequently evaluated the performance of various chiral
diphosphine ligands, as depicted in entries 9−13. The
corresponding chiral ruthenium catalyst was prepared as a
dimethylformamide (DMF) complex according to the classical
method.10 RuCl2{(R)-binap}(dmf)n gave the same result as that
in entry 8 at s/c (substrate-to-catalyst molar ratio) 100 (entry 9).
When RuCl2{(S)-binap}(dmf)n was employed, the enantiose-
lectivity was completely reversed, and the desired configuration
of 8 was obtained with 69% ee (entry 10). In the screening of 44
types of chiral diphosphine ligands, RuCl2{(R,S)-mandyphos}-
(dmf)n showed the same performance as (R)-BINAP (entry 11).
The use of (R,S)-Xylyl-MANDYPHOS and (R)-PHANEPHOS
showed the best results, giving 8 in 81% ee and 86% ee,
respectively (entries 12 and 13).

In 1998, Pye et al. reported a practical and reproducible
procedure using the readily prepared [2.2]-PHANEPHOS-
Ru(II)bistrifluoroacetate salt, Ru(CF3CO2)2{(S)-phanephos},
in the presence of tetrabutylammonium iodide (TBAI), that
allowed the asymmetric hydrogenation of β-ketoesters up to
96% ee.11 Moreover, they mentioned that Ru(CF3CO2)2{(S)-
phanephos}could be stored up to several weeks in an argon
atmosphere without noticeable deterioration from a practical
standpoint. We prepared Ru(CF3CO2)2{(S)-phanephos} ac-
cording to the literature11 and conducted an optimization using
the catalyst for a practical manufacturing method.We found that
not only TBAI but also other inexpensive inorganic salts
dramatically increased the catalytic activity. After optimization,
the process for asymmetric hydrogenation of 7 was finalized as
shown in Scheme 4, using 7·TsOH as the substrate for the
hydrogenation reaction. Addition of KBr (10 equiv to Ru) as a
halide source was effective to enhance the reaction activity even
at s/c 1000. Fortunately, we also found that crystallization from
ethanol, after concentration of the asymmetric hydrogenation
reaction mixture, gave 8 as a salt with p-toluenesulfonic acid in
almost perfect enantioselectivity (99.7% ee) and 76% yield.
Thus, we have developed an asymmetric process that is cost-
effective, facile, and robust for scale-up manufacturing.
The asymmetric hydrogenation of 7·TsOH has been scaled

up without any issues. After further optimization, the reaction
solvent was switched from methanol to 2-propanol for substrate
stability, and the chiral catalyst was also changed from
Ru(CF3CO2)2{(S)-phanephos} to Ru(CF3CO2)2{(S)-binap},
bearing the inexpensive and widely used (S)-binap ligand, in
thorough consideration of the impact on manufacturing cost.
The designated asymmetric hydrogenation of 7·TsOH (50.0
kg), under the conditions shown in Scheme 5, gave crude 8·
TsOH in full conversion with 70.1% ee. Subsequent
recrystallization from ethanol finally provided 25.5 kg of 8·

Scheme 4. Asymmetric Hydrogenation of 7·TsOH with Ru(CF3CO2)2{(S)-Phanephos} at s/c 1000

Scheme 5. Large-Scale Asymmetric Hydrogenation of 7·TsOH with Ru(CF3CO2)2{(S)-Binap} at s/c 1000

Organic Process Research & Development pubs.acs.org/OPRD Article

https://dx.doi.org/10.1021/acs.oprd.0c00544
Org. Process Res. Dev. 2021, 25, 327−336

329

https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.0c00544?fig=sch5&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://dx.doi.org/10.1021/acs.oprd.0c00544?ref=pdf


TsOH in 68% yield with 99.6% ee. The residual metal contents
of Pd and Ru were <0.081 ppm and 3.6 ppm, respectively.
2-((6-Chloro-3-methyl-2,4-dioxo-3,4-dihydropyrimi-

din-1(2H)-yl)methyl)benzonitrile (10) Synthesis. Dis-
placement of the chlorine on the 1,3-disubstituted chlorouracil
9 with 8·TsOH was accomplished in the presence of potassium
carbonate in aqueous 2-propanol at 65 °C for 16 h. To promote
crystallization of 2-((6-chloro-3-methyl-2,4-dioxo-3,4-dihydro-
pyrimidin-1(2H)-yl)methyl)benzonitrile (10), additional water
was added to the reaction mixture. On a 12.0 kg scale of 9, the
manufacturing operation was implemented to give 15.3 kg of 10
without any scale-up issues (Scheme 6).

Hofmann Rearrangement of 10 and Salt Formation to
1. A variety of oxidizing agents have been known to promote
Hofmann rearrangement, including NaOCl, NaOBr, and N-
bromosuccinimide as principal examples.6b,12 Recently, PIDA or
iodobenzene bistrifluoroacetate as effective oxidizing agents
have provided good reaction selectivity and high practicality.13

