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Figure 1. Known synthetic strategies for the synthesis of tofacitini
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Tofacitinib is an efficient and selective Janus kinase 3 (JAK3) inhibitor, and is used as an immunosuppres-
sant drug for the treatment of rheumatoid arthritis and transplant patients. Herein we report a concise
formal asymmetric synthesis of tofacitinib from homochiral 1,3-dioxolanone 10b, which was elaborated
through a highly stereoselective Michael addition followed by solvent-free removal of the chiral auxiliary
and ring cyclization to furnish chiral imide 8. The preparation of tofacitinib’s precursor 16 could be
obtained after reduction of 8 followed by sequential oxidation, reductive amination and SNAr reactions.

� 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of safe immunosuppressants for organ trans-
plantation and autoimmune related diseases is an important issue.
(+)-Tofacitinib 1, also known as CP-690,550 and 3-((3R,4R)-4-
methyl-3-(methyl(7H-pyrrolo-[2,3-d]pyrimidin-4-yl)amino)piper-
idin-1-yl)-3-oxopro-panenitrile, was first reported by Pfizer in
2003.1 The structure of tofacitinib features a (3R,4R)-disubstituted
piperidine that is linked to a deazapurine fragment. Tofacitinib has
been demonstrated to be an efficient and selective Janus kinase 3
(JAK3) inhibitor, and is an immunosuppressant drug for the treat-
ment of rheumatoid arthritis and transplant patients. Due to its
highly potent biological activities, many groups have tried to
develop an efficient and stereoselective strategy for the synthesis
of tofacitinib.2,3

Although strategies for the synthesis of tofacitinib are known in
the literature, asymmetric synthesis is rare.3 Most of reported syn-
theses require resolution of racemic 3,4-disubstituted piperidines
22j,k,o or 33, the key intermediates for the synthesis of (+)-tofaci-
tinib, through di-p-toluoyltartrate salts. Chiral 3,4-disubstituted
piperidine 2 is then reacted with 6-chloro-7-deazapurine 4
through an SNAr mechanism or a Mitsunobu reaction5 of 3 with
6-amino-7-deazapurine 5 to give the advanced intermediate for
the synthesis of (+)-tofacitinib (Fig. 1). Herein we report an
efficient formal asymmetric strategy for the synthesis of
(+)-tofacitinib.
2. Results and discussion

Our retrosynthetic analysis for (+)-tofacitinib 1 is outlined in
Scheme 1. In principle, (+)-tofacitinib could be furnished from 6
through functional group transformation of a benzyl group to an
a-cyanoacetyl group. Compound 6 could be prepared via stereose-
lective reductive amination4 of 6-amino-7-deazapurine 5 with
piperidinone 7. Key intermediate 7 could be prepared from imide
8 by the reduction of the imide followed by oxidation of the hydro-
xyl group. Imide 8 could be obtained from a double amidation of
Michael adduct 9 derived from a stereoselective Michael reaction
of chiral 1,3-dioxolanone to a crotonate.6
b.

.013

http://dx.doi.org/10.1016/j.tetasy.2016.11.013
mailto:bjuang@mx.nthu.edu.tw
http://dx.doi.org/10.1016/j.tetasy.2016.11.013
http://www.sciencedirect.com/science/journal/09574166
http://www.elsevier.com/locate/tetasy
http://dx.doi.org/10.1016/j.tetasy.2016.11.013


N

N

N N

HN

O
CN

N

R

HO

O O
O

O

O

O

O

H

tofacitinib 1

N

O

6

N
N

HN

NHMe

5

Ph

8a R = H
8b R = CH2Ph 9 chiral 1,3-dioxolanone

O

O

R

R'
O

R

R'

stereoselective
reductive
amination

N

N

N N

HN

Ph
7

Scheme 1. Retrosynthetic analysis of (+)-tofacitinib 1.
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The preparation of chiral 1,3-dioxolanones from glycolic acid
and their a-alkylation has been reported by Pearson et al.,6a Ley
et al.,6b and our group.6c The diastereoselective Michael reactions
of chiral 4-unsubtituted-1,3-dioxolanones have been reported by
Ley et al.,6d and our group.6e We demonstrated that the Michael
reaction of 10 and a,b-unsaturated esters could give the Michael
adducts with excellent diastereo- and enantioselectivity
(Scheme 2). In our previous studies,6e the Michael addition
of the enolate of chiral 1,3-dioxolanone 10b to methyl crotonate
was achieved to give 11b in 82% yield and with high
Please cite this article in press as: Liao, H.-C.; Uang, B.-J. Tetrahedron: A
diastereoselectivity (dr >99:1). With this advantage in hand, we
set out our formal asymmetric synthesis of (+)-tofacitinib.

