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A potent IkB kinase-p inhibitor labeled with
carbon-14 and deuterium

Bachir Latli,* Magnus Eriksson, Matt Hrapchak, Carl A. Busacca, and

Chris H. Senanayake

3-Amino-4-(1,1-difluoro-propyl)-6-(4-methanesulfonyl-piperidin-1-yl)-thieno[2,3-b]pyridine-2-carboxylic acid amide (1) is a
potent IkB Kinase-f (IKK-B) inhibitor. The efficient preparations of this compound labeled with carbon-14 and deuterium
are described. The carbon-14 synthesis was accomplished in six radiochemical steps in 25% overall yield. The key
transformations were the modified Guareschi-Thorpe condensation of 2-cyano-'*C-acetamide and a keto-ester followed
by chlorination to 2,6-dichloropyridine derivative in one pot. The isolated dichloropyridine was then converted in three
steps in one pot to ['*Cl-(1). The carbon-14 labeled (1) was isolated with a specific activity of 54.3 mCi/mmol and
radiochemical purity of 99.8%. The deuterium labeled (1) was obtained in eight steps and in 57% overall chemical yield
using 4-hydroxypiperidine-2,2,3,3,4,5,5,6,6->H,. The final three steps of this synthesis were run in one pot.
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Introduction

Thienopyridines are a class of compounds with a broad range of
biological activity. They have been reported as hepatitis C virus
(HCV) inhibitors, as ligands for the dopamine D, receptor,2 as
allosteric modulator of the M, muscarinic receptor,? as inhibitors
of N-methyl-D-aspartate (NMDA) receptors,® as potential
antipsychotics,”> as antagonists of cell adhesion molecule
(ICAM-1) expression,®’ as SrC kinase,® Janus kinase-2° and as
sirtuins inhibitors.'® Thienopyridine analogs were also identified
as potent inhibitors of IkB kinase-p (IKKB), a key regulatory
enzyme in the nuclear factor-kB (NF-kB) pathway.'" This enzyme
is considered a potential target for the treatment of
inflammatory and autoimmune diseases.'’ 3-Amino-4-(1,1-
difluoro-propyl)-6-(4-methanesulfonyl-piperidin-1-yl)-thieno[2,3-
blpyridine-2-carboxylic acid amide (1) was found to have
superior oral activity in a rat model of collagen induced arthritis
(CIA) and good pharmacokinetics properties.'”> Herein, we
describe an efficient preparation of this compound labeled with
carbon-14 and deuterium to advance its development as a drug
for treatment of inflammatory diseases.

Results and discussion

To prepare carbon-14 labeled (1), Scheme 1, we envisioned the
synthesis of the dihydroxypyridine derivative using a
Guareschi-Thorpe condensation of 2-cyanoacetamide-[2-'*C]
and a difluoroketo ester."® Butyl 4,4-difluoro-3-oxohexanoate
(3) was prepared from the corresponding butyl 2,2-
difluorobutyrate (2) and butyl acetate. The butyl group was
chosen to minimize the volatility of product (3)."* Compound
(2) is either prepared as described in the literature' or from a
simple esterification of the commercially available 2,2-
diflurobutyric acid and n-butanol. Reaction of carbon-14
potassium cyanide and 2-bromoacetamide (4) in mixture of

ethanol and water gave 2-cyanoacetamide-[2-'*C] ([**C]-(5))
which was concentrated to remove the solvents and used as a
solid mixture with potassium bromide in the following step.'”
Condensation of ['*C]-(5) and (3) in propanol in the presence
of DBU (diazobicyclo-[5,4,0lundece-7-ene) as a base at 95 °C gave
the pyridine-DBU salt ['*C]-(6) via a modified Guareschi-Thorpe
condensation.'®  This  salt was  suspended  with
tetramethylammonium chloride in phosphorus oxychloride and
heated at 115°C to give 2,6-dichloronicotinonitrile derivative
['*Cl-(7) after an aqueous work up and column chromatography
purification in 40% radiochemical yield over three steps. The
dichloronicotinonitrile ['*C]-(7) was then reacted with 4-
methanesulfonyl piperidine HCl salt (8) in DMSO in the presence
of potassium carbonate at room temperature to give ['*C]-(9). 2-
Mercaptoacetamide (10) was prepared in one step from methyl
thioglycolate and ammonia in methanol, and added to the flask
containing ['*CJ-(9). The reaction was stirred at room
temperature for 15h. It is worth mentioning that (10) is not
stable for long-term storage and has to be kept under an inert
atmosphere to minimize dimerization and air oxidations. Finally,
the reaction suspension was heated to 80°C for 8h to cyclize
['"*Cl-(11) to ['*CI-(1). The last three steps were all run in one
pot and gave carbon-14 labeled (1) in 64% radiochemical yield.
The pure product, 51mCi, was isolated by column
chromatography purification with a specific activity of
54.3 mCi/mmol and 99.8% radiochemical purity.
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With the availability of the dichloronicotinonitrile (7) from in
house synthesis;'® we focused on the synthesis of deuterium
labeled 4-methanesulfonylpiperidine (8) to prepare deuterium

protected at the amino group then converted to the mesylate
derivative [*Hg]-(14) in 92%."” The mesylate group was displaced
by sodium thiomethoxide. The elimination product (up to 10%)
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due to deuterium isotope effect. Oxidation of sulfur atom with
peracetic acid in toluene, followed by removal of the protecting
group, gave sulfonylpiperidine hydrochloride salt [*Ho]-(8) in
83% and 98% yield respectively. This salt was then reacted with
the dichloronicotinonitrile (7) in the presence of potassium
carbonate in DMSO to give [Hol-(9). As described in the
carbon-14 synthesis, this intermediate was not isolated and
reacted in the same pot with 2-mercaptoacetamide (10) at room
temperature to give [?Ho]-(11). Ring closure to the desired [*Ho]-
(1) was accomplished in the same reaction flask as well by
adding more potassium carbonate and heating to 80°C for
12h. This three-step-one-pot transformation gave deuterium
labeled (1) in 76% yield after crystallization from acetic acid
and heptane.

Conclusion

3-Amino-4-(1,1-difluoro-propyl)-6-(4-methanesulfonyl-piperidin-
1-yl)-thieno[2,3-b]pyridine-2-carboxylic acid amide (1) is a potent
IkB Kinase-B Inhibitor. It was prepared efficiently labeled with
carbon-14 in six radiochemical steps in 25% radiochemical yield
using a modified Guareschi-Thorpe reaction followed by a three-
step-one-pot reaction that included an SyAr, a condensation
with thioacetamide, and a cyclization. The deuterium labeled
(1) was obtained in eight steps and in 58% overall chemical yield
starting from 4-hydroxypiperidine-2,2,3,3,4,5,5,6,6-°Hy  ([*Hol-
(12)). Transformation of this material to 4-methanesulfonyl-
piperidine-2,2,3,3,4,5,5,6,6-*Hs-HCl ([*Ho]-(8)) was accomplished
in five steps in 75% yield. Then, a three-step-one-pot reaction
with dichloronicotinonitrile derivative (7) gave [2Hol-(1) in 76%
yield. These labeled materials were utilized in drug metabolism,
pharmacokinetics, bioanalytical and in other studies.

Experimental procedures
Materials and methods

NMR spectra of radioactive compounds were recorded on a Bruker 500-
MHz spectrometer using double encapsulated NMR tubes in deuterated
dimethyl sulfoxide. "H NMR, "F NMR and *C NMR spectra of non-
radioactive compounds were acquired using Bruker 400 MHz. Liquid
scintillation counting was accomplished using a Beckman LS6500TA
and UltimaGold™ cocktail (PerkinElmer, Boston, MA, USA). HPLC analysis
was performed on an Agilent 1200 instrument. HPLC Conditions: Mobile
Phase gradient 20 to 100% (MeCN in H,0 both 10 mM TFA) over 20 min,
column: Eclipse XDB C8 (5.0 um, 4.5 mm X 150 mm), injection volume
10 pL. LCMS were acquired using Waters Acquity” Ultra Performance LC
(Milford, MA, USA) and either a fast medium polar method: run time
2.0 min, gradient 95% water (0.1% TFA) and 5% MeCN (0.1%TFA) to 5%
water in 1.7 min, hold to 2 min at 5% water, flow 2.5 mL/min; column:
Zorbax C18-SB (3.5um, 46 mmx30mm), or a long medium polar
method, run time 9.0 min, gradient 95% water (0.1% TFA) and 5% MeCN
(0.1%TFA) to 5% water in 7 min, hold to 9 min at 5% water, flow 1.5 mL/
min; column: Zorbax Eclipse XDB-C8 (5um, 4.6 mmx 150 mm). The
radiochemical purity was measured using a radio-HPLC detector f-Ram
model 3 or model 4 (LabLogic systems, Inc. Brandon, FL, USA) connected
to Agilent HPLC instrument using IN-FLOW™ 2:1 liquid scintillation
(LabLogic systems, Inc. Brandon, FL, USA). Potassium—[MC]cyanide was
purchased from ViTrax (Placentia, CA, USA). 4-Hydroxypiperidine-
2,2,3,3,4,5,5,6,6-2H9 with 98.9 atom % 2H was purchased from CDN
Isotopes (Pointe-Claire, Quebec, Canada). 2,2-Difluorobutyric acid was
purchased from Oakwood Chemicals (West Columbia, SC, USA). The rest
of the reagents were obtained from Sigma-Aldrich Company.

Synthesis of ['*C]-(1)

Butyl 4,4-difluoro-3-oxohexanoate (3)

Sodium hydride (4.7 g, 117 mmol, 60% oil dispersion) was suspended in
anhydrous THF (136 mL) and stirred at room temperature under argon.
Butyl 2,2-difluorobutyrate (2) (22 g, 117 mmol) was added, and the
suspension was stirred at ambient temperature for 14 h. Butyl acetate
(18.62mL, 140.6 mmol) was dissolved in anhydrous THF (20 mL) and
added via addition funnel over 45-60 min. The funnel was rinsed with
THF (5mL). The suspension became yellow toward the end of the
addition. The yellow suspension was stirred at ambient temperature for
26 h. The reaction was quenched by a saturated aqueous solution of
NH,4Cl (50 mL) and diluted with water (50 mL). The mixture was acidified
to pH ca. 5 using concentrated. HCl and the layers separated. The
aqueous layer was extracted with EtOAc (100 mL x2), and the combined
organic layers were washed with water (100 mL) and concentrated to
21g of orange oil. The crude product contains ca. 8-10% starting
material. This crude product was purified by vacuum distillation at ca.
0.3 torr/30-35 °C with oil bath at 55-65 °C to give 15.8-g colorless (95%
pure) in 61% vyield. "H NMR in CDCl; indicated a mixture of about 1:1 of
the keto-ester and the enol-ester.'® LCMS (fast medium polar method),
tr=1.08 min, MH" (100%) = 223.0. "HNMR (CDCl5) &: 11.98(s, TH, OH enol
form), 5.50(s, TH, =CH enol form), 4.19(t, /= 6.75 Hz, 2H), 3.70(s, 3H), 2.01-
2.18(m, 2H), 1.6-1.71(m, 2H), 1.32-1.45(m, 2H), 1.01(t, J=7.69 Hz, 3H),
0.95(t, J=7.48Hz, 2H). 3CNMR (CDCl3) 6: 193.62, 172.30, 167.47 (m),
165.91, (121.26, 120.74), (118.84, 118.24), (116.43, 115.74), 90.33(t,
J=5.21Hz), (65.64, 64.82), 43.45, (30.63, 30.43), 27.99(t, J=25.4Hz),
25.75(t, J=23.2Hz), (19.09, 18.95), 13.62, 6.08(t, J=5.03Hz), 539(t,
J=5.51Hz). "’FNMR (CDCl5) &: —108.23, —108.32.

2-Cyano-'*C-acetamide, ['*CJ-(5)

To a solution of 2-bromoacetamide (4) (0.51g, 3.63 mmol) in ethanol
(5mL) was added a solution of potassium-['*Clcyanide (200 mCi,
55 mCi/mmol, 3.63 mmol) in water (5 mL) dropwise at room temperature.
The resulting was stirred for 24 h to give a pale yellow solution. TLC (20%
MeOH/CHCl3) showed the starting bromide was consumed and the
presence of the product which was visualized in an iodine chamber
and co-eluted with unlabeled sample. The solution was transferred to a
100-mL round bottom flask, and the reaction flask was rinsed with
methanol. Concentration in vacuo gave a cream colored solid. Methanol
(10 mL) was added, and the mixture was concentrated again to remove
water. This procedure was repeated again with 10 mL of methanol to
give 758 mg of mixture of 2—cyano—14C—acetamide and potassium
bromide. This mixture was used as it is in the following step.