We initially attempted using aq NaOCl, an inexpensive reagent,
for Hofmann rearrangement of 10. However, the resulting
reaction mixture was complex, with side products such as the
nonhydrolyzable symmetrical urea (11) being generated in the
presence of diisopropylethylamine inMeCN/H2O. The isolated
yield of 1·BzOHwas 50% based on 10with 97% assay, and these
side products were difficult to remove by phase separation or
crystallization. Next, we investigated the Hofmann rearrange-
ment reaction condition using PIDA, to improve the reaction

yield. We first studied the effect of the PIDA equivalence to 10 in
MeCN/H2O (1/1) at room temperature (Table 2). Increasing
the amount of PIDA was effective to improve the reaction yield
and to prevent the formation of 11 at room temperature. In
order to reduce the amount of PIDA used as much as possible,
for cost reduction, optimization of the equivalence of PIDA was
required. Judging from the HPLC area % in Table 2, at least 1.3
equiv of PIDA was needed to complete the reaction (entry 4).
Dimer formation was clearly suppressed by the excess amount of
PIDA (entry 6).
The decomposition (hydration) of PIDA was considered as

one of the major reasons for the necessity of excess PIDA, so the
effect of additives was examined (Table 3). As a side note,
controlling of urea (11) transformation under a small amount of
PIDA was difficult, although we tried the various adding method
of PIDA.13a The addition of inorganic bases showed that K2CO3

enhanced consumption of 10, but a substantial amount of 11
was formed. Cooling the reaction to 0 °C had no effect to reduce
11 (entry 3). Although the addition of organic amines like Et3N
increased 11 formation, the addition of pyridine was effective for
reaction completion, and the formation of 11 also slightly
decreased (entries 6 and 7). It was interesting that PIDA was
solubilized in the presence of pyridine, whereas it was hardly
soluble in all the other solvent systems. Although the
solubilization mechanism is still unclear, we considered that
increasing the initial concentration of PIDA could facilitate the
reaction to proceed. We suspected that the solubilizing effect
would be obtained by a catalytic amount of pyridine, and indeed,
no significant difference between the pyridine amounts was
observed (entries 8−10). The reaction with a catalytic amount
of pyridine also enabled us to change the solvent fromMeCN to
2-propanol, a much more inexpensive and environmentally
benign solvent (entry 11), while the reaction without pyridine
did not go to completion, with 22% of 10 remaining, due to
faster PIDA decomposition. Less 11 formation was observed in
2-propanol/H2O than in MeCN/H2O, with a little longer
reaction time.

Scheme 6. Synthesis of 10

Table 2. Effect of the PIDA Amount in Hofmann Rearrangement of 10a

HPLC (area %)b,c

entry PIDA (equiv) 10 1 11

1 1.0 5.5 84.8 6.6
2 1.1 2.0 89.4 5.7
3 1.2 0.5 92.3 5.2
4 1.3 0.1 94.5 3.6
5 1.5 0.2 95.1 2.4
6 2.0 0.1 96.1 1.1

aUnless otherwise stated, to a four-necked round bottomed flask, MeCN/H2O (1/1) and 10 were charged. The solution was warmed to 50 °C for
completely dissolving 10 and then cooled to 25 °C. PIDA was added to the solution, and then, the suspension was stirred for 1 h at 25 °C. bAny
area contribution of iodosobenzene was ignored. cDetermined by HPLC analysis, with condition: SHISEIDO MG II column (5 μm, 250 × 4.6
mm), 0.02 M aq H3PO4/MeCN = 6/4, flow rate: 1.0 mL/min, oven temperature: 25 °C, detection: 278 nm (UV), tR: 2.1 min (1), tR: 2.5 min
(10), and tR: 6.0 min (11).
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Isolation of 1 and Salt Formation to 1·BzOH.Although 1
had been isolated as a hydrochloride in the previous method, the
salt exchange process from hydrochloride to benzoate before the
final step was not operationally friendly. Here, 1 obtained via
Hofmann rearrangement showed an improved HPLC profile
and was able to be isolated as a crystalline-free base in around
90% yield from toluene/heptane. While the urea 11 was difficult
to be removed by crystallization, due to its low solubility, 11 was
found to be removable by back extraction of 1 in an acidic
aqueous phase during work-up (for further details, see
Experimental Section). After the work-up operation, 1 could
be isolated in around 90% yield from toluene/heptane (10/15),
which was adopted as the best crystallization solvent among the
solvents screened. Additionally, we investigated an alternative
solvent instead of iPrOAc, which was used as the extraction and

crystallization solvent in the original route because of its
significant effect on the manufacturing cost. An examination of
1·BzOH salt formation using 2-propanol/EtOAc (1/1) showed
that it gave high quality 1·BzOH in good yield, which satisfied
the established specification.
Next, the optimized reaction conditions from 10 to 1·BzOH

were applied to a 50 g scale synthesis, which was performed
three times (Table 4).
The three trials showed good reproducibility, and 1 and 1·

BzOH were obtained in 89 ± 2 and 92 ± 2%, respectively. As
contamination by 11 in the first run was close to 0.1 area %, the
amount of EtOAc for back extraction to remove 11 was
increased from 5 to 10 vol. Hence, in the second and third runs,
contamination by 11 could be reduced to less than 0.04 area %.