An attempt to prepare imide 8a by treating Michael adduct 11b
with ammonia gave an intractable mixture. Heating Michael
adduct 11b with benzylamine in THF gave poor yield of a mixture
of 12 and 13 (Scheme 3). For example, it gave diamide 12 and 13 in
18% and 11% yields respectively when the reaction was conducted
in THF. However, heating 11b in benzylamine alone furnished dia-
mide 12 in 89% yield. This solvent free procedure provided an effi-
cient way of removing the chiral auxiliary and gave the product in
symmetry (2016), http://dx.doi.org/10.1016/j.tetasy.2016.11.013
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Entry Base Reaction concentration (M) Molecular sieves 4 Å (wt %) Yield (%)

1 tBuOK 0.5 10% 10
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Figure 2. NOE experiment of 8b.
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a higher yield. Treatment of diamide 12 in TFA–H2O (10:1) gave c-
lactone 13 in 93% yield. When we attempted to convert c-lactone
13 into imide 8b by treatment with potassium tert-butoxide7

(Table 1, entry 1), it gave a small amount of the desired product
with decomposition of starting material. Ring expansion was then
achieved to give imide 8b with freshly prepared LDA, and the yield
could be increased to 81% after dilution and the treatment of c-lac-
tone 13 with molecular sieves to absorb water (Table 1, entries
2–7). In order to prevent unexpected intermolecular reactions,
dilution was required after deprotonation. However, too much
dilution with THF or increasing the amount of molecular sieves
did not improve the yield further. Ring expansion was slower at
lower concentrations (entry 5), and the reaction might be
disturbed by excessive amount of molecular sieves (entry 7). Entry
6 was the optimum conditions for the ring expansion of lactone 13.
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Scheme 4. The synthesis of tofacitin
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The resulting product 8b showed no epimerization as confirmed by
NOE experiment (Fig. 2).

With imide 8b in hand, we next focused on the synthesis of
piperidinone 7. The conversion of 8b into disubstituted piperidine
14 could be achieved in 74% yield after reduction with LAH
(Scheme 4). Jones oxidation of 3-hydroxypiperidine 14 gave
piperidinone 7. Piperidinone 7 was unstable and so was used
without purification. Reductive amination of piperidinone 7 with
6-amino-7-deazapurine 5 gave an intractable material. However,
reductive amination of piperidinone 7 with methylamine in the
presence of acetic acid and NaBH(OAc)3 furnished 2, a precursor
for the synthesis of tofacitinib. The cis/trans ratio in 2 was approx-
imately 4:1. Since amine 2 was also unstable, piperidine 14 was
oxidized followed by reductive amination using NaBH4 as the
reducing agent and an SNAr reaction with 15 to give coupling products
cis-16 and trans-16 in 63% and 7% yield respectively without the
isolation of 2. After optimization, imine formation with Ti(OiPr)4
followed by reduction with NaBH4 afforded a cleaner product with
higher diastereoselectivity. Therefore, it is more suitable for a
sequential three-step reaction. The desired cis-16 could be trans-
formed into tofacitinib by a reported procedure2o in three steps.

3. Conclusions

We have developed a concise and highly enantioselective route
for the formal asymmetric synthesis of (+)-tofacitinib in 8 steps in
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26% overall yield from homochiral 1,3-dioxolanone 10b to cis-16
without using chemical resolution. Compared to known literature
procedures,2n,3 the synthetic steps for tofacitinib are reduced
substantially. This synthetic strategy provides reliable new
entries for the synthesis of tofacitinib, as well as the synthesis of
piperidine based natural products and therapeutics with high
enantiopurity.

