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ABSTRACT: Baricitinib is a novel active pharmaceutical ingredient used in the Hydrox??r:::ti:::?mpurl Hoy
N

treatment of rheumatoid arthritis, and it acts as an inhibitor of Janus kinase. During
the synthesis of baricitinib, three unknown impurities were identified in several
batches between 0.10 and 0.15% using high-performance liquid chromatography. The
unknown compounds were isolated and identified as N-((3-(4-(7H-pyrrolo[2,3-
d]pyrimidin-4-yl)-1H-pyrazol-1-yl)-S- oxotetrahydrofuran 3-yl)methyl)ethane sulfona-
mide (lactone impurity, BCL), 2-(3-(4-(7H-[4,7'-bipyrrolo[2,3-d]pyrimidin]-4'-yl)-
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1H-pyrazol-1-yl)-1-(ethylsulfonyl)azetidin-3-yl)acetonitrile (dimer impurity, BCD), ﬂ i ”s\/ '%/)5
and 2-(1-(ethylsulfonyl)-3-(4-(7-(hydroxymethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)- N ¢ \w N s
1H-pyrazol-1-yl)azetidin-3-yl) acetonitrile (hydroxymethyl, BHM). These compounds  amer meurty e ig
were synthesized and confirmed against the isolated samples. The structures of all the
three impurities were confirmed by extensive analysis of '"H NMR, *C NMR, and Baricitinib

lactone impurity

mass spectrometry. The lactone impurity formation was explained by a plausible

mechanism. The outcome of this study was very useful for scientists working in process as well as in formulation development. To
synthesize highly pure baricitinib drug substance, these impurities can be used as reference standards due to their potential

importance.
1. INTRODUCTION Several clinical studies showed that baricitinib is effective in
Baricitinib 1 (Olumiant), chemically known as 2-[l-ethyl- the treatment of severe atopic dermatitis and also in the

sulfonyl-3-[4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)pyrazol-1-yl]-

Forms hydrogen
bond with E957 and

treatment of alopecia areata.”” The United States Food and
Drug Administration (USFDA) approved the use of baricitinib
/\ for RA in 2018 and COVID-19 in 2022 along with remdesivir.

Identification and control of impurities in drug substances
and drug products are very critical for their safety assessment.
L959 in JAK1 These impurities affect the drug efficacy, quality, and safety.
The maximum daily dosage of baricitinib in RA patients is 4

6
mg.

o International Council for Harmonization (ICH) tripartite
,,"1\9/21 hvdrophobi guidelines suggest that the reporting threshold is 0.05% and
0 20 gn:;)st:tolc the identification threshold is 0.10% for impurities in new drug

Mtabilizes a-helical substances for a maximum daily dose of <2 g/day.” The
C-terminal lobe efficacy and safety of the drug mainly depend on the impurities

Figure 1. Chemical structure of baricitinib.

present in the drug substance. The toxicology of the drug
mainly depends on the impurities present in the drug

substance. Thus, identification and isolation of these impurities

azetidin-3-yl] acetonitrile [Figure 1], is used in the treatment

formed during the synthesis of active pharmaceutical

of rheumatoid arthritis (RA), graft-versus-host disease, -
myelofibrosis, and COVID-19.'™> RA is a disease whose Received: January 6, 2023
occurrence is seen to be increasing every year. Currently, 14 Accepted: February 10, 2023

million adults are affected by RA worldwide. Baricitinib has Published: March 2, 2023
been in use for severely affected patients with RA having less

response against TNF antagonists. It inhibits the Janus kinase
(JAK) enzyme by blocking JAK1 and JAK2 subtype enzymes.
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Scheme 1. Chemical Synthesis of Baricitinib
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Figure 3. Three new impurities identified during the process
development of baricitinib.

ingredient (API) products are very important to address the
key requirements for the regulatory agency approval. Due to
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very little literature availability, synthesis of these impurities
becomes a challenging task for the manufacturers.

Thus, identification of impurities in a drug substance has a
high impact on the efficacy of the drug. Due to this, there is a
requirement of identification of unknown impurities in
pharmaceutical substances.””'® The formation of impurities
and identifying their structures become a huge task in any drug
substance which depends on the synthetic route and reaction
conditions.

Baricitinib was synthesized following Scheme 1. In 2009,
Rodgers et al. synthesized baricitinib by following Scheme 1."!
Later, several researchers synthesized baricitinib using a similar
procedure with slight modification in the protecting groups.

During the synthesis of baricitinib, several related impurities
were identified in the literature (Figure 2).'” Indeed, their
synthesis and characterization of baricitinib impurities were
limited. During the R&D synthesis and also pilot-scale
synthesis, we observed three unknown impurities in the final
product between 0.10 and 0.15% using high-performance

https://doi.org/10.1021/acsomega.3c00100
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Table 1. "H NMR and *C NMR Assignment of BCL, BHM, and BCD Impurities

5 22/18\ _N_/fg 21
Baricitinib o 25 2 r\{/ 18 176/8 \2g Baricitinib hydroxy
Baricitinib Lactone (BCL) Baricitinib dimer BCD methyl (BHM)
carbon '"H NMR ppm 3C NMR 'H NMR ppm 3C NMR '"H NMR ppm 3C NMR '"H NMR ppm 3C NMR
number (multiplicity) ppm (multiplicity) ppm (multiplicity) ppm (multiplicity) ppm
1 12.16 (brs) — 12.19 (brs) — — — — —
2 — 1522 — 15207 — 151.88 — 150.80
3 — J— J— —_ —_ — J— J—
4 8.71 (s) 15091  8.69 (s) 150.82  8.80 (s) 15060  8.80 (s) 150.76
5 J— J— J— — J— — J— J—
6 — 149.36 — 149.63 — 147.56 — 149.47
7 — 113.08 — 112.93 — 115.00 — 113.51
8 7.09—7.10 (m) 99.55 7.09—7.10 (m) 99.98 6.83—6.84 10220 7.17-7.18 —
(d,] = 3.6 Hz) (d,] = 3.6 Hz)
9 7.63—7.64 (m) 12695 7.59=7.60 (m) 12670  7.51-7.52 12683 7.75-7.76 129.72
(d,] = 4.0 Hz) (d,] = 3.6 Hz)
10 — 122.22 — 121.75 — 121.57 — 121.71
11 8.93 (s) 12962 8.84 (s) 129.68  8.89 (s) 12910 897 (s) 129.87
12 — s — — — — — —
13 — — — — — — — —
14 8.49 (s) 13992 839 (s) 13926  8.58(s) 14015 8.51 (s) 139.99
15 — 56.06 — 67.77 — 56.22 — 56.15
16 4.60—4.62 58.55 3.62—3.72 (m) 47.74 4.63—4.65 58.55 4.60—4.62 58.56
(d,] =92 Hz) (d,J =92 Hz) (d,J = 92 Hz)
17 — — 7.66—7.69 — — — — —
(t, ] = 6.8 Hz)
18 4.23—4.26 58.55 — — 4.26—4.28 58.55 4.24—4.26 66.48
(d,J =96 Hz) (d,] =92 Hz) (d,] =92 Hz)
19 — — — — — — — —
20 3.22-3.27 (q) 4327 2.91-2.97 (q) 45.78 3.23-3.29 (q) 43.34 3.22-3.27 (q) 43.35
21 1.23-1.27 7.44 1.11-1.14 7.90 1.24-1.28 7.47 1.23-1.27 7.46
(t, 7.2 Hz) (t,J=72Hz) (tJ=72Hz) (t,J=72Hz)
22 3.70 (s) 2684  327-336 37.43 373 (s) 2692 370 (s) 26.86
(d, J = 18.0 Hz)
22 — — 3.47-3.51 — — — — —
(d,J = 14.8 Hz)
23 — 116.69 — — — 116.69 — 116.69
24 — — 4.68—4.70 73.34 — — — —
(d,J = 10.0 Hz)
24 — — 4.82—4.85 — — — — —
(d,J = 10.0 Hz)
25 — — — 174.09 — — — —
26 — — — — — — 5.64 (s) 100.25
27 — — — — — — 6.65 (brs) —
28 — — — — — 153.89 — —
29 — — — — — 130.13 — —
30 — — — — 8.30—8.31 110.17 — —
(d,J = 4.0 Hz)
31 — — — — 7.66—7.67 103.18 — —
(d,J =32 Hz)
32 — — — — 12.45 (brs) — — .
33 — — — — — 150.46 — —
34 — — — — — — — —
35 — — — — 9.06 (s) 151.18 — —
36 — —_ — —_ —_ — —_ —_
9585 https://doi.org/10.1021/acsomega.3c00100
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liquid chromatography (HPLC). These impurities after liquid
chromatography—mass spectrometry (LC—MS) analysis were
identified as N-((3-(4-(7H-pyrrolo[2,3-d]pyrimidin-4-yl)-1H-
pyrazol-1-yl)-S-oxotetrahydrofuran-3-yl)methyl)ethane sulfo-
namide (lactone impurity, BCL), 2-(3-(4-(7H-[4,7 -bipyrrolo-
[2,3-d]pyrimidin]-4'-yl)-1H-pyrazol-1-yl)-1-(ethylsulfonyl)-
azetidin-3-yl)acetonitrile (dimer impurity, BCD), and 2-(1-
(ethylsulfonyl)-3-(4-(7-(hydroxymethyl)-7H-pyrrolo[2,3-d]-
pyrimidin-4-yl)-1H-pyrazol-1-yl)azetidin-3-yl) acetonitrile (hy-
droxymethyl impurity, BHM) (Figure 3). Due to our interest
toward the synthesis and identification of API impurities, we
wish to report the synthesis and structural illustration of three
major impurities of baricitinib obtained during the synthesis of
baricitinib in this article."*~"

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. The samples used in this
study were synthesized in SVAK Life Sciences. BCL impurity,
BCD impurity, and BHM impurity were synthesized and then
purified using preparative HPLC if required. All the HPLC-
grade solvents, NMR solvents, and reagents were procured
from Merck Life Sciences, India.

2.2. HPLC (Analytical). A Waters (LC2695) HPLC system
was used for the present study using a PDA-2996 detector set
at 260 nm. Empower 2 software was used to process the HPLC
data. The Epic C-18 (PerkinElmer, 250 mm X 4.6 mm, S ym)
analytical column was used to perform the analysis. Mobile
phase A was 10 mM ammonium acetate, and mobile phase B
was methanol/acetonitrile (50:50, v/v). The linear gradient
program was set as follows: Tmin/B(mL/min); T 0/10; T15/
90; T25/90; T26/10; T30/10. The flow rate was set at 1.0
mL/min, and the injection volume was 10 uL. The
homogeneous mixture of HPLC-grade water and HPLC-
grade methanol in the ratio 1:1 was used as a diluent for
sample preparation.

2.3. Liquid Chromatography—Mass Spectroscopy.
LC—MS analysis of the degraded sample of baricitinib was
done on a Waters 2695 (Water Corporation) ACQUITY
HPLC-MS system. The EPIC C18 column (4.6 X 150 mm, 3
pum) was used as an analytical column for chromatographic
separation (Figures S28—S30). The wavelength of the UV
detector was set at 260 nm. Mobile phase A consisted of 0.1%
formic acid. Mobile phase B consisted of HPLC-grade
acetonitrile. The flow rate was set at 0.8 mL per min, and
the column oven temperature was set at 25 °C. The cone
voltage was 30 V, and the capillary voltage was 3.5 kV. The
source temperature was maintained at 120 °C. Nitrogen gas
was used as both the desolvation and cone gases with flow
rates of 350 L/h and 50 L/h, respectively. The linear gradient
program was set as follows: Tmin/B (%)—T 0/10; T15/90;
T25/90; T26/10; T30/10.

2.4. HPLC (Preparative). Purification of BCL impurity was
done from the enriched samples obtained from the reaction of
baricitinib using the described procedure mentioned in Section
3.2. The required impurity peak (Figure S25) was isolated
using the Waters 2545 preparative HPLC system equipped
with the Phenomenex C18 column (250 X 20 mm, 10 pm),
and the PDA2996 detector was set at 260 nm. Mass Lynx
software was used to process the data. Ammonium
bicarbonate, AR grade, in HPLC-grade water (pH 4.0; 0.02
M) with the pH adjusted with formic acid was used in mobile
phase A, and HPLC-grade acetonitrile (100%) was used in
mobile phase B. The flow rate was maintained at 15 mL/min,
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and the run time was 40 min. The linear gradient program was
set as follows: Tmin/B(mL/min): T0/20; T5/30; T15/40;
T20/50; T25/80; T35/90; T40/100. The BCL impurity
obtained from the preparative HPLC fraction was extracted
with 100 mL of MeOH—DCM (1:9), and the organic layer
was concentrated to obtain BCL impurity as a pale yellow
solid. The isolated sample was further used for its complete
characterization.

3. RESULTS AND DISCUSSION

3.1. Identification of Unknown Impurity/Detection of
Unknown Impurity. To identify the unknown impurities

Table 2. DEPT and HMBC Assignment of BCL Impurity

carbon carbon
number DEPT HMBC number DEPT HMBC
1 — — 15 C H-1622,22',24,24'
2 C H-4,8,9 16 CH, H-212222'2424
3 — — 17 — —
4 CH H-438914 18 — —
S — — 19 — —
6 C H-9,11,14 20 CH, H21
7 C H-1,4,89,11 21 CH, H20
8 CH H149 22 CH, H-162222
9 CH H18 22/ — —
10 C H-11,14 23 — —
11 CH H-14 24 CH, H-16,22.2'
12 — — 24 — —
13 — — 25 C H-22,22' 24,24’
14 CH H-11 — — —

which are formed during the synthesis of the baricitinib API,
we recorded the LC—MS/MS spectrum of the unknown
impurity. For BCL impurity, the mass obtained in the +ve
mode was 391.0S and in the —ve mode was 389.06 (Figures S1
and S2). Dimer impurity in the +ve mode was 489.26 and in
the —ve mode was 487.15 (Figures S13 and S14). The mass of
the hydroxymethyl impurity in the +ve mode was 402.20 and
that in the —ve mode was 400.34 (Figures S17 & S18). Based
on the mass spectra and their fragmentation, we expected the
unknown impurities as BCL, BCD, and BHM.

3.2. Synthesis of BCL Impurity. During the synthesis of
baricitinib, the final step involves deprotection of the 2-
(trimethylsilylJethoxymethyl acetal (SEM), acetyl, or tert-
buyloxycarbonyl (Boc) group present on the pyrrolo[2,3-
d]pyrimidine core. Most of the literature involves usage of
either acidic (or) basic conditions to deprotect the protecting
groups. During this reaction, we observed the formation of 0.1
to 0.15% lactone impurity.

This led to an expectation that this lactone formation may
be favorable either under acidic or basic conditions. The
reaction standardization was done separately using acidic as
well as basic conditions.

We performed the reactions using NaOH as a base at
different concentrations. Sodium hydroxide in ethanol and
water (9:1) was added to baricitinib in ethanol and treated at
higher temperatures to obtain BCL in good yield. The
maximum yield of BCL was observed by using NaOH (2
eq.) in ethanol and water (5 vol.) as a solvent at 80 °C for 48
h. The crude BCL was purified by using prep-HPLC to obtain
the impurity with good purity. "H NMR and * C NMR of
BCL impurity data are presented in Table 1.

https://doi.org/10.1021/acsomega.3c00100
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Figure 5. HSQC spectrum of BCL impurity in DMSO-dy.

3.3. Synthesis of BCD Impurity. Baricitinib (1 g, 0.0027 filtrate was concentrated under reduced pressure to obtain
moles) and 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (0.62 g, 1.5 crude (1.0 g). The crude compound was purified by silica gel
equiv) in 1,4-dioxane (15 mL) were degassed for 10 min, and (100—200 mesh, 10—12% MeOH in DCM) to afford 0.245 ¢
Cs,CO; (2.64 g, 3 equiv) and Pd (OAc), (0.12 g, 0.21 equiv) of BCD as a pale brown solid. '"H NMR and "*C NMR data of
were added at room temperature. The contents were then BCD impurity are presented in Table 1.
stirred for 16 h at 100 °C. Reaction mass was concentrated, 3.4. Synthesis of BHM Impurity. 2-(1-(Ethylsulfonyl)-3-
and the residue was taken in EtOAc (100 mL), filtered through (4-(7-((2-(trimethylsilyl ) ethoxy) methyl)-7H-pyrrolo[2,3-d]-
the Celite pad, washed with ethyl acetate (20 mL), and the pyrimidin-4-yl)-1H-pyrazol-1-yl)azetidin-3-yl)acetonitrile (0.5

9587 https://doi.org/10.1021/acsomega.3c00100
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Intermediate-2 Baricitinib lactone

g, 0.001 moles) was dissolved in chloroform (150 mL) and
cooled to 10—15 °C. TFA (0.76 mL, 10 equiv) was added to
the above reaction mixture at 10—1S5 °C. The reaction was
kept at room temperature for 12 h. After completion of the
starting material, the reaction mixture was evaporated and
extracted with DCM (100 mL) to afford 250 mg of the pure
compound as an off-white solid. "H NMR and *C NMR data
of BHM impurity are presented in Table 1.

3.5. Structural Confirmation of the Three New
Impurities. The structures of the three new impurities, ie.
BCL, BCD, and BHM, were confirmed by using several
analytical methods such as 'H NMR, "*C NMR, and MS. For
BCL, the structure was confirmed by analyzing with 2D NMR
(COSY, HSQC, and HMBC). The NMR comparison of the
BCL, BCD, and BHM impurities is shown in Table 1. The 2D
NMR assignment of BCL is shown in Table 2.
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The mass spectrum of the isolated impurity showed a base
peak at m/z 391.0S in the +ve mode and a peak at 389.06 in
the —ve mode, confirming the formation of BCL.

The '"H NMR spectrum of baricitinib shows a peak at §
12.19, indicating the presence of an —NH proton in the
pyrrolo pyrimidine core, which is an exchangeable proton
involved in the D,O study. But, in '"H NMR of the isolated
impurity (Figure 4), we observed two exchangeable protons at
0 12.19 and 6 7.65—7.69 during the D,O experiment. One of
the peaks at 0 12.19 corresponds to the —NH proton which is
present in the pyrrolo pyrimidine ring and is the same in both
baricitinib and BCL. Another —NH proton which is a
—SO,NH proton at 6 7.65—7.69 having a triplet due to the
presence of an adjacent methylene group (H-16) is also
exchanged during the D,0O experiment in BCL.

In 'H NMR spectra of baricitinib, H-22 protons are present
at 6 3.70 corresponding to —CH,CN as a singlet peak, which
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was shifted to upfield with two clear doublets at § 3.27—-3.36
and 3.47-3.51 in BCL impurity due to the formation of the
lactone ring. In the "*C NMR spectra of BCL impurity carbon
at 6 174.09 corresponds to the —C=0 group of lactone ring.
From the HSQC spectrum (Figure S), it is evident that four
—CH, protons (H-16, H-20, H-22, and H-24) are present in
the BCL impurity.