Table 3. Effect of Bases for Hofmann Rearrangement of 10 by PIDAa

HPLC (area %)b,c

entry base temp. (°C) time (h) 10 1 11

1 Rt 1 4.8 88.5 4.5
2 K2CO3 (3.0) Rt 1 0.4 65.4 26.9
3 K2CO3 (3.0) 0 24 0.6 53.7 38.6
4 NaHCO3 (2.0) Rt 1 7.4 70.7 17.2
5 NaOH (2.0) 0 to rt 4 9.5 30.3 48.7
6 Et3N (2.0) Rt 1 2.9 52.7 36.1
7 pyridine (2.0) Rt 1 1.0 92.9 3.6
8 pyridine (1.0) Rt 1 0.2 95.1 3.0
9 pyridine (0.05) Rt 1 0.1 95.6 3.1
10 pyridine (0.025) Rt 1 0.1 95.5 3.2
11d pyridine (0.025) Rt 2 0.3 94.7 3.5

aUnless otherwise stated, to a four-necked round bottomed flask, MeCN/H2O (1/1), base, and 10 were charged. PIDA was added to the solution,
and then, the suspension was stirred. bAny area contribution of iodosobenzene was ignored. cDetermined by HPLC analysis, with condition:
SHISEIDO MG II column (5 μm, 250 × 4.6 mm), 0.02 M aq H3PO4/MeCN = 6/4, flow rate: 1.0 mL/min, oven temperature: 25 °C, detection:
278 nm (UV), tR: 2.1 min (1), tR: 2.5 min (10), and tR: 6.0 min (11). d2-propanol/H2O = 1/1 was used as a reaction solvent.

Table 4. Hofmann Rearrangement and Benzoic Acid Salt Formation (50 g Scale)a

isolated yield (%) HPLC (area %) of 1·BzOHb,c residual metals (ppm)

run 1 1·BzOH 1 11 Pd Ru

1 89 93 99.79 0.07 0.026 3.1
2 87 92 99.88 0.03 <0.025 2.0
3 91 90 99.80 0.04 <0.026 2.2

aThe operation procedure is described in the experimental section. bAny area contribution from benzoic acid was ignored. cDetermined by HPLC
analysis, with condition: SHISEIDO MG II column (5 μm, 250 × 4.6 mm), 0.02 M aq H3PO4/MeCN = 6/4, flow rate: 1.0 mL/min, oven
temperature: 25 °C, detection: 278 nm (UV), tR: 2.1 min (1), tR: 2.5 min (10), and tR: 6.0 min (11).The optical yield of 1·BzOH was 99.5% by
chiral HPLC analysis, with condition: SUMICHIRAL OA-4600R column (5 μm, 250 × 4.6 mm), hexane/2-propano; /methanol/trifluoroacetic
acid = 430/45/25/1, flow rate: 1.0 mL/min, oven temperature: 35 °C, detection: 275 nm (UV), tR: 42.7 min (enantiomer), and tR: 45.4 min (1).
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Thus, we could confirm the reproducibility of the economical
reaction system on a 50 g scale, without any quality issues.
Application to Trelagliptin Succinate. Trelagliptin (12)

succinate, a novel once-weekly oral DPP-4 inhibitor, was
approved for the Japanese market in 2015 from Takeda
Pharmaceutical Company.1,14 As 12 has a similar molecular
structure to 1 with only a single aromatic hydrogen atom being
replaced by a fluorine, we investigated whether the developed
method could be applied to the synthesis of 12 (Scheme 7).

The same conditions as for the synthesis of 1 were applied to
the synthesis of 12, and for the final succinate formation, the
current conditions giving 12 were traced as well. Each reaction
proceeded in good yield and gave the desired product in 70%
yield in three steps from 13.

■ CONCLUSIONS
In summary, the application of catalytic asymmetric hydro-
genation to a key intermediate in the synthesis of alogliptin (1)
resulted in the discovery of an enantioselective synthesis

Scheme 7. Synthesis of Trelagliptin (12) Succinate

Scheme 8. Overall Scheme of the Developed Synthetic Route to 1·BzOH
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pathway, as the key step (Scheme 8). The asymmetric
hydrogenation of 1,4,5,6-tetrahydropyridine-3-carboxamide
(7) and crystallization as the p-toluenesulfonate from ethanol
gave (R)-nipecotamide (8) in >99% ee. With Ru-
(CF3CO2)2{(S)-phanephos}, it was possible to achieve an
enantioselectivity of 88% ee in the reduction of 7·TsOH to 8 in
the presence of KBr at a catalyst loading of 1000:1 on a 66.7 g
laboratory scale of 7·TsOH, and then, 99.7% ee of 8·TsOH was
obtained by crystallization from ethanol, with 76% yield. The
new procedure could be applied to a 50.0 kg scale 7·TsOH
manufactured using Ru(CF3CO2)2{(S)-binap}, and 25.5 kg of
8·TsOH was prepared in 68% yield.
Hofmann rearrangement of 2-((6-chloro-3-methyl-2,4-dioxo-

3,4-dihydropyrimidin-1(2H)-yl)methyl)benzonitrile (10), pre-
pared by the coupling of 8·TsOH and the 1,3-disubstituted
chlorouracil 9, was successful using PIDA in the presence of a
catalytic amount of pyridine. These new synthetic routes
afforded 1 as crystals of the free base, and finally, 1 was
converted to the benzoate salt in a 2-propanol/EtOAc system.
Moreover, the synthetic strategy was applicable for the

preparation of trelagliptin (12), which has a similar molecular
structure to 1.

