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A B S T R A C T

Tofacitinib (CP-690,550), an approved Janus kinase (JAK) inhibitor, has been proven highly efficacious in
treating rheumatoid arthritis (RA). Unfortunately, tofacitinib's clinical application has been limited by adverse
side effects that arise from its pan-JAKs inhibition and ubiquitous biodistribution. In this study, we have
examined whether a reactive oxygen species (ROS)-activated prodrug design could be applied to tofacitinib to
potentially avoid its systemic JAK inhibition and thereby reduce its adverse effects. The prodrug strategy
selected is based on ROS-labile 4-methylphenylboronic acid pro-moieties linked to the drugs via a carbamate
linkage (prodrug 1) or a direct C–N bond (prodrug 2). Activation under pathophysiological concentrations of
H2O2 was investigated and conversion to desired tofacitinib assessed. The most promising prodrug candidate,
prodrug 2, was selected in agreement with relevant in vitro physicochemical assay and in silico predicted ADME
properties. Selected candidate prodrug 2 showed a remarkable potency window compared to tofacitinib in an
in vitro kinase assay against JAK1 and JAK3 kinases. Importantly, prodrug 2 displayed a similar pharmacoki-
netic profile to tofacitinib after single dose i.p. administration to DBA/1 mice. This study supports the prom-
ising applications of ROS-sensitive tofacitinib prodrugs. Their further development and applicability would
enhance tofacitinib's therapeutic efficacy, and may provide an opportunity for future development of safer
tofacitinib dosing regimens.
1. Introduction

Tofacitinib (CP-690,550) is a JAK (Janus kinase) inhibitor
approved by the US Food and Drug Administration (FDA) in 2012 for
the treatment of adults with moderate-to-severe rheumatoid arthritis
(RA). It was the first drug targeting a specific protein kinase to be
developed outside the field of cancer [1]. Tofacitinib has also been
used successfully for psoriatic arthritis, ulcerative colitis, and, in the
last year, in trials to test its effect in lowering the risk of death and
respiratory failure among patients hospitalized with Covid-19
etabolism, excretion; ATP, adeno
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The success of tofacitinib stimulated the development of additional

JAK inhibitors, which are either already approved (e.g. baricitinib,
upadacitinib, and filgotinib) or undergoing clinical trials for others
immune-mediated diseases beyond rheumatoid arthritis [3–5].

Tofacitinib is a pan-JAK kinase inhibitor that targets four members
of the JAK family of protein tyrosine kinases, JAK1, JAK2, JAK3, and
TYK2 [6], modulating the actions of about 25 cytokines and in-
terferons [1]. Despite the indisputable advantages of using tofacitinib
for patients who do not respond, or are intolerant to methotrexate [7],
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tofacitinib's multi-target activity is also responsible for its undesirable
side effects, including infection, lipid levels alterations, and malig-
nancies [8].

The long history of safety concerns is a serious impediment that
affects JAK inhibitors other than tofacitinib, casting doubt on their
long-term use for rheumatoid arthritis treatment [9]. In this perspec-
tive, newer and selective JAK inhibitors that narrow the spectrum of
cytokine pathways involved are now under development, but, despite
the hypothesis that improved JAK selectivity is possible and effica-
cious against inflammatory diseases, clinical approval is still pending
[10].

Other than the development of JAK-selective inhibitors, one way of
potentially reducing adverse effects is to avoid systemic JAK inhibition,
given that tofacitinib's toxicity can in part be attributed to its ubiquitous
biodistribution [11].

In this context, a number of reactive oxygen species (ROS)-sensitive
functionalities have been identified for introducing disease-targeting
properties into small molecule drugs – a prodrug strategy that offers a
promising approach for increasing the selectivity and efficacy of treat-
ments [12–14]. Applications of ROS sensitive prodrugs encompass many
therapeutic areas, among the latest we find: gemcitabine derivatives for
the selective treatment of pancreatic ductal adenocarcinoma [15],
Keap1-Nrf2 targeting prodrugs for selective activation in inflammatory
conditions [16], a selective small molecule ATF6 activator for protection
of tissue damage following ischemia/reperfusion [17], and first in class
tyrosine kinase inhibitor crizotinib prodrug [1].

Examples of ROS sensitive prodrugs using JAK inhibitors and
application in RA was recently presented by Bao et al. with their report
of an H2O2-inducible JAK3 covalent inhibitor [18]. Moreover, in 2018
Wei et al. reported the development of a macromolecular prodrug of
tofacitinib with modified pharmacokinetics and biodistribution prop-
erties, favoring accumulation in arthritic joints and reducing systemic
JAK inhibition [19].