The sequential correlation of H-16 and H-17 in 'H-'H
COSY confirmed that the opening of cyclic sulfonamide leads
to the formation of lactone impurity. Furthermore, it was
confirmed by HMBC, and the correlation between H-22, 22’
(84 327-3.36 and 3.47—3.51), H-24, 24’ (5, 4.68—4.70 and
4.82—4.85), and H-16 (6 3.62—3.72) with H-25 (¢ 174.09)
shows the formation of the lactone ring in the proposed
structure (Figure 6).

After thorough analysis of all the spectral data, the structure
of the isolated compound was assigned as BCL.

The mass spectrum of the synthesized BCD impurity
showed a base peak at m/z 489.18 in the +ve mode and a peak
at 487.15 in the —ve mode, showing the formation of BCD
impurity, which matches with the mass spectrum of the
isolated impurity. Furthermore, the compound was confirmed
by using 'H NMR and "> C NMR. In the 'H NMR spectrum
(Figure 7), a peak at § 12.4S indicates the presence of the
—NH (H-32) proton in the pyrrolo pyrimidine core of the
dimer compound which is distinct when compared with the
baricitinib —NH proton in the pyrrolo pyrimidine core.
Furthermore, there are few additional signals at § 8.30—8.31
(d), 6 7.66—7.67 (d), and 5 9.06 (s) corresponding to the
dimerized pyrrolo pyrimidine core unit. In the “C NMR
spectrum also, we observed peaks at 5c 150.46, 151.18, and
153.89 corresponding to C-28, C-33, and C-35 of the
dimerized compounds, respectively. After in-depth analysis, it
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was confirmed that the synthesized and isolated compounds
were the same and was BCD.

To confirm the BHM impurity, we co-injected the isolated
and synthesized samples. Both show the same peak in HPLC
and the mass of 402.20 in the +ve mode and 400.34 in the —ve
mode. In the '"H NMR spectrum (Figure 8), two new peaks
were observed at § 5.64 (s) corresponding to the —CH, peak
(H-26) and another broad singlet peak was observed at § 6.65,
corresponding to the hydroxy peak (27-OH). Also, the —NH
proton of the pyrrolo pyrimidine core disappeared, showing
the formation of BHM impurity. In 13C NMR, an additional
peak at 5¢ 100.25 shows the presence of —CH, carbon (C-26),
and also, the change in the chemical shift of C-2 and C-9
carbons confirms the formation of the required impurity. All
these results confirm the isolated impurity as BHM impurity.

3.6. Plausible Formation Pathway of BCL Impurity. In
all the reported impurities, BCL impurity was a critical
impurity. That is why we have proposed the plausible
mechanism for the formation of BCL impurity, which is
presented in Figure 9. The formation of BCL impurity was due
to basic hydrolysis of cyanide to amide (intermediate-1)
followed by an intramolecular rearrangement to get inter-
mediate-2. Intermediate-2 on hydrolysis yields BCL impurity.
We have isolated and characterized intermediate-1 using 'H
NMR (Figure 10). But, we were unsuccessful in isolating the
intermediate-2 due to its instability.

Finally, we studied several conditions to control these
impurities in the manufacturing process. For controlling BCL
impurity, we maintained the reaction temperature below 20 °C
during the deprotection process. To avoid the formation of
BHM impurity, we maintained the reaction under 10 °C using
boron trifluoride diethyl etherate as a reagent followed by
workup with water and extraction with DCM. The DCM layer
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was treated with aqueous ammonia for 24 h to get pure
baricitinib.

4. CONCLUSIONS

In conclusion, it was confirmed that the three impurities
isolated from different manufacturing batches of baricitinib are
BCL, BHM, and BCD. All the impurities were confirmed by
using different analytical techniques. All these impurities were
conveniently prepared in the laboratory using available
intermediates. These impurities are useful as reference
materials in companies and research institutes. This will help
the researchers to identify and control the formation of all the
three impurities during their manufacturing process. This work
would be of immense interest to researchers working in
process and formulation development of the baricitinib API.
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