■ EXPERIMENTAL SECTION
General Remarks. All reagents and solvents were purchased

commercially and used without further purification. HPLC
analysis was performed on HITACHI 7400 instruments or
SHIMADZU LC-10ADvp instruments. 1H NMR and 13C NMR
spectra were measured in CDCl3, CD3OD, or D2O solutions at
500 and 126 MHz, respectively, using a Bruker Avance-III
spectrometer for analysis of 7·TsOH, 8·TsOH, 10, 1·BzOH, 14,
and 12·HOOC(CH2)2COOH. The IR spectrum was measured
using a SHIMADZU IR Prestige-21. High-resolution mass
spectrometry (HRMS) spectra were measured using a
SHIMADZU LCMS-IT-TOF, and melting points were
measured using a SIBATA B-545 apparatus. Specific rotations
were measured using a JASCO P-1030.
Lab-Scale Synthesis of 1,4,5,6-Tetrahydropyridine-3-

carboxamide (7) p-Toluenesulfonate. To a 1 L autoclave
were added nicotinamide (50.00 g, 0.41 mol, 1.0 equiv) Pd/C
type-K (5.00 g, 50%-wet) and methanol (500 mL). The
atmosphere was purged with nitrogen gas seven times.
Hydrogen was initially introduced into the autoclave at a
pressure of 0.02 MPa, before being reduced to atmospheric
pressure by carefully releasing the stop valve. After this
procedure was repeated ten times, the hydrogen pressure was
introduced at 0.1 MPa, and the solution was stirred at 40 °C for
21 h under 0.1 MPa of hydrogen pressure. The solution was
cooled to room temperature, and hydrogen gas was then
carefully vented. After removing Pd/C by filtration, the filtrates
were evaporated to produce a white crystalline powder. The
residue was diluted with methanol (100 mL), and the resulting
suspension was aged at room temperature for 1 h. The solid was
collected by filtration, and the cake was washed with methanol
(50 mL) before being dried at 50 °C under vacuum to yield 7 as
a colorless solid (36.20 g, 70% yield). To a four-necked round
bottomed flask were charged the obtained powder (36.20 g), p-
toluenesulfonic acid monohydrate (54.63 g, 0.29 mol, 1.00
equiv), and ethanol (290mL, 8 vol). The suspension was aged at
room temperature overnight and collected by filtration, and
then, the cake was washed with a 1/4 v/v ethyl acetate-
diisopropylether mixture and dried at 60 °C under vacuum to
yield 7·TsOH 0.85 ethanol solvate as a colorless solid (92.84 g,

96% yield, 100 area % HPLC purity). IR (KBr): 3379, 3296,
2978, 2949, 1665, 1609, 1437, 1410, 1177, 1123, and 1101 cm−1.
The product was detected as two isomers in the ratio of 87
(major):13 (minor) by NMR measurements. 1H NMR (500
MHz, D2O): δ 7.62 (d, J = 8.5 Hz, 2H), 7.29 (d, J = 8.5 Hz, 2H),
5.09 (s, 0.13H), 4.79 (s, 0.87H), 3.57 (q, J = 6.5 Hz, 0.85× 2H),
3.24−3.40 (m, 1H), 2.91−3.11 (m, 1H), 2.31 (s, 3H), 1.76−
2.08 (m, 2H), 1.53−1.71 (m, 2H), 1.10 (t, J = 6.5 Hz, 0.85 ×
3H). 13C NMR (126 MHz, D2O): δ 176.1 (0.13C), 175.9
(0.87C), 142.5 (1C), 139.9 (1C), 129.6 (1C), 125.6 (1C), 80.0
(0.87C), 78.1 (0.13C), 57.6 (0.87C), 47.5 (0.13C), 47.4
(0.13C), 47.2 (0.13C), 43.2 (1C), 40.7 (0.13C), 25.6
(0.87C), 22.0 (0.13C), 20.7 (1C), 20.5 (0.87C), 19.1
(0.13C), 17.0 (0.87C). HRMS (m/z, ESI): calcd 127.0866 for
C6H10N2O (M + H)+; found, 127.0873; calcd 171.0121 for
C7H8O3S (M−H)−; found, 171.0124. HPLC: SHISEIDOCD-
Ph column (5 μm, 250× 4.6 mm),MeCN/aq KPF6 (0.10M) 5/
95, flow rate: 0.5 mL/min, oven temperature: 25 °C, detection:
200 nm (UV), tR: 8.5 min (p-toluenesulfonic acid), tR: 12.0 min
(7), tR: 19.0 min (6).

Lab-Scale Synthesis of (R)-Nipecotamide (8) p-
Toluenesulfonate. To a 1 L autoclave were added Ru-
(CF3CO2)2{(S)-phanephos} (0.1785 g, 0.198 mmol, 0.001
equiv = s/c 1,000), potassium bromide (0.2350 g, 1.98 mmol,
0.01 equiv), and 7·TsOH 0.85 ethanol solvate (66.67 g, 197.5
mmol, 1.00 equiv). The atmosphere was evacuated and filled
with argon gas seven times. Dehydratedmethanol (500mL) was
added to the autoclave by the argon feed cannula. The mixture
was stirred at room temperature for 5 min, and hydrogen was
initially introduced into the autoclave at a pressure of 0.1 MPa,
before being reduced to atmospheric pressure by carefully
releasing the stop valve. After this procedure was repeated ten
times, the hydrogen pressure was introduced at 1.0MPa, and the
solution was stirred at 50 °C for 15 h. The solution was cooled to
room temperature, and hydrogen gas was then carefully vented.
After evaporation of the solvent, the residue was evaporated to
afford a pale-green solid. The residue was dissolved with ethanol
(201 mL) at 75 °C, and the insolubles were removed by
filtration. The filtrates were evaporated to dryness. The residue
was diluted with ethanol (201 mL) and stirred at 80 °C for 1 h.
The seed crystal of 8·TsOH was inoculated to the solution. The
resulting suspension was cooled to room temperature and aged
for 3 h. The solid was collected by filtration, and the cake was
washed with ethanol (142 mL) before being dried at 60 °C
under vacuum to yield 8·TsOH as a colorless solid (44.99 g, 76%
yield, 99.7% ee as benzylated 8). [α]D