Inspired by the ROS-activated prodrug strategy and following our
previous work [20,21], we designed and synthesized prodrugs 1 and 2.
The compounds both have a ROS-labile 4-methylphenylboronic acid
promoiety linked to the tofacitinib pyrrolopyrimidine via a carbamate
Fig. 1. Structures of tofacitinib, proposed prodrugs 1 and 2, nega

2

linkage (1) or a direct C–N bond (2, Fig. 1). Triggered by ROS (e.g.
hydrogen peroxide, H2O2) the B–C bond undergoes oxidation via coor-
dination of H2O2 to the boron atom followed by aryl bond migration to
form an intermediate borate that rapidly hydrolyses in water to generate
a phenol and boric acid (Fig. 1). To assess the ability of prodrugs 1 and 2
to release tofacitinib, we evaluated their activation profile. Chemical
stability was also investigated and compared with negative control 3 that
is lacking the boronic acid. Furthermore, physicochemical properties and
in silico descriptors to predict ADME parameters and drug-likeness of the
prodrugs were evaluated. Additionally, in vitro JAK1/JAK3 kinase inhi-
bition of the prodrugs was assessed, and the in vivo pharmacokinetics
evaluated to compare them to the parent drug tofacitinib.

2. Results and discussion

2.1. Synthesis of prodrugs

Tofacitinib was purchased as its citrate salt and used as a starting
point for synthesis of prodrugs 1, 2, and negative control 3. Pinacolate 4
was converted into the corresponding chloroformate 5with phosgene, as
previously described [20]. Coupling between tofacitinib citrate and 5
afforded pinacol-intermediate 6, which underwent oxidative cleavage
with sodium periodate to deliver prodrug 1 in a good yield. Similarly,
coupling between tofacitinib citrate and benzyl chloroformate 7 afforded
compound 3, used as a negative control due its lacking of the ROS-liable
boron-containing moiety. Alkylation of tofacitinb citrate with 4-(bro-
momethyl)phenyl)boronic acid 8 afforded the second prodrug, 2
(Scheme 1).

2.2. Activation of prodrugs

H2O2 is the most stable ROS and, under pathological inflammatory
conditions, its extracellular concentration can be as high as 1.0 mM [12].
We therefore moved to the investigation of the effect of H2O2 on prodrug
activation. We evaluated the release of prodrug 1 and 2 using H2O2 at
different concentrations (0.25 mM and 1 mM) for up to 24 h and at 37 �C.
As shown in Fig. 2(A), prodrug 1 was completely converted to tofacitinib
tive control 3, and their H2O2-mediated release mechanism.



Scheme 1. Synthesis of tofacitinib prodrugs 1 and 2, and negative control 3a.
aReagents and conditions: (a) phosgene (20% in toluene), dioxane, rt, 16 h, 100% [20]; (b) 5, DIPEA, CH2Cl2, 0 �C, 4 h, 20%; (c) acetone, NaIO4, NH4OAc (aq., 500
mM), rt, 2 h, 70%; (d) CbzCl 7, DIPEA, CH2Cl2, 0 �C to rt, 16 h, 54%; (e) 4-(bromomethyl)phenyl)boronic acid 8, DIPEA, DMF, 55 �C, 2 h, 27%.

Fig. 2. Activation profile of prodrugs 1 (A, left) and 2 (B, right).
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after only 1 h of incubation with H2O2 at 1 mM, while using H2O2 at 0.25
mM, complete conversion was achieved at 24 h. Comparatively, com-
plete conversion of prodrug 2 was achieved after 8 h of incubation with
H2O2 at 1 mM. As expected, the release of tofaticinib was significantly
slower due to the metastable intermediate phenol, and was only achieved
after �24 h Fig. 2(B). This behavior is in line with previous observations
for prodrugs of MTX and AMT having a carbamate and C–N linker,
Table 1
Chemical stability and permeabilityof tofacitinib free base, 1, and 3.

Tofacitinib (free base) 1 3

PBS (t½, h) – >24 –

SGF – 23.7 � 3.1 >24
SIF – 0.7 � 0.1 <1
PAMPA (Pe, � 10�6 cm/s) 0.82 � 0.11 BQL –

SGF: simulated gastric fluid; SIF: simulated intestinal fluid; PAMPA: parallel
artificial membrane permeability assay.

3

respectively [20]. Importantly, the AMT prodrug was active in a CIA
mouse model of arthritis, demonstrating that longer release times does
not hamper activity of the parent drug upon release.

2.3. Chemical stability and physicochemical properties

We then moved to the evaluation of the chemical stability and
permeability, see Table 1. Predicted adsorption, distribution, meta-
bolism, excretion (ADME) parameters of prodrug 1, prodrug 2, and the
parent drug tofacitinib were calculated using the web tool SwissADME
[22], and can be found in supporting information.