4. Experimental

4.1. General

1H NMR spectra were recorded with a Varian Mercury-400
(400 MHz) spectrometer. Data are reported as follows: chemical
shift values referenced to CDCl3 (d = 7.24 ppm), multiplicity
(br = broad, s = singlet, d = doublet, t = triplet, q = quadruplet,
sept = septuplet, m = multiplet) and integration. 13C NMR spectra
were recorded with a Varian Mercury-400 (100 MHz) spectrome-
ter. Chemical shift values are referenced to CDCl3 (d = 77.00 ppm)
or DMSO-d6 (d = 39.40 ppm). HRMS data were recorded with mass
spectrometers at the NSC Instrumentation Center at NTHU. IR
spectra were obtained with a Bomen MB 100FT spectrometer.
Thin-layer chromatography was performed with silica gel G60
F254 (Merck) with short-wavelength UV light for visualization.
Silica Gel 60 (particle size 63–200 lm, purchased from Merck)
was used for column chromatography.

4.2. Experimental procedures and characterization data

4.2.1. (2R,3R)-N1,N5-Dibenzyl-2-hydroxy-3-methyl-pentanedi-
amide 12

The known Michael adduct 11b6e (1.2 g, 2.54 mmol) was
dissolved in benzylamine (0.83 mL, 7.6 mmol) and stirred at
80 �C for 12 h. When the reaction mixture became solid,
n–hexane containing 20% EtOAc was added and sonicated to
crush the dissolution of solid. The insoluble product was
collected by filtration and washed with n-hexane containing 20%
EtOAc to give diamide 12 (0.64 g, 75%) as a white solid. The
remaining filtrate was concentrated in vacuo and purified by
silica gel column chromatography (MeOH/CH2Cl2, 1:20) to give
additional diamide 12 (0.12 g, 14%, the total yield of diamide 12
was 89%). Rf = 0.25 (MeOH/CH2Cl2, 1:20). Mp 186–186.6 �C
[a]D28 = +22.6 (c 1.0 CH3OH). IR (KBr, film): 3271, 2926, 1648,
1633, 1561, 1542, 696 cm�1. 1H NMR (400 MHz, CDCl3) d: 7.50
(br s, 1H), 7.35–7.20 (m, 10H), 6.19 (br s, 1H), 4.45 (d, J = 6.4 Hz,
2H), 4.43–4.34 (m, 2H), 4.08 (d, J = 3.6 Hz, 1H), 2.65–2.60 (m,
1H), 2.46–2.41 (m, 1H), 2.31–2.25 (m, 1H), 1.12 (d, J = 7.2 Hz,
3H). 13C NMR (100 MHz, DMSO-d6) d: 173.0, 171.7, 139.7, 139.7,
128.2 (2C), 128.2 (2C), 127.2 (2C), 127.1 (2C), 126.7 (2C), 74.8,
42.0, 41.7, 37.4, 34.1, 15.8. HRMS (ESI) calcd for C20H25N2O3

[M+H]+: 341.1865, found: 341.1868.
4.2.2. (2R,3R)-N-Benzyl-3-methyl-5-oxotetrahydrofuran-2-
carboxamide 13

A stirred solution of 12 (0.5 g, 1.47 mmol) in TFA/H2O (10:1,
2.9 mL) was heated to 90 �C. After stirring for 12 h at 90 �C, the
reaction mixture was cooled to rt, basified to pH 7–8 with satd
aq NaHCO3, and the mixture was extracted with EtOAc
(4 � 25 mL). The combined organic layers were dried over Na2SO4

and concentrated in vacuo. The residue was purified by silica gel
column chromatography (EtOAc/hexanes, 1:1) to give 13 (0.32 g,
93%) as a colorless oil. Rf = 0.5 (EtOAc/hexanes, 1:1). [a]D28 = +7.4
(c 1.0 CHCl3). IR (KBr, film): 3300, 2968, 2931, 1787, 1661, 1535,
1150, 699 cm�1. 1H NMR (400 MHz, CDCl3) d: 7.38–7.20 (m, 5H),
6.67 (br s, 1H), 4.45–4.37 (m, 3H), 2.72–2.65 (m, 2H), 2.22 (dd,
Please cite this article in press as: Liao, H.-C.; Uang, B.-J. Tetrahedron: A
J1 = 20.4 Hz, J2 = 8.8 Hz, 1H), 1.36 (d, J = 3.2 Hz, 3H). 13C NMR
(100 MHz, CDCl3) d: 174.9, 168.8, 137.3, 128.7, 127.8 (2C), 127.7
(2C), 83.3, 43.1, 36.0, 35.1, 18.8. HRMS (ESI) calcd for C13H16NO3

[M+H]+: 234.1130, found: 234.1131.

4.2.3. (3R,4R)-1-Benzyl-3-hydroxy-4-methylpiperidine-2,6-
dione 8b

To a stirred solution of dry THF (1.5 mL) containing dry diiso-
propylamine (0.38 mL, 2.87 mmol) was added butyllithium
(1.1 mL, 2.33 M in hexane, 2.65 mmol) at 0 �C under argon and stir-
red for 30 min. Lactone 13 in dry tetrahydrofuran (4.7 mL) was
transferred to a flask contained 4 Å molecular sieves (80 mg), and
this solution was added to a lithium diisopropylamide mixture
dropwise at �78 �C for 10 min under argon. After stirring for
30 min at �78 �C, additional dry THF (19.5 mL) was added. The
reaction was warmed to �40 �C and stirred at the same tempera-
ture for 4.5 h. The reaction was quenched by the addition of 1%
aq oxalic acid (1 mL) and neutralized to pH 7 with 1% aq oxalic
acid. The resulting mixture was extracted with EtOAc
(3 � 20 mL). The combined organic layers were dried over Na2SO4

and concentrated in vacuo. The residue was purified by silica gel
column chromatography (EtOAc/hexanes/toluene, 1:1:1) to give
8b (0.42 g, 81%) as a colorless oil. Rf = 0.6 (EtOAc/hexanes, 1:1).
[a]D28 = +49.3 (c 1.0 CHCl3). IR (KBr, film): 2963, 1730, 1671, 1338,
700, 628 cm�1. 1H NMR (400 MHz, CDCl3) d: 7.36–7.20 (m, 5H),
4.93 (s, 2H), 4.34 (d, J = 4 Hz, 1H), 3.47 (d, J = 1.2 Hz, 1H), 3.51–
3.45 (m, 2H), 2.78–2.75 (m, 1H), 0.91 (d, J = 7.2 Hz, 3H). 13C NMR
(100 MHz, CDCl3) d: 174.6, 170.6, 136.5, 128.7 (2C), 128.5 (2C),
127.7, 71.3, 43.5, 38.3, 29.7, 12.4. HRMS (ESI) calcd for C13H16NO3

[M+H]+: 234.1130, found: 234.1134.

4.2.4. (3R,4R)-1-Benzyl-4-methylpiperidin-3-ol 14
To a suspension of LiAlH4 (366 mg, 9.65 mmol) in dry THF

(18.8 mL) was added 8b (450 mg, 1.93 mmol) in THF (9.8 ml) at
0 �C under argon and the mixture was refluxed for 12 h. After cool-
ing to 0 �C, the reaction was quenched with EtOAc (5 mL) and then
added to satd aq potassium sodium tartrate. The resulting mixture
was stirred vigorously for 12 h at room temperature and extracted
with EtOAc (3 � 25 mL). The combined organic layers were dried
over Na2SO4 and concentrated in vacuo. The residue was purified
by silica gel column chromatography (EtOAc/hexanes, 1:1) to give
14 (293 mg, 74%) as a colorless oil. Rf = 0.25 (EtOAc/hexanes, 1:1).
[a]D28 = +50.5 (c 1.0 CHCl3). IR (KBr, film): 2928, 2800, 1453, 1013,
739, 678 cm�1. 1H NMR (400 MHz, CDCl3) d: 7.31–7.24 (m, 5H),
3.58 (s, 1H), 3.56 (s, 2H), 3.00 (d, J = 11.2 Hz, 1H), 2.87–2.83 (m,
1H), 2.60 (br s, 1H), 2.20 (d, J = 11.2, 1H), 2.03–2.00 (m, 1H),
1.60–1.55 (m, 1H), 1.55–1.40 (m, 2H), 0.97 (d, J = 6.4 Hz, 3H). 13C
NMR (100 MHz, CDCl3) d: 137.7, 129.1 (2C), 128.3 (2C), 127.2,
69.2, 62.5, 59.9, 53.2, 34.7, 28.1, 17.7. HRMS (ESI) calcd for
C13H20NO [M+H]+: 206.1545, found: 206.1544.

4.2.5. N-((3R,4R)-1-Benzyl-4-methylpiperidin-3-yl)-N-methyl-7-
tosyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine 16

A mixture of chromium trioxide (49 mg, 0.49 mmol) in sulfuric
acid (0.16 mL), acetic acid (0.16 mL) and water (0.11 mL) was
added to a stirred solution of 14 (50 mg, 0.24 mmol) in acetone
(0.5 mL) at 0 �C. After 2 h at <20 �C the reaction was basified to
pH 12 with 33% aq NH3 at 0 �C and extracted with ether
(4 � 5 mL). The combined organic layers were dried over Na2SO4

and concentrated in vacuo. The residue was dissolved in MeOH
(0.17 mL) followed by addition of NH2Me (40% in MeOH, 0.05 mL,
0.49 mmol) and Ti(OiPr)4 (0.08 mL, 0.27 mmol) at 0 �C. After stir-
ring 30 min at room temperature, the reaction mixture was added
sodium borohydride (46.5 g, 1.23 mol) in a small portion in 30 min
at 0 �C and stirred for an additional hour at the same temperature.
The reaction mixture was filtered off to obtain crude amine. The
symmetry (2016), http://dx.doi.org/10.1016/j.tetasy.2016.11.013
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crude amine in water (0.65 mL) was added K2CO3 (65 mg,
0.47 mmol) and 15 (120 mg, 0.39 mmol), and the mixture was
refluxed (120 �C) for 16 h under argon. After cooling to rt, the
resulting mixture was added CH2Cl2 (5 ml) and sonicated crush
the solid. The mixture was extracted with CH2Cl2 (4 � 5 mL) and
the combined organic layers were dried over Na2SO4 and concen-
trated in vacuo. The residue was purified by silica gel column chro-
matography (EtOAc/hexanes, 1:1) to give trans-16 (8 mg, 7%) as a
white solid and cis-16 (75 mg, 63%) as a white solid. Rf = 0.4
(trans-16), 0.48 (cis-16) (EtOAc/hexanes, 1:1). trans-16: 1H NMR
(400 MHz, CDCl3) d: 8.35 (s, 1H), 8.03 (d, J = 8.8 Hz, 2H), 7.37 (d,
J = 4 Hz, 1H), 7.32–7.18 (m, 7H), 6.53 (br s, 1H), 3.56, 3.45 (ABq,
JAB = 12.8 Hz, 2H), 3.08 (s, 3H), 2.90–2.84 (m, 2H), 2.36 (s, 3H),
2.10–1.95 (m, 2H), 1.80–1.65 (m, 3H), 1.50–1.39 (m, 1H), 0.81 (d,
J = 6 Hz, 3H). 13C NMR (100 MHz, CDCl3) d: 158.0, 152.8, 151.7,
145.2, 138.1, 135.1, 129.6, 129.0, 128.2, 127.1, 120.9, 105.6,
104.7, 62.8, 55.4, 53.4, 33.6, 33.4, 21.6, 18.3. cis-16: [a]D28 = +19.3
(c 1.0 CHCl3). 1H NMR (400 MHz, CDCl3) d: 8.31 (s, 1H), 8.03 (d,
J = 8 Hz, 2H), 7.40 (d, J = 3 Hz, 1H), 7.27–7.17 (m, 7H), 6.63 (d,
J = 3.2 Hz, 1H), 5.16 (br s, 1H), 3.56 (s, 3H), 3.47, 3.42 (ABq,
JAB = 13.2 Hz, 2H), 2.79–2.76 (m, 1H), 2.75 (br s, 1H), 2.52 (d,
J = 10.8, 1H), 2.36 (s, 2H), 2.35–2.22 (m, 1H), 2.10–2.03 (m, 1H),
1.70–1.610 (m, 2H), 0.87 (d, J = 7.2 Hz, 3H). 13C NMR (100 MHz,
CDCl3) d: 189.3, 157.9, 152.5, 151.8, 145.2, 135.1, 129.6, 128.9,
128.2, 128.1, 127.1, 120.6, 106.2, 104.6, 63.5, 55.2 (br), 53.1 (br),
51.6 (br), 35.8 (br), 32.5, 31.2, 21.6, 15.7 (br). HRMS (ESI) calcd
for C27H31N5O2S [M+H]+: 490.2277, found: 490.2273.
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