250.3° (c = 0.996,
methanol); IR (KBr): 3400−3300, 3159, 2950−2800, 1670,
1435, and 1171 cm−1. 1H NMR (500 MHz, D2O): δ 7.73 (d, J =
8.5 Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 3.37−3.45 (m, 1H), 3.28−
3.36 (m, 1H), 3.16−3.24 (m, 1H), 3.05−3.14 (m, 1H), 2.82−
2.92 (m, 1H), 2.43 (s, 3H), 2.82−2.92 (m, 1H), 2.43 (s, 3H),
2.03−2.14 (m, 1H), 1.92−2.03 (m, 1H), 1.74−1.89 (m, 2H).
13C NMR (126MHz, D2O): δ 177.4, 142.6, 139.9, 129.6, 125.6,
44.9, 44.1, 38.5, 25.6, 20.7, 20.6. Anal. Calcd for C13H20N2O4S:
C, 51.98; H, 6.71; N, 9.33; S, 10.68. Found: C, 52.19; H, 6.79; N,
9.31; S, 10.57. HRMS (m/z, ESI): calcd 129.1022 for
C6H12N2O (M + H)+; found, 129.1046; calcd 171.0121 for
C7H8O3S (M − H)−; found, 171.0130. HPLC: CHIRALPAK
IC column (5 μm, 250× 4.6 mm),MeCN/aqH3PO4 (0.020M)
3/7, flow rate: 0.5 mL/min, oven temperature: 25 °C, detection:
200 nm (UV). The sample was converted to the benzylated
form; tR: 13.1 min (N-benzylated ent-8), tR: 17.2 min (N-
benzylated 8).
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Lab-Scale Synthesis of 2-((6-Chloro-3-methyl-2,4-
dioxo-3,4-dihydropyrimidin-1(2H ) -y l )methyl)-
benzonitrile (10). To a 1 L four-necked round bottomed flask
were charged 2-((6-chloro-3-methyl-2,4-dioxo-3,4-dihydropyr-
imidin-1(2H)-yl)methyl)benzonitrile (9) (27.54 g, 99.90mmol,
1.0 equiv), 8·TsOH (30.00 g, 99.98mmol, 1.0 equiv), potassium
carbonate (27.61 g, 199.8 mmol, 2.00 equiv), 2-PrOH (210
mL), and water (3 mL). This suspension was heated to 70 °C
and stirred for 18 h. The reaction mixture was cooled to 25 °C
and evaporated under reduced pressure. The resulting
suspension was stirred at room temperature for 2 h. The solid
was collected by filtration, and the cake was washed with water
(90 mL) and dried at 60 °C under vacuum to yield 10 as a
colorless solid (34.13 g, 93% yield, 95.9 area % HPLC purity).
[α]D

25 + 21.4° (c = 0.977, methanol); IR (KBr): 3387, 3319,
3202, 2941, 2853, 2226, 1690, 1676, and 1628 cm−1. 1H NMR
(500MHz, CDCl3): δ 7.61 (dd, J = 7.5, 1.5 Hz, 1H), 7.51 (td, J =
8.0, 1.5 Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H), 7.11 (d, J = 8.0 Hz,
1H), 5.73 (bs, 1H), 5.67 (bs, 1H), 5.34 (s, 1H), 5.32 (d, J = 16.0
Hz, 1H), 5.13 (d, J = 16.0Hz, 1H), 3.25 (s, 3H), 3.12−3.20 (dm,
1H), 2.88 (d, J = 11.5 Hz, 1H), 2.72 (t, J = 11.5 Hz, 1H), 2.55 (t,
J = 11.5 Hz, 1H), 2.47 (tt, J = 11.5, 3.5 Hz, 1H), 1.91 (dd, J =
13.0, 3.5 Hz, 1H), 1.70 (dt, J = 13.5, 3.5 Hz, 1H), 1.57 (qd, J =
13.0, 3.5 Hz, 1H), 1.46 (qt, J = 13.0, 4.0 Hz, 1H). 13CNMR (126
MHz, CDCl3): δ 174.8, 163.2, 159.8, 153.0, 141.0, 133.6, 133.3,
128.2, 127.2, 117.7, 110.7, 91.3, 54.0, 51.9, 46.4, 42.5, 28.2, 27.3,
24.3. HRMS (m/z, ESI): calcd 368.1717 for C19H21N5O3 (M +
H)+; found, 368.01731. HPLC: YMC-Pack ODS-A302 column
(5 μm, 150 × 4.6 mm), MeCN/aq H3PO4 (0.020 M) 3/7, flow
rate: 0.5 mL/min, oven temperature: 25 °C, detection: 225 nm
(UV), tR: 8.7 min (10), tR: 25.1 min (9).
Lab-Scale Synthesis of Alogliptin (1). To a 2 L four-

necked round bottomed flask, H2O/2-PrOH (1/1, 1.5 L),
pyridine (550 μL, 6.9 mmol, 0.05 equiv), and 10 (50.0 g, 136
mmol, 1.00 equiv) were charged. PIDA (48.2 g, 150 mmol, 1.1
equiv) was added to the solution, and then, the suspension was
stirred for 3 h at 20 °C. The solvents (750 ± 50 mL) were
evaporated in vacuo at 40 °C, and then, EtOAc (500 mL) was
added, and the aqueous layer was separated. The aqueous layer
was washed by EtOAc (500 mL) and treated with K2CO3 (400
g) at 0−15 °C. The organic products were extracted with
toluene (100 mL) and 2-PrOH (150 mL), followed by rinsing
with saturated aq NaCl (50 mL). After evaporation of the
organic solvents, toluene (150 mL) was added and evaporated
for solvent substitution. 1 was crystallized from toluene (100
mL) and heptane (150 mL, dropwise for 1 h) as a yellowish
white crystalline solid (40.3 g, 87.2% yield, 99.31 area % HPLC
purity). HPLC: YMC-Pack ODS-A302 column (5 μm, 150 ×
4.6 mm), MeCN/aq H3PO4 (0.020 M) 3/7, flow rate: 0.5 mL/
min, oven temperature: 25 °C, detection: 225 nm (UV), tR: 3.2
min (1), tR: 8.7 min (10).
Lab-Scale Synthesis of Alogliptin (1) Benzoate. 1 (35 g,

103 mmol, 1.00 equiv) was dissolved in hot IPA (140 mL, 60
°C) then filtered through a membrane filter to a 1 L four-necked
round bottomed flask. Benzoic acid (13.8 g, 113 mmol, 1.1
equiv) in EtOAc (140 mL) was added dropwise to the solution
for 1 h at 60 °C. The crystals were aged for 19 h at room
temperature. The resulting solid material was filtered and dried
in vacuo at 50 °C to give a slightly yellowish crystalline solid
(43.9 g, 92% yield, 99.79 area %HPLC purity). mp 184.0−186.1
°C; IR (KBr): 3082, 2976, 2961, 2860, 2230, 1695, 1609, 1591,
1445 and 1362 cm−1. 1H NMR (500 MHz, D2O): δ 7.76 (d, J =
7.0 Hz, 2H), 7.62 (d, J = 7.5 Hz, 1H), 7.54 (t, J = 7.5 Hz, 1H),

7.28−7.42 (m, 4H), 7.22 (d, J = 8.0 Hz, 1H), 5.43 (s, 1H), 5.13
(d, J = 16.0 Hz, 1H), 5.05 (d, J = 16.0 Hz, 1H), 3.25−3.45 (m,
2H), 3.03 (s, 3H), 2.77−2.96 (m, 2H), 2.57−2.77 (m, 1H),
1.95−2.08 (m, 1H), 1.68−1.80 (m, 1H), 1.47−1.63 (m, 2H).
13C NMR (126 MHz, D2O) Peaks of ethanol were detected: δ
175.3, 165.4, 160.4, 152.9, 140.1, 47.1, 136.3, 133.3, 133.7,
131.1, 128.9, 128.3, 128.2, 128.0, 118.0, 109.4, 90.2, 57.5, 52.2,
51.7, 46.9, 27.9, 27.2, 21.2, 16.9. HRMS (m/z, ESI): calcd
340.1768 for C19H21N5O3 (M + H)+; found, 340.1769. HPLC:
SHISEIDO MG II column (5 μm, 150 × 4.6 mm), 0.02 M aq
H3PO4/MeCN= 6/4, flow rate: 1.0mL/min, oven temperature:
25 °C, detection: 278 nm (UV), tR: 2.1min (1), tR: 2.5min (10),
tR: 6.0 min (11). Chiral HPLC: SUMICHIRAL OA-4600R
column (5 μm, 250 × 4.6 mm), hexane/2-propano; /methanol/
trifluoroacetic acid = 430/45/25/1, flow rate: 1.0 mL/min, oven
temperature: 35 °C, detection: 275 nm (UV), tR: 42.7 min
(enantiomer), tR: 45.4 min (1).

Lab-Scale Synthesis of (R)-1-(3-(2-Cyano-5-fluoroben-
zyl)-1-methyl-2,6-dioxo-1,2,3,6-tetrahydropyrimidin-4-
yl)piperidine-3-carboxamide (14). To a 50 mL round
bottomed flask equipped with a reflux condenser were added
H2O/2-PrOH (8/3, 27.5 mL), 8·TsOH (5.0 g, 16.6 mmol, 0.99
equiv), and 2-((6-chloro-3-methyl-2,4-dioxo-3,4-dihydropyri-
midin-1(2H)-yl)methyl)-4-fluorobenzonitrile (13) (4.9 g, 16.8
mmol, 1.00 equiv). K2CO3 (4.6 g, 33.2 mmol, 1.98 equiv) was
added, and then, the reaction was heated to 65 °C and stirred for
24 h. During the reaction, the resulting amide started to
crystallize. After the addition of H2O (30 mL), the reaction
mixture was cooled to 0 °C, stirred for 1 h, and then filtered. The
crystals obtained were washed with H2O (10 mL) and dried in
vacuo at 45 °C to give a reddish white crystalline solid (5.6 g,
87% yield, 97.6 area % HPLC purity). 1H NMR (500 MHz,
CDCl3): δ 7.70 (dd, J = 8.7 Hz, 5.2 Hz, 1H), 7.10 (td, J = 8.0 Hz,
2.5 Hz, 1H), 6.90 (dd, J = 9.1 Hz, 2.5 Hz, 1H), 5.66 (brs, 1H),
5.48 (brs, 1H), 5.42 (s, 1H), 5.38 (d, J = 16.08 Hz, 1H), 5.17 (d,
J = 16.4 Hz,1H), 3.34 (s, 3H), 3.14−3.28 (m, 1H), 2.94 (d, J =
12.0 Hz, 1H), 2.82 (t, J = 10.6 Hz, 1H), 2.64 (t, J = 10.9 Hz,1H),
2.49−2.59 (m, 1H), 1.92−2.07 (m, 1H), 1.80 (m, 1H), 1.62−
1.72 (m, 1H), 1.45−1.60 (m, 1H). HPLC: SHISEIDO MG II
column (5 μm, 150× 4.6mm), 0.02M aqH3PO4/MeCN= 6/4,
flow rate: 1.0 mL/min, oven temperature: 25 °C, detection: 278
nm (UV), tR: 2.7 min (14).

Lab-Scale Synthesis of Trelagliptin (12). To a 100 mL
four-necked round bottomed flask, H2O/2-PrOH (1/1, 60mL),
pyridine (21.4 μL, 0.26 mmol, 0.05 equiv), and 14 (2.0.0 g, 5.2
mmol) were charged. PIDA (1.84 g, 5.7 mmol, 1.10 equiv) was
added to the solution, and then, the suspension was stirred for 3
h at 20 °C. The solvents (ca. 40 mL) were evaporated in vacuo at
30 °C, and then, EtOAc (20 mL) was added, and the aqueous
layer was separated. The aqueous layer was washed with EtOAc
(20 mL) and treated with K2CO3 (16 g) at 0−15 °C. The
organic products were extracted with toluene (6 mL) and 2-
PrOH (6 mL), followed by rinsing with saturated aq NaCl (10
mL). After evaporation of the organic solvents, toluene (6 mL)
was added and evaporated for solvent substitution. Product 12
was crystallized from toluene (6 mL) and heptane (6 mL,
dropwise for 1 h) at 0 °C as a white crystalline solid (1.6 g, 86%
yield, 99.2 area % HPLC purity). 1H NMR (500 MHz, CDCl3):
δ 7.69 (dd, J = 8.5 Hz, 5.4 Hz, 1H), 7.09 (td, J = 8.0 Hz, 2.5 Hz,
1H), 6.86 (dd, J = 9.0 Hz, 2.4 Hz, 1H), 5.39 (s, 1H), 5.23−5.32
(m, 2H), 3.32 (s, 3H), 2.99−3.05 (m, 1H), 2.87−2.98 (m, 2H),
2.61 (m, 1H), 2.41 (m,1H), 1.95 (dd, J = 12.8 Hz, 3.9 Hz, 1H),
1.72−1.83 (m, 1H), 1.56−1.67 (m, 1H), 1.30 (brs, 2H), 1.23 (d,
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J = 11.0 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 162.9, 159.5,
152.7, 144.6, 135.5, 135.4, 116.4, 115.8, 115.6, 114.7, 114.6,
90.8, 59.7, 51.9, 46.1, 33.4, 28.0. HPLC: SHISEIDO MG II
column (5 μm, 150× 4.6mm), 0.02M aqH3PO4/MeCN= 6/4,
flow rate: 1.0 mL/min, oven temperature: 25 °C, detection: 278
nm (UV), tR: 1.4 min (12), tR: 2.7 min (14).
Lab-Scale Synthesis of Trelagliptin (12) Succinate.

Crystalline 12 (1.0 g, 2.8 mmol, 1.00 equiv) was dissolved in hot
THF (4.5 mL) with 2 drops of water, and the solution was
filtered through amembrane filter. Then, the solution was slowly
added to an already filtered succinic acid (331 mg, 2.8 mmol)
solution in THF (4 mL) and 2-PrOH (2.5 mL) at 65 °C.
Crystals formed and were aged at 65 °C for 30 min; then, the
suspension was cooled to room temperature. After stirring for 16
h, the suspension was cooled to 0−5 °C and stirred for a further
2 h. The crystals were filtered and dried in vacuo at 45 °C to give
a white crystalline solid (1.2 g, 93% yield, 99.8 area % HPLC
purity). The 1H NMR spectrum was identical with the reported
data.14 1H NMR (500 MHz, DMSO-d6): δ 7.95 (dd, J = 8.7 Hz,
5.5 Hz, 1H), 7.35 (td, J = 8.5 Hz, 2.5 Hz, 1H), 7.17 (dd, J = 9.6
Hz, 2.4 Hz, 1H), 5.38 (s, 1H), 5.20 (d, J = 16.4 Hz, 1H), 5.12 (d,
J = 16.1 Hz, 1H), 3.14 (m, 1H), 3.09 (s, 3H), 3.08 (m, 1H),
3.00−3.07 (m, 1H), 2.91 (d, J = 11.4 Hz, 1H), 2.54−2.77 (m,
2H), 1.66−1.97 (m, 2H), 1.42−1.57 (m, 1H), 1.35 (d, J = 8.8
Hz, 1H). 13C NMR (126 MHz, DMSO-d6): δ 175.2, 166.1,
164.1, 162.7, 159.7, 152.3, 145.8, 136.53, 136.45, 117.1, 115.7,
106.9, 90.3, 55.8, 51.7, 47.0, 46.3, 31.6, 27.9. HPLC: SHISEIDO
MG II column (5 μm, 150× 4.6mm), 0.02M aqH3PO4/MeCN
= 6/4, flow rate: 1.0 mL/min, oven temperature: 25 °C,
detection: 278 nm (UV), tR: 1.4 min (12), tR: 2.7 min (14).
Manufacturing for Scale-Up Study. Kilogram-Scale

Synthesis of 1,4,5,6-Tetrahydropyridine-3-carboxamide (7)
p-Toluenesulfonate. A nitrogen-substituted 1,500 L pressure
reactor was charged with nicotinamide (6) (70.0 kg, 0.573 kmol,
1.00 equiv), Pd/C type-K (7.0 kg, 50% wet), and methanol (700
L, 10 vol). The reactor was pressurized with hydrogen (0.07
MPa) and vented nine times. The hydrogen pressure was set to
0.08 MPa, and heating was started. After a reaction temperature
of 37 °C was reached, the pressure was adjusted to 0.10 MPa.
The reaction mixture was stirred with the hydrogen pressure
maintained within the range of 0.09−0.10 MPa at 37−43 °C for
33 h. The reactor was cooled below 40 °C, and the hydrogen was
carefully vented. The reactor was pressurized with nitrogen
(0.02 MPa) and vented four times. The reaction mixture was
heated to 55 °C and stirred at 55 °C for 1 h. Pd/C was removed
by nitrogen-pressurized filtration at 50−57 °C with methanol
rinsing (70 L). The filtrates were concentrated under reduced
pressure to about 210 L (3 vol). The resulting slurry was cooled
to 5 °C and aged at 5 °C for 2 h. The solid was collected by
filtration, and the cake was washed with cool methanol (42 L, 0.6
vol). A 1,200 L reactor was charged with the wet-collected
powder and ethanol (420 L, 6 vol). p-Toluenesulfonic acid (87.2
kg, 0.458 kmol, 0.80 equiv) was added to the reactor at 26 °C,
and then, a seed crystal of 7·TsOH (70 g) was inoculated. The
resulting suspension was aged at 25 °C for 3 h before being
filtered, and then, the cake was washed with ethanol (140 L, 2
vol) and dried at 60 °C under vacuum to yield 7·TsOH 0.85
ethanol solvate as a colorless solid (116.3 kg, 60% yield). HPLC
analysis of a sample matched that of one from the laboratory-
scale synthesis.
Kilogram-Scale Synthesis of (R)-Nipecotamide (8) p-

Toluenesulfonate. A 500 L pressure reactor was charged with
7·TsOH 0.85 ethanol solvate (50.0 kg, 0.148 kmol, 1.00 equiv),

potassium bromide (176.20 g, 1.481 mol, 0.01 equiv), and
Ru(CF3CO2)2{(S)-binap} (140.60 g, 1.480 mol, 0.01 equiv, s/c
1,000). The reactor was evacuated to −0.09 MPa and then filled
with nitrogen to 0.10 MPa. This operation was repeated seven
times. To the reactor was added anhydrous 2-propanol (370 L,
7.4 vol) by nitrogen gas feed. The reactor was stirred at 15−21
°C for 2 h. Then, the reactor was pressurized with nitrogen (0.60
MPa), vented three times, pressurized with hydrogen (0.10
MPa), and vented nine times. The hydrogen pressure was set to
0.70 MPa, and heating was started. After a reaction temperature
of 45 °C was reached, the pressure was adjusted to 0.80 MPa.
The reaction mixture was stirred with the hydrogen pressure
maintained within the range of 0.79−0.81MPa at 46−50 °C (set
point 50 °C) for 20 h. The reactor was cooled below 10 °C, and
the hydrogen was carefully vented. The reactor was pressurized
with nitrogen (0.05 MPa) and vented four times. Then, 2-
propanol (25 L, 0.5 vol) was added, and the mixture was stirred
at 8−9 °C for 3 h. The solid was collected by filtration, and the
cake was washed with 2-propanol (75 L, 1.5 vol) before being
dried at 60 °C under vacuum to yield crude 8·TsOH (39.7 g,
89% yield, 70.1% ee). To a reactor were added crude 8·TsOH
and ethanol (302 L, 8 vol). The suspension was heated to
around 75 °C to dissolve the solid and then stirred at 73 °C for 1
h. The resulting solution was cooled to 60 °C before adding a
seed crystal of 8·TsOH (30 g). The resulting suspension was
cooled to 25 °C over 2 h and aged at 25 °C for 3 h. The solid was
collected by filtration, and then, the cake was washed with 2-
propanol (57 L, 1.5 vol) and dried at 50 °C under vacuum to
yield 8·TsOH as a colorless solid (25.5 kg, 68% yield, 99.7% ee).
HPLC analysis of a sample matched that of one from the
laboratory-scale synthesis.

Kilogram-Scale Synthesis of 2-((6-Chloro-3-methyl-2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)benzonitrile
(10). To a reactor were charged 2-((6-chloro-3-methyl-2,4-
dioxo-3,4-dihydropyrimidin-1(2H)-yl)methyl)benzonitrile (9)
(12.0 kg, 43.53 mol, 1.00 equiv), 8·TsOH (13.2 kg, 43.95 mol,
1.01 equiv), potassium carbonate (12.1 kg, 87.55 mol, 2.01
equiv), 2-PrOH (14.4 L, 1.2 vol), and water (58.6 L, 4.8 vol).
This suspension was heated to 65 °C and stirred for 18 h. To the
reaction mixture was added water (79.2 L, 6.6 vol), and then, it
was gradually cooled to 5 °C. The resulting suspension was
stirred at 5 °C for 3 h. The solid was collected by filtration, and
the cake was washed with water (48.0 L, 4.0 vol) and dried at 60
°C under vacuum to yield 10 as a pale-yellow solid (15.3 kg, 96%
yield, 99.4 area % HPLC purity). HPLC analysis of a sample
matched that of one from the laboratory-scale synthesis.
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