The carbamate linker common to prodrug 1 and negative control 3
was stable in PBS and simulated gastric fluid (SGF) with half-lives above
24 h. In simulated intestinal fluid (SIF), the half-life for prodrug 1 was
found to be lower than 1 h, indicating a chemical liability traceable to the
carbamate linker rather than the C–B bond, since the half-life of negative
control 3 was also highly reduced (<1h, Table 1).
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Predicted solubility for prodrugs 1 and 2 was 56.8 μg/mL and 87.0
μg/mL respectively, against a higher solubility of 559 μg/mL for tofaci-
tinib (Table S1).

Overall, despite the good ROS-activation profile and no PAINS alerts,
prodrug 1 proved to be unstable in SIF and has low solubility that pre-
vented further investigation. Instead, we decided to investigate prodrug
2 further in an in vitro JAK inhibition assay and to evaluate its in vivo
pharmacokinetics compared to tofacitinib.
2.4. In vitro kinase assay

Tofacitinib is a reversible, competitive inhibitor that binds to the
adenosine triphosphate (ATP) binding site and, as a result, inhibits the
phosphorylation and activation of the JAK family of kinases. This pre-
vents the phosphorylation and activation of STATs, and thus the activa-
tion of gene transcription and the following cytokine production and
modulation of the immune response.

The original report in which it was described [23] provided evi-
dence that tofacitinib inhibited JAK3 with an IC50 value of 1 nM while
inhibiting JAK2 and JAK1 at higher IC50 values of 20 and 112 nM,
respectively. Herein, we have reported an in vitro kinase assay to assess
prodrug 2 ability to inhibit JAK1 and JAK3, and to compare it with
tofacitinib's potency (Table 2, Fig. 3). Both prodrug 2 and tofacitinib
were tested against the kinase of interest in 9-points concentrations,
ranging from 1 nM to 10 μM. The resulted estimated IC50 values for
tofacitinib (2.8 nM) correlated well with the reported value against
JAK3, while a 30-fold discrepancy was observed for JAK1 (3.3 nM
compared to 112 nM). This difference can arise from different experi-
ment condition, especially for different ATP concentration used.
Importantly, the difference from tofacitinib and prodrug 2 was
remarkable with a calculated IC50 against JAK1 and JAK3 of 414 and
408 nM, respectively. This relatively strong effect of prodrug 2 against
JAK1 and JAK3 could be explained by possible partial hydrolysis of the
prodrug in the kinase assay buffer used or by unspecific interactions
established by the aryl-boronic moiety. Despite the importance of
tofacitinib pyrrolopyrimidine's hydrogen for establishing an hydrogen
bond with E903 at the ATP binding site [24], other derivatives have
shown their selectivity towards JAK3 through specific lipophilic in-
teractions [8]. Nevertheless, the close to 200-fold difference indicates
that prodrug 2 could have only minimal activity against the kinase of
interest, mimicking tofacitinib pharmacodynamics only when freed
from its aryl-boronic acid prodrug moiety.
2.5. Pharmacokinetics

The in vivo pharmacokinetic profiles for tofacitinib and prodrug 2
were compared. Tofacitinib citrate (80.8 mg/kg, equimolar to 50 mg/
kg for tofacitinib free base) and equimolar doses of prodrug 2 were
administered i.p. to DBA/1 mice [25]. Blood was collected from the
treated mice at 0.25, 1, 7, and 24 h, and analyzed by LC-MS/MS. Even
though tofacitinib showed an overall higher exposure level than pro-
drug 2, good level of Cmax (36.0 μM) and AUCcalc (1646 min*mg/L)
Table 2
Estimated IC50 values (ATP concentrations: 45 μM for JAK1 and 10 μM for JAK3).

Compound Kinase IC50 (nM)

Tofaticinib Citrate JAK1(h) 3.3 � 1.1 (112) [23]
Tofaticinib Citrate JAK3(h) 2.8 � 1.1 (1) [23]
prodrug 2 JAK1(h) 414.1 � 1.1
prodrug 2 JAK3(h) 408.8 � 1.1

(h): human; measurements were obtained in duplicates; tofacitinib literature
values are reported in brackets.

4

were also found for prodrug 2 (Table 3). Tofacitinib's half-life agreed to
literature's reported values (<1 h) [26,27] and prodrug 2 showed
similar value. Calculated clearance (CL) was found similar between
tofacitinib and prodrug 2 (low to moderate, 33.0 and 43.4 mL/min/kg,
respectively). Remarkably, prodrug 2 showed stability in mouse plasma
over 24 h, releasing less than 2% of tofacitinib over 24 h (data not
shown).

3. Conclusions

In this report, we have described the synthesis of new arylboronic
acid-based hydrogen peroxide-sensitive tofacitinib prodrugs for putative
RA inflammatory tissues site-selective delivery, with the aim of reducing
side effects in tofacitinib therapy. Between the two prodrugs synthesized,
prodrug 2 showed more favorable physicochemical properties and a
slower activation profile under pathophysiological concentrations of
H2O2. Prodrug 2 achieved complete conