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ABSTRACT: A design of experiments (DoE) approach was applied to the development and optimization of the manufacturing
process to prepare linagliptin. DoE techniques such as a central composite face-centered design and a fractional factorial design were
applied to obtain the critical process parameters and establish the optimal reaction conditions. With process-related impurities
determined and successfully removed, a robust high-yielding and high-purity procedure was identified, which has been successfully
demonstrated at a 100 g scale level to prepare the desired product in a 68% overall isolated yield and high-performance liquid
chromatography (HPLC) purity of around 99.9%.
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Bl INTRODUCTION 2-(chloromethyl)-4-methylquinazoline (CMQ) in the presence
of K,CO; in DMF, providingl-(4-methylquinazolin-2-ylmeth-
yl)-3-methyl-7-(2-butyn-1-yl)-8-bromoxanthine (4). Although
treatment of 4 with unprotected 3-aminopiperidines under
basic conditions gave rise to linagliptin (1) as the major
product, it would be difficult to efficiently remove the

2021." Thus, the treatment of diabetes has gathered increasing regioisomer de.ri.VEd fr.on.l the N-Sarylation 'Of the 3-amine
attention in recent years. There are two major types of from the piperidine building block.” Alternatively, uses of N-
diabetes, and type 2 diabetes makes up over 90% of all Pr.otegt_esd amlnoplperlc.hne.s ‘SUC}; as (R)—3—phthallm1c.10 piper-
diabetes. Linagliptin (1, Figure 1) is a highly specific, long- 1d1ne,2 o (R)-3-azidopiperidine,” and (R)-3-Boc-aminopiper-
idine” " have been well documented. In the case of
phthalimide protection, the limitation was the overall low
atom economy and the use of the expensive Nishimura catalyst
for the synthesis of (R)-3-phthalimido piperidine.” Besides,
(R)-3-azidopiperidine was not commercially available, which

A\
0]
N\W/\N N was not suitable for industrial synthesis. Thus, the synthetic
_N Q)\N | N/>_N route via (R)-3-Boc-aminopiperidine (RBP) seemed to be
NH

Diabetes is a spiraling epidemic with a growing prevalence in
adults aged 20—79 years. The total number of global patients
with diabetes has increased to ~537 million since 2000,
covering more than 10% population nowadays." Albeit chronic,
diabetes is estimated to account for 6.7 million deaths in

most suitable for large-scale industrial manufacture.

2 During our investigation of the synthetic route for linagliptin
linagliptin (1) via (R)-3-Boc-aminopiperidine, two process-related impurities
were detected (Figure 2), which could also be found in
commercial drug products.” From the perspective of drug

. ] ] ] S safety, process improvement and impurity minimization are of
acting dipeptidyl peptidase-4 (DPP-4) inhibitor developed by paramount importance. Since the initial introduction of

Boehringer Ingelheim f9r t.h(.e treatment 9f type 2 dia.bete's.zllt Quality by Design (QbD), it has aroused much concern and
showe.d better DPP"" 1f1h1b1t10n over vildagliptin, s1taghpt1.n, interest from pharmaceutical regulatory authorities and the
saxagliptin, and alogliptin and was approved by the FDA in pharmaceutical industry. The concept that quality should be

2011.° Furthermore, hnaghptln‘ is the only DPP-4 inhibitor built by design rather than by a test has been embraced by the
that does not require dose adjustment for patients with an

impaired renal function and is, therefore, most frequently
prescribed for these patients.”

As a result, considerable attention has been drawn to the
synthesis of linagliptin, and a representative route was
concluded after a literature review (Scheme 1): 8-bromo-3-
methylxanthine (2) reacted with 2-butynyl bromide (BNB) to
give N-alkylation compound 3, which was then condensed with

Figure 1. Chemical structure of linagliptin (1).
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Scheme 1. Representative Route of Linagliptin (1)“
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“Conditions: (a) N,N-Dimethylformamide (DMF), N,N-diisopropylethylamine (DIPEA), room temperature, and 86%; (b) DMF, K,CO,, room
temperature, and 75%; (c) (R)-3-Boc-aminopiperidine, DMF, K,CO4, 75 °C, and 88%; (d) trifluoroacetic acid (TFA), dichloromethane (DCM),

purified by flash column chromatography, and 91%.
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Figure 2. Process-related impurities of linagliptin (1).
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pharmaceutical industry. Adoption of QbD during the
development of drug substances was encouraged by regulatory
agencies.'" Noticeably, the design of experiments (DoE) is an
extremely valuable and powerful tool for the development of
active pharmaceutical ingredients (APIs) based on the concept
of QbD. It can be used in early process development when the
best conditions are not yet obvious and is a useful tool to
resolve optimization issues in a timely manner.'” To develop a
robust process for industrial production and achieve high
quality for further commercialization, we opted to use this DoE
approach to help us improve the development efficiency and
provide a fundamental basis for the understanding of the
process in the early process development.