5-Cyano-'*C-4-(1,1-difluoro-propyl)-6-oxo-1,6-dihydro-pyridin-2-ol-
DBU salt, ['*CJ-(6)

To [14C]-(5) (3.63 mmol) in n-propanol (8 mL) was added (3) (0.85 g,
3.63 mmol) followed by DBU (608 pL, 4 mmol). The resulting was heated
to 95 °C and stirred for 20 h. After cooling to room temperature, the dark
mixture was concentrated under reduced pressure to dryness. Heptane
(10 mL) was added and the mixture was concentrated again to give 2.1
g of a brown solid, which was used as it is in the next step.

2,6-Dichloro-4-(1, 1-diﬂuoro-propyl)-nicotinonitrile-’4C, (r"cr-(7)

The DBU-salt [”C]-(6) was mixed with phosphorus oxychloride (8 mL)
and tetramethylammonium chloride (440 mg, 3.9 mmol) and heated to
115°C for 16 h. After cooling to 60°C, toluene (20 mL) was added
followed by water (15 mL) dropwise (exotherm). When the heat subsided,
more water was added (20mL) and toluene (20 mL). The resulting
mixture was filtered through a short pad of Celite® and washed with
toluene (20 mL x2). The aqueous phase was removed and the organic
layer was washed with water (30 mL), brine (30 mL), dried over MgSO,,
filtered and concentrated in vacuo to give viscous oil, which was purified
on a 40-g disposable silica gel column and methylene chloride as eluent.
A total of 396 mg of pure product was isolated or 80 mCi in 40% yield
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staring from [14C]-potassium cyanide. HPLC, tg =22.6 min, identical to an
unlabeled sample.

2-Mercaptoacetamide, (10)

Methyl thioglycolate (3.6g, 34 mmol) was added to a solution of
ammonia in methanol (7.0 M, 45 mL) and stirred at room temperature
for 14 h under argon atmosphere. The solution was concentrated under
reduced pressure to give 3.1 g of a white solid in quantitative yield. "H
NMR (DMSO-dg) &: 7.43(brs, TH), 7.02(brs, 1H), 3.07(s, 2H), 1.51(brs, 1H).
3C NMR (DMSO-dg) &: 173.87, 29.36.

3-Amino-4-(1,1-difluoro-propyl)-6-(4-methanesulfonyl-piperidin-1-
yl)-thieno[2,3-b]pyridine-2-carboxylic acid amide-3-"*C, (['*C]-(1))

A mixture of ['4C]-(7) (396 mg, 1.55 mmol), (8) (315 mg, 1.55 mmol) and
K,CO3 (654 mg, 4.64 mmol) in DMSO (7 mL) was stirred under nitrogen
atmosphere for 16 h. HPLC showed the presence of a new product at
tg=19.97 min similar to (9) and no starting material was observed. 2-
Thioacetamide (10) (214 mg, 1.64 mmol) containing about 20% of the
oxidized disulfide compound was added followed by K,COs; (216 mg,
1.53 mmol) and DMSO (3 mL). The resulting thick mixture was stirred at
room temperature for 16 h. HPLC showed the formation of a new
product, tz =16.08 min, similar to (11). The mixture was then heated to
80°C and stirred for 16 h. HPLC showed a new product with R, similar
to a standard sample of (1). The mixture was cooled to 60 °C and water
(20 mL) was added, cooled to room temperature and stirred for 14 h.
The yellow solid was filtered washed with water and dried under reduced
pressure to give 540mg of a yellow solid. Purification on a 40-g
disposable silica gel column gave 464 mg of the desired product in
64% radiochemical yield or 51.2 mCi with a specific activity of 54.3 mCi/
mmol and 99.8% radiochemical purity. HPLC: tg=8.34 min (100%, UV
detection at 230 nm), t;=8.35 (99.8%, rad detection). "HNMR (DMSO-
de) 8:7.05(s, 2H), 6.98(s, TH), 6.66(s, 2H), 4.57(d, J=8Hz, 2H), 3.45(t,
J=5Hz, 1H), 3.05(t, J=5Hz, 2H), 2.95(s, 3H), 2.46(m, 2H), 2.15(d,
J=9Hz, 2H), 1.64(m, 2H), 1.03(t, J=7 Hz, 3H), identical to a reference
unlabeled sample.

Synthesis of [Ho]-(1)

tert-Butyl-4-hydroxypiperidine-2,2,3,3,4,5,5,6,6-Hq-1-carboxylate,
PHel(13)

To a solution of [2H9]-(12) (2.09, 18.2mmol) in THF (20 mL) and water
(20mL) was added at 0°C a solution of di-tert-butyl dicarbonate (4.1 g,
18.2mmol) in THF (20mL). The reaction was warmed to room
temperature and stirred for 16h. Water (50 mL) was added to the
reaction and extracted with methylene chloride (50mL x3). The
combined extracts were washed with water (50 mL), dried over MgSO,,
filtered and concentrated in vacuo to give 4.2 g of colorless oil. LCMS-
ESI": tg=5.56min, long medium polar method, MH"=211.4 (100%).
"HNMR (CDCl3) : 4.62(s, 1H), 1.45 (s, 9H).

tert-Butyl-4-methanesulfonyloxy-piperidine-2,2,3,3,4,5,5,6,6-°Hg-1-
carboxylate, [PHoJ-(14)

To a solution of [*Hgl-(13) (4.2 g, 18.07 mmol) in ethyl acetate (35 mL)
was added N-methylmorpholine (2.4 mL, 21.2 mmol). The solution was
cooled in an ice-bath and methanesulfonyl chloride (1.4 mL, 18.1 mmol)
was added dropwise in a 3-h period. The resulting suspension was then
warmed to room temperature and stirred for 16 h. Water (30 mL) was
added, and the organic phase was extracted with ethyl acetate (30 mL
%X3). The combined extracts were washed with water (50 mL), brine
(20 mL), dried over MgSO,, filtered and concentrated in vacuo to give
5.1g of viscous colorless oil. This oil was dissolved in ethyl acetate
(6 mL), and heptane (50 mL) was added while stirring to give a cloudy
solution. The product precipitated as a white solid. After stirring at room
temperature for 26 h, the product was filtered and dried in the air to give
4.77 g of a white solid in 92% yield. LCMS-ESI™: t; = 1.56 min, fast medium
polar method, MH* =233.55 (100%). "H NMR (CDCl3) &: 3.08(s, 3H), 1.46(s,
9H). "*C NMR (CDCl3) 5:.154.6, 80.41, 56.3(m), 40.1(m), 27.6, 37.5, 23.8(m).

tert-Butyl-4-methanesulfonyl-piperidine-2,2,3,3,4,5,5,6,6-°Ho-1-
carboxylate, [?HoJ-(15)

To a solution of [2H9]-(14) (2.7 g, 9.5 mmol) in dimethylacetamide (DMAC)
(20 mL) was added sodium methanethiolate (sodium thiomethoxide)
(0.92g, 11.8 mmol) in one portion and the mixture was stirred for 2 h.
Toluene (30 mL) was added followed by water (20 mL), and the mixture
was stirred for 20 min. After the layers were settled, the aqueous was
removed, and the toluene layer was washed with water (20 mL). The
aqueous layer was removed and the combined aqueous layers were
extracted with toluene (20 mL x2). The combined toluene extracts were
used in the next reaction without further purification. LCMS, fast medium
polar method: Product: tz=1.81 min, MH" =241 (100%). The toluene
solution was cooled in an ice-bath under nitrogen. Peracetic acid (32%
solution in acetic acid, 4.0 mL) was added dropwise. After the addition
was completed, the ice-bath was removed, and the solution was stirred
at room temperature for 1h. LCMS showed the presence of new
product. The reaction was treated with water (60 mL). The aqueous
was removed, and the organic phase was washed with water again
(60 mL). The organic phase was concentrated in vacuo. The resulting
white residue was dissolved in toluene (6 mL) and heptane (50 mL)
was added slowly. The resulting mixture was stirred overnight. The
product was filtered and washed with heptane, dried under reduced
pressure to give 2.15 g of a white solid in 83% yield. LCMS: tg=1.35 min
in fast medium polar method, MH*=217.51 (100%). "H NMR (CDCl3) &:
2.84(s, 3H), 1.46(s, 9H). '°C NMR (CDCl3) &: 154.33, 80.42, 54.68(m),
39.98(m), 37.33, 28.38, 23.92(m).

4-Methanesulfonyl-piperidine-2,2,3,3,4,5,5,6,6-Hg-HCl, [PHs]-(8)

To a suspension of [2H9]-(15) (1.71 g, 6.3 mmol) in methyl-tert-butyl ether
(MTBE) (25 mL) was added a solution of HCl in methanol (9 M, 3.6 mL,
32.4mmol). The suspension became homogenous for few seconds
before a white solid started to precipitate. The mixture was stirred at
room temperature for 16 h, then filtered, washed with MTBE (10 mL)
and dried on the frit for 4 h to give 1.3 g of a white solid in 98.5% vyield.
LCMS: fast medium polar method, MH"=173.71 (100%). "H NMR
(DMSO-dg) &: 9.84(s, TH), 9.21(s, TH), 2.96(s, 3H). '°C NMR (DMSO-dg) &:
54.97(m), 40.03(m), 37.66, 20.19(m).

3-Amino-4-(1,1-difluoro-propyl)-6-(4-methanesulfonyl-piperidin-1-
yI-2,2,3,3,4,5,5,6,6-°Hy)-thieno[2,3-b]pyridine-2-carboxylic acid
amide ([*Hgl-(1)

A mixture of (7) (1.44 g, 5.74 mmol), 4-methenasulfonyl piperidine—ZHg
hydrochloride salt ([2H9]-(8)) (1.29,5.75 mmol) and K,CO5 (2.4 g, 17 mmol)
in DMSO (16 mL) was stirred under nitrogen atmosphere for 16 h. HPLC
showed the presence of a new product with a tg=19.97 min similar to
(9), and no starting material was observed. 2-Mercaptocetamide (10)
(0.79 g, 8.63 mmol) containing about 20% of the disulfide impurity was
added followed by K,COs; (0.8g, 5.8 mmol) and DMSO (8 mL). The
resulting thick mixture was stirred at room temperature for 16 h. HPLC
showed the formation of a new product, tz=16.1 min, co-eluted with
(11). The mixture was then heated to 80°C and stirred for 16 h. HPLC
showed a new product with retention time (tg) similar to a reference
sample of (1). The mixture was cooled to 60 °C and water (50 mL) was then
added, cooled to room temperature and stirred for 24 h. The yellow solid
was filtered washed with water and dried under reduced pressure to give
2.3 g of a yellow solid. Acetic acid (18 mL) was added to this solid, and the
mixture was heated to 78 °C. The resulting clear solution was then cooled
to 48 °C with stirring to develop a seed bed, then heated to 53°C and
heptane (9 mL) was added dropwise via addition funnel. The mixture
was cooled to room temperature in 3-h period and then stirred for
another 16 h. The yellow solid was filtered and washed with 1:1 acetic
acid-heptane (15 mL), and dried for 4 h. The product was further dried
in a vacuum oven at 65-70°C for 24 h to give 1.9g of product in 76%
yield. LCMS (fast medium polar method): tz=1.47 min, MH" =442.73
(100%). HRMS: MH": [C17H74HoFoN4035,1", calculated 442.17391, found
442.17426. "HNMR (DMSO-dg) 6:7.06(s, 2H), 6.97(s, TH), 6.64(s, 2H), 2.95
(s, 3H), 241(m, 2H), 1.01(t, J=7 Hz, 3H). ">CNMR (DMSO-dg) &: 169.54,
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163.28, 159.34, 148.16, 143.50(t, J=28.93 Hz), 127.50, 125.57, 123.65,
113.99, 104.62(t, J=20.25Hz), 97.26, 60.29(m), 45.04(m), 39.76, 32.69(t,
J=25.47 Hz), 25.22(m), 8.51.
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