B RESULTS AND DISCUSSION

Preparation of N7-Substituted Xanthine (3, Step 1).
The first step in the original synthetic route involved a base-
promoted N-alkylation of 8-bromoxanthine (2) with 2-butynyl
bromide to afford 3-methyl-7-(2-butyn-1-yl)-8-bromoxanthine
(3). The reaction was performed with N,N-dimethylformamide
(DMF) as a solvent overnight, and then the reaction solution
was poured into water to yield compound 3 as a water-
insoluble solid product. Although DMEF is one of the preferred
polar aprotic solvents for a range of chemical transformations,
the recovery of DMF from water is still a remarkable challenge.
Moreover, DMF might be reactive toward a wide variety of
substances, which may bring unexpected hazards to the
products.”> To find an ideal solvent for this process, different
solvents were screened, including toluene, isopropanol,
acetone, water, and acetonitrile. To our delight, acetonitrile
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was found to be optimal. After being heated at 80 °C for 12 h,
typically more than 96% product was observed (by the HPLC
area percentage). Compared with the previous procedures,
using acetonitrile as a solvent could simplify the manufacturing
process as the N-alkylation product 3 was able to be
crystallized from this solvent. In addition, DIPEA could also
be easily separated from 3, considering DIPEA-HBr is quite
soluble in acetonitrile."*

After the preliminary selection of the reaction condition, a
DoE approach was then planned to better understand the most
important factors affecting the residual starting material 2, so as
to minimize the impurity generated in the reaction process and
thus optimize the robustness of the unit operation. Minitab
statistical analysis software 20 (Minitab LLC) was used for the
experimental design and statistical analysis. Five different
factors: solvent volume, temperature, reaction time, and
stoichiometry of BNB and DIPEA were considered as
potentially significant parameters. A pre-DoE work was
performed to define the ranges, as listed in Table 1. With
the above data in hand, a fractional design (also called
screening DoE) was generated with a set of eight experiments
plus three three center points replicates''® to identify the
significant parameters (Table S1). Parallel experiments were
carried out with a Mettler Toledo EasyMax 102 Basic
Synthesis Workstation. The single response was the residual
starting material 2, ranging from 1 to 13% over the
experimental space, confirming that the parameters and the
selected ranges were meaningful. Stepwise regression17 was
performed to analyze the data. Clearly, the analysis of the
variance (ANOVA) for the above screening DoE showed that
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Table 1. Overview of DoE Factors in the Screening for Step
lu

factor unit range
acetonitrile mL/g 10—16
BNB equiv 1.0-1.3
temperature °C 50—-80
time h 8-20
DIPEA equiv 1L1-15

?0.0S equiv of tetrabutylammonium bromide (TBAB) was added.

the p-value of the model was 0.006 (Table S2), which meant
the model was significant and effective. To avoid losing
important parameters, the p-value threshold was set at 0.15 in
the screening DoE. A half-normal plot (Figure 3) based on the
preliminary analysis of the screening DoE revealed that the
stoichiometry of BNB (variable B) was the most critical factor
impacting the reaction conversion. The stoichiometry of
DIPEA (variable E) and the interaction of variables B and E
were also significant, while other variables were comparably
less significant. It should be noted that the p-value of the lack
of fit (LOF) and the curvature were 0.018 and 0.019, which
underscored the complexity of the system and the need to
utilize response surface methods (RSM) to secure a more
definitive model of the data.'®"?

To further understand the critical factors and build a model
to control and predict the response variable, a central
composite face-centered design (CCF), as a representative
response surface method, was then implemented to evaluate
the impacts of temperature”’ and the stoichiometry of DIPEA
and BNB on the reaction conversion (Table S3). Although the
temperature was not determined to be a significant factor in
the screening DoE, typically, a higher temperature is in favor of
reaching a higher conversion. Therefore, we took temperature
again into account in the RSM DoE for a complete conversion.
The reaction time and solvent volumes were fixed at 12 h and
12 V, respectively. A set of 18 experiments were carried out to
develop a model of the response surface. The design and the

reaction conversions from these experiments are shown in
Table S4. Analysis of variance testing showed that the model
was significant and effective (p-value < 0.05), and the LOF was
not significant, which means the model fits the data. We also
found that the stoichiometry of BNB (variable B), the
stoichiometry of DIPEA (variable E), the square of variable
E, and the interaction between variables B and E were
significant factors (p-value < 0.05), as shown in Table SS. The
results shown in the main effects plot”" of the residue of 2
(Figure 4a) suggested a positive correlation between the
stoichiometry of BNB and the reaction conversion. Hence, the
highest reaction conversion in our experimental range was
observed with 1.20 equiv of BNB. Interestingly, although an
increased amount of DIPEA could also promote conversion,
the trend was reversed when DIPEA was charged with more
than 1.27 equiv Moreover, increasing the reaction temperature
could also favor the reaction conversion, and a negative linear
correlation could be observed between reaction temperature
and residual starting material 2. The contour plot of residual
starting material 2 vs DIPEA and BNB illustrated in Figure 4b
demonstrates the dependence of the residue of 2 on the
amounts of BNB (variable B) and DIPEA (variable E) at the
optimal level of temperature (variable C). Similar plots were
obtained at different temperatures as variable C was kept in the
model. To improve the reaction conversion, the stoichiometry
of BNB and temperature were expected to be increased. Per
the model, the predicted optimal conditions were 1.20 equiv of
BNB and 1.27 equiv of DIPEA at 80 °C. The obtained best
reaction conditions were further confirmed by four replicates,
which had a mean value of residual starting material 2 at 0.8%
within a 95% confidence interval (Table S6). The results
indicate that the obtained model was suitable and the
predictions were credible. Furthermore, a scale-up reaction in
batch (100 g of starting material 2) was carried out; the HPLC
test showed that 0.91% of the raw material remained, and the
expected product 3 was obtained in a 94% isolated yield and
99.17% purity (by HPLC).

Half Normal Plot of the Standardized Effects
(response is The residue of 2, a = 0.15)
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Figure 3. Half-normal plot showing the stoichiometry of BNB (B) and DIPEA (E) and their interaction effect (BE).
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Figure 4. Plot for equiv of DIPEA, equiv of BNB, and temperature in the residual starting material 2. (a) Plot of main effects on the reaction
conversion and (b) contour plot of residual starting material 2 vs DIPEA and BNB.

Preparation of N1,7-Disubstituted Xanthine (4, Step
2). The next step in the synthetic route was N1-alkylation of
compound 3 by 2-(chloromethyl)-4-methylquinazoline
(CMQ) in the presence of K,CO;, providing N1,7-
disubstituted xanthine 4. In the original synthetic routes,
DMF or N-methylpyrrolidone (NMP) was chosen as the
solvent. Considering that DMF is incompatible with a wide
variety of substrates,  especially inorganic bases, NMP seemed
to be the preferred solvent for commercial production. With
categorical variables defined, we then proceeded with the DoE
studies to obtain optimal parameters.

Results from exploratory experiments indicated that the
major impurities remaining in the reaction mixture were the
residues of 3 and CMQ. To maximize reaction conversion, a
Screening DoE was first implemented to identify critical factors
for controlling the residue of 3. As listed in Table 2, five

Table 2. Overview of DoE Factors in the Screening for Step
2‘1

factor

unit range
CcMQ equiv 1.0-1.2
K,CO;4 equiv 0.5-2.0
time h 4-14
temperature °C 50-90
NMP mL/g 8—14

?0.1 equiv of TBAB was added.

parameters including (1) stoichiometry of CMQ, (2)
stoichiometry of K,COj;, (3) reaction time, (4) temperature,
and (S) stoichiometry of NMP were investigated. A half-
fraction fractional factorial design was generated, and a set of
16 experiments plus 4 replicates of the center point were
carried out (Table S7). Analysis of the half-normal plot
determined the amount of K,CO;, CMQ, and reaction time to
be statistically significant to the measured response (residual
starting material 3) (Figure S). However, reaction temperature
and solvent volumes were less important, and they were set at
60 °C and 8 mL/g for future experiments, respectively. A
significant curvature (p-value 0.000, <0.0S) was observed in
this model, and the LOF test was also significant (p-value
0.016, <0.05, Table S8), which indicated that the reliable
model must include at least one quadratic term. The CCF
design was again performed to further evaluate the impacts of
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three important factors, including K,CO;, CMQ, and reaction
time. The ranges of the selected parameters were based on the
results of the earlier screening design.

A set of 17 experiments were conducted to examine the
effects of K,CO;, CMQ, and reaction time on the reaction
conversion (Table S9). ANOVA of these experiments (Table
S10) clearly inferred that the RSM model was significant and
effective (p-value of the model was 0.000, <0.0S, while the p-
value of LOF was 0.190 > 0.05). The main effects plot for the
residue of 3 (Figure 6a) showed the tendency line for each
factor, and it suggested that the stoichiometry of K,COj, rather
than that of CMQ, was the most important factor influencing
the reaction conversion. Figure 6b shows how the residue of 3
could be controlled by the stoichiometry of K,CO; and CMQ.
However, the impact of K,CO; loading is much more
significant than other reaction parameters, as indicated in
Figure 6a. As such, when K,COj; reached an optimum loading
(ie, >1.75 equiv), a complete conversion of the starting
material would be observed. At this point, it seemed that CMQ_
had no impact on the critical quality attributes of this reaction.
In contrast, when the stoichiometry of K,COj; was lower than
1.5 equiv, the dependence of reaction conversion on CMQ_
loading could still be observed. Therefore, it could be
concluded from the figures that 1.80 equiv of K,CO; and
1.13 equiv of CMQ were the optimal parameters for the
reaction conversion, as either increasing or decreasing the
loading would lead to a lower reaction conversion. In addition,
a higher reaction conversion could be observed with a longer
reaction time, and the optimal reaction time was chosen to be
14 h in the experimental space. With the optimal parameters in
hand, four verification experiments were then carried out, and
only 0.15% of the residual starting material 3 was detected by
HPLC within a 95% confidence interval (Table S11). A 100 g
scale experiment was also performed, affording the expected
product 4 in an 86% yield and 99.31% purity (by HPLC). As
expected, an experimental space for the control of residual 3 by
optimizing the amount of K,CO; CMQ, and reaction time
was built. The specification of residual 3 was defined as less
than 1% (by the HPLC area percentage) in the experimental
space, and less than 0.5% was advised in the control space.

Preparation of N-Boc Linagliptin (5, Step 3). The
subsequent step was the preparation of N-Boc linagliptin 5 via
a nucleophilic substitution reaction of (R)-3-Boc-amino-
piperidine (RBP) and 1,7-disubstituted xanthine 4 in the

https://doi.org/10.1021/acs.oprd.2c00230
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Figure S. Half-normal plot showing significant effects of equiv of K,CO5 (B), reaction time (C), their interaction effect (BC), and equiv of CMQ.
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Figure 6. Plot for equiv of K,CO; and CMQ on the residual starting material 3. (a) Plot of main effects on the reaction conversion and (b) contour
plot of residual starting material 3 vs K,CO; and CMQ.
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presence of K,COj;. Instead of DMF in the original synthetic exploratory experiments showed that in NMP at 75 °C, the
route, NMP was again used as the solvent. Results of reaction proceeded smoothly in the presence of 2 equiv of
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K,CO;, but an allene impurity was observed in both the
reaction mixture and the product N-Boc linagliptin 5. A further
single-factor experiment found that the level of the allene
byproduct (impurity C) seemed to correlate with the feeding
amount of K,CO; (Table S12). Presumably, impurity C was
formed via a base-promoted isomerization of N-Boc linagliptin
S (Scheme 2). It should be noted that impurity C undergoes
hydrolytic cleavage of tert-butyloxycarbonyl amine to afford
impurity A, which could be detected in the commercial
linagliptin product at a 0.2% level.® For the safety of the
patients, APIs with higher purities and with impurities purged
as much as possible are welcomed. To achieve the high-purity
intermediate, impurity C was supposed to be significantly
purged to an undetectable level (the limit of detection was
0.025%). If successful, the final deprotection step leading to
linagliptin would not be burdened with input-related
impurities.

Considering that impurity C was formed via base-mediated
alkyne—allene isomerization, different bases such as KOH and
Na,CO; were screened for this nucleophilic substitution
reaction (Table 3). To our delight, impurity C was not

Table 3. Screen of the Alternative Bases Used in the
Preparation of 5

K,CO," Na,CO," KOH®
allene impurity 0.31 ND 0.70
“Conditions: 4 (2 g), NMP (16 mL), K,CO; (1.2 g, 2 equiv), 23 h,
and 90 °C. ®Conditions: 4 (2 g), NMP (16 mL), Na,CO; (0.9 g 2
equiv), 23 h, and 90 °C. “Conditions: 4 (2 g), NMP (16 mL), KOH

(1.0 g, 4 equiv), 21 h, and 100 °C.

base

detected when using 2 equiv of Na,CO;, which was very
promising for further studies. Thus, DoE was planned to
implement to control the allene impurity and the residue of 4.
Reaction time, stoichiometry of Na,CO;, volumes of NMP,
and stoichiometry of RBP were selected as potentially
significant parameters that would affect the generation of
allene impurity and residue of 4. The typical ranges were
defined by exploratory experiments, and are listed in Table 4.

Table 4. Overview of DoE Factors in the Screening for Step
3

factor unit range
temperature °C 70—100
time h 12—-16
Na,CO;, equiv 0.5-2.0
NMP mL/g 6-12
RBP equiv 1.00-1.12

To evaluate the influence of these five factors, a half-fraction
factorial design was used in which two responses, starting
material conversion and allene impurity formation, were
tracked. A 16 experiment half-factorial design plus three center
point replicates were run in the experimental space (Table
S13). From the results of ANOVA (Tables S14 and S15), the
p-value of the model were all significant (0.000 and 0.002,
<0.05), which meant the models were significant and effective.
In terms of factor selection for RSM studies, the p-value
threshold was defined as 0.10 in case more than three factors
were included, based on the concept of “factor sparsity”.”* The
half-normal plot indicated that the significant factors
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influencing the allene impurity formation were observed to
be temperature (variable A), the stoichiometry of RBP
(variable C), and their interaction (Figure 7a), while except
variables A and C, reaction time (variable B) and the
interaction of variables A and B were also crucial to the
starting material conversion (Table S14 and Figure 7b).

According to the results of screening DoE, the temperature
was the most significant factor influencing the generation of
allene impurity. The range of the temperature was narrowed to
70—90 °C to control the formation of such an impurity. The
CCEF design was carried out, and a set of 17 experiments were
performed (Table S16) to identify optimal ranges for three
important parameters: reaction temperature, reaction time, and
the amount of RBP. Based on the results from the RSM DoE
(Table S16), an allene impurity could hardly be detected under
this temperature range. Therefore, good control over the allene
impurity was achieved, and we no longer chose the level of the
allene impurity to be a response in the RSM study.

ANOVA of the RSM design (Table S17) identified reaction
temperature and the amount of RBP as the most significant
parameters (p-value = 0.000), influencing the residual starting
material 4 and the assay of S. The square of temperature, the
square of RBP, and the interaction between temperature and
RBP were of relatively low statistical significance (p-value
range from 0.007 to 0.043, Tables S17 and S18). The reaction
time was confirmed as an insignificant parameter. An
overlapping contour plot built from the statistical model
obtained is presented in Figure 8, and the goals defined were
the residual of 4 less than 0.5% and an assay yield of § higher
than 98%. The white area of the overlapping contour plot
represents the optimal process conditions where the defined
criteria for the residual of 4 and assay yield were all achieved.
On the basis of the overlapping contour plot, optimized
conditions were defined to be using 1.16 equiv of RBP and 1
equiv of Na,CO; in NMP at 82 °C for 16 h. Since higher equiv
of RBP also involves additional work to remove excess reagents
at the end of the reaction, particularly during scale-up, the
amount of RBP was slightly adjusted to be 1.09 equiv
according to the response surface studies. With the optimal
parameters in hand, four verification experiments were then
carried out (Table S19). It was found that the residual starting
material 4 was less than 0.3%, the assay yield was higher than
98%, and no impurity C was detected in four replicates. A 100
g scale experiment was then carried out using 1.09 equiv of
RBP at 82 °C for 16 h, and the assay yield of § was 98.77%.
Analysis of the reaction did not reveal any generation of an
allene impurity. After work-up, N-Boc linagliptin § was
obtained in a 96% yield and 99.47% purity (by HPLC) with
no allene impurity detected (the limit of detection was
0.025%).

Preparation of Linagliptin 1 and Impurity Control.
The final step in the workflow was the deprotection of the N-
Boc group of § to give the final product 1. Although the TFA-
mediated conditions were well studied in the original process,
they would not be employed in this study considering the
introduction of an N-trifluoroacetyl linagliptin impurity,” high
cost, and environmental hazard.”® Then, alternative catalyst
systems such as HCl and ZnCl, were then examined (Table
$20). To our delight, HCI seemed to be optimal as it is cost-
efficient and environmentally friendly. Although this con-
version was efficient and convenient, two impurities D and E
were observed. As shown in Scheme 3, the formation of
impurity D should be attributed to an electrophilic addition of
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HCI to the alkyne moiety of linagliptin, while acid-catalyzed
dimerization led to the formation of impurity E.

Control of Impurity D. As the formation of impurity D
was irreversible, strict control of its formation was requisite
with a limit of less than 0.1%. Initial optimization of the
reaction conditions suggested that temperature was a critical
factor for the formation of impurity D. As shown in Table §,

Table 5. Optimization of the Reaction Temperature in the
Deprotection Step”

expno  temp (°C) 1 (%)”  impurity D (%)”  impurity E (%)"

1 -15 60 nd* 40
2 =S 58 nd* 42
3 10 SS nd“ 45
4 30 63 0.2 36

“Reaction conditions: 2 (3.0 g), DCM (15 mL), conc. HCI (12 M,
aq. 5 mL), for § h. Y"HPLC yield. “nd = not detected.

the reaction resulted in an almost complete conversion of
reactants at the temperature ranging from —15 to 30 °Cin S h.
It should be noted that impurity D was below the limit of
detection (LOD was 0.05%) when the reaction temperature
was lower than 10 °C. Although the assay of impurity E was
about 40%, it could be easily converted to linagliptin under
basic conditions in the postprocessing steps (vide infra).
Control of Impurity E. After deprotection, excess aqueous
NaOH (7.5 M) was added to neutralize HCI and maintain the
pH value above 11. It was found that impurity E could be
converted to linagliptin 1 completely at 60 °C in 4 h.
Unfortunately, a 0.3% level of impurity B was observed, which
was plausibly derived from the nucleophilic substitution
reaction between DCM and linagliptin. In this case, alternative
solvents such as tetrahydrofuran (THF), toluene, and
isopropyl acetate should be considered. The thermally stable
toluene seemed to be the optimal solvent, which could offer
good solubility for the reactants and effectively avoid the
nucleophilic substitution reaction with linagliptin under reflux
(Table S21). Therefore, the postprocessing steps were carried
out as follows (Scheme 4): (1) extracting the protonated
linagliptin and impurity E with water; (2) neutralizing excess
HCI and maintaining a basic condition by adding aqueous
NaOH; (3) adding toluene as a solvent and tetrabutylammo-
nium bromide (TBAB) as a phase-transfer catalyst, and then
refluxing the toluene/water solution for 4 h; (4) separating the

toluene phase from the hot mixture, followed by evaporation
and condensation; and (S) recrystallizing linagliptin from
isopropanol. In the end, the linagliptin product was obtained in
high purity with around 99.9% HPLC purity, without
impurities A and B observed above the detection level
(LOD was 0.009%).

B CONCLUSIONS

In summary, a design of experiments approach was applied to
the development and optimization of the manufacturing
processes to prepare linagliptin, enabling a robust process
capable of synthesizing products with excellent yields and high
purities suitable for further development (Scheme S). Using
DoE techniques, critical process parameters were identified,
and the optimal reaction conditions were established for each
step. Process-related impurities were removed successfully,
with less than 0.1% level. Moreover, the process was
successfully scaled up to 100 g of starting material 2, leading
to the desired product in a 68% overall isolated yield with
HPLC purity of around 99.9%, while marketed linagliptin
(purity 99.35%) contained 0.21% of impurity A and 0.08% of
impurity B.”” This work also highlights the strength of DoE for
efficient optimization of processing parameters at the early
development of pharmaceutical production.

B EXPERIMENTAL SECTION

Unless otherwise noted, all reagents and solvents were
commercially available and used as purchased without further
purification. NMR spectra were recorded with a Bruker Avance
400 spectrometer in the solvents indicated. Chemical shifts
were reported in units (ppm) relative to tetramethylsilane and
with solvent resonance as the interior standard. Coupling
constants were reported in Hz with multiplicities denoted as
singlet (s), doublet (d), triplet (t), quartet (q), dd (doublet of
doublets); m (multiples), etc. HRMS was performed on a
Fourier transform ion cyclotron resonance mass spectrometer.
Parallel experiments were performed on a Mettler Toledo
EasyMax 102 Basic Synthesis Workstation.
8-Bromo-3-methyl-1H-purine-2,6(3H,7H)-dione (3).
Acetonitrile (1200 mL), BNB** (66.5 g), TBAB (6.6 g),
DIPEA (67.4 g), and 2 (100.0 g) were charged into a 2000 mL
reaction kettle. Then, the mixture was stirred at 80 °C for 12 h.
Upon reaction completion (the residue of 2 was less than 2%,
determined by HPLC), the slurry was cooled to 20 + S °C,
stirred for 2 h, and the precipitated solid was filtered, washed

Scheme 4. Manufacturing Process for the Final Step
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Scheme S. Optimized Manufacturing Process of Linagliptin (1)
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with acetonitrile, and finally dried at 70 °C under a vacuum for
8 h to give 3 as an off-white powder (115 g, 94% yield, 99.17%
HPLC purity). HRMS (ESI) m/z: [M + H]" calculated for
CioHsBIN,O, 296.9982; found 296.9984. 'H NMR (400
MHz, DMSO-d,): & 11.31 (s,1H), 5.05 (d, J= 2.2 Hz, 2H),
331 (s, 3H), 1.79 (s, 3H). 3C NMR (400 MHz, DMSO-dj): 5
153.79, 150.43, 149.14, 127.65, 108.07, 81.79, 72.29, 36.46,
28.48, 2.93.

8-Bromo-7-(but-2-yn-1-yl)-3-methyl-1-((4-methylqui-
nazolin-2-yl)methyl)-1H-purine-2,6(3H,7H)-dione (4). 3
(100.0 g), CMQ (73.4 g), TBAB (10 g), K,CO, (833 g), and
methyl-2-pyrrolidinone (800 mL) were added to a 3000 mL
reaction kettle. The mixture was stirred at 60 °C for 14 h.
Upon reaction completion (the residue of 3 was less than 1%,
determined by HPLC), the slurry was cooled to 15 °C and
aged for 1-2 h to induce crystallization. After adding water
(1600 mL) slowly, the temperature of the solution was kept at
25-35 °C. Then, the resulting suspension was agitated for 2 h
and filtered. The filter cake was then washed with water (150
mL) to give 4 as the crude product.

To a 2000 mL reaction kettle, the above crude product,
acetonitrile (600 mL), and water (200 mL) were charged. The
solution was stirred at 85 °C for 2 h. Then, the reaction
solution was cooled to 50 °C and stirred for 0.5 h. At last, the
temperature was reduced to 30 °C and stirred for another 0.5
h. The reaction solution was filtered. The resulting filter cake
was washed with acetonitrile/water (150 mL V/V = 3:1) and
dried at 70 °C under a vacuum for 8 h to provide 4 (130 g,
86% yield, 99.31% HPLC purity) as a light yellow powder.
HRMS (ESI) m/z: [M + H]" calculated for C,oH;,BrN,O,
453.0669; found 453.0682. "H NMR (400 MHz, DMSO-dj): 5
826 (d, ] = 82 Hz, 1H), 7.91 (t, ] = 7.6 Hz, 1H), 7.81 (d, ] =
8.4 Hz, 1H), 7.68 (t, ] = 7.6 Hz, 1H), 5.34 (s, 2H), 5.11 (d, ] =
1.9 Hz, 2H), 3.43 (s, 3H), 2.88 (s, 3H), 1.78 (s, 3H). *C
NMR (400 MHz, DMSO-dg): § 168.97, 160.37, 153.30,
150.5§, 148.97, 147.99, 134.11, 128.42, 127.83, 127.21, 125.73,
122.49, 107.6S, 81.91, 72.29, 45.73, 36.63, 29.56, 21.53,2.95

(R)-tert-Butyl(1-(7-(but-2-yn-1-yl)-3-methyl-1-((4-
methylquinazolin-2-yl)methyl)-2,6-dioxo-2,3,6,7-tetra-
hydro-1H-purin-8-yl)piperidin-3-yl)carbamate (5). To a
3000 mL reaction kettle, 4 (100.0 g), RBP (48.4 g), Na,CO,
(23.5 g), and methyl-2-pyrrolidinone (780 mL) were charged.
The solution was stirred at 80 °C for 16 h. Upon reaction
completion (the residue of 4 was less than 0.5%, determined
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by HPLC), toluene (100 mL) was added and stirred for 0.5 h.
Then, water (1500 mL) was added slowly at 75—85 °C. The
resulting solution was stirred for 0.5 h at 75—85 °C, and then
cooled to 20—30 °C and stirred for another 1 h. The resulting
suspension was filtered. The filter cake was washed with 1500
mL of water and then transferred to a 1000 mL reaction kettle
with 380 mL of EtOH and 760 mL of water. The mixture was
stirred at 65 °C for 2 h, then stirred at 50 °C for 0.5 h, and
finally stirred at 30 °C for another 0.5 h. The solution was
filtered, and the resulting filter cake was washed with 100 mL
of water and dried at 70 °C under a vacuum for 12 h to furnish
product § (120 g, 95.3% yield, 99.47% HPLC purity) as a light
yellow solid. HRMS (ESI) m/z: [M + H]* calculated for
C3oHy N O, 573.2932; found 573.2950. 'H NMR (400 MHz,
DMSO-d,): 5 824 (d, J = 82 Hz, 1H), 7.92 (t, ] = 7.5 Hz,
1H), 7.81 (d, ] = 8.3 Hz, 1H), 7.68 (t, ] = 7.5 Hz, 1H), 6.99 (d,
J = 7.5 Hz, 1H), 5.32 (s, 2H), 4.87 (s, 2H), 3.68 (d, J = 11.1
Hz, 1H), 3.59 (d, J = 11.3 Hz, 2H), 3.39 (s, 3H), 3.04 (t, ] =
10.4 Hz, 1H), 2.87 (m, 4H), 1.85 (t, J = 10.1 Hz, 2H), 1.76 (s,
3H), 1.68 (m, 1H), 1.47—1.32 (m, 10H). °C NMR (400
MHz, DMSO-d,): 6 168.78, 160.92, 155.71, 154.89, 153.25,
150.89, 149.02, 147.50, 134.02, 127.85, 127.09, 125.68, 122.46,
103.32, 81.08, 77.81, 73.68, 54.04, 49.63, 46.41, 45.53, 35.37,
29.54, 29.39, 23.13, 21.52, 3.02.

(R)-8-(3-Aminopiperidin-1-yl)-7-(but-2-yn-1-yl)-3-
methyl-1-((4-methylquinazolin-2-yl)methyl)-1H-purine-
2,6(3H,7H)-dione (1). To a 100 mL reactor, 5 (100.0 g) and
dichloromethane (700 mL) were charged. Then, the solution
was cooled to —15 °C, and concentrated hydrochloric acid (12
M, 150 mL) was added slowly under stirring. Upon reaction
completion (the residue of § was less than 0.5%, determined
by HPLC), water (70 mL) was added to separate the organic
layer. The resulting aqueous phase was collected and extracted
with dichloromethane (100 mL) twice.

After that, toluene (400 mL), TBAB (10.0 g), and sodium
hydroxide solution (7.5 M, 150 mL) were added. Then, the
reaction mixture was stirred at 60—65 °C. Once the reaction
was completed (the residue of impurity E was less than 0.5%,
determined by HPLC), the organic layer was separated and
washed with water (600 mL) at 55—6S °C. The organic phase
was distilled under reduced pressure to remove the toluene
solvent completely. After that, isopropanol (1000 mL) was
added and stirred at 80 °C until the solute was completely
dissolved. Then, activated carbon (S g) was added and then
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removed through hot filtration. The hot solution was cooled to
25—30 °C and aged for 1 h. The purer crystals precipitated
were collected by filtration, washed with isopropanol (150
mL), and dried at 60 °C under a vacuum for 12 h, affording
target product 1 as a light yellow powder (72.4 g, 88% vyield,
99.98% HPLC purity). HRMS (ESI) m/z: [M + H]*
calculated for C,sH,gNgO, 473.2408; found 473.2429. 'H
NMR (400 MHz, DMSO-d,): & 8.23 (d, ] = 8.3 Hz, 1H), 7.91
(t, ] = 7.6 Hz, 1H), 7.81 (d, ] = 8.4 Hz, 1H), 7.67 (t, ] = 7.6
Hz, 1H), 5.32 (s, 2H), 4.89 (s, 2H), 3.67 (dd, J = 21.8, 11.6
Hz, 2H), 3.39 (s, 3H), 3.28 (d, ] = 48.3 Hz, 2H), 3.05-2.96 (m,
1H), 2.87 (s, 3H), 2.85—2.73 (m, 2H), 1.87 (dd, J = 12.5,3.2
Hz, 1H), 1.72 (s, 4H), 1.67—1.58 (dt, ] = 13.4, 7.1 Hz, 1H),
1.27-1.18 (m, 1H). *C NMR (400 MHz, DMSO-d,): &
168.74, 160.95, 156.10, 153.19, 150.89, 149.00, 147.70, 133.98,
127.81, 127.05, 125.64, 122.43, 103.15, 81.08, 73.71, 57.5S,
49.51, 47.22, 45.51, 35.4S5, 33.17, 29.36, 23.24, 21.50, 3.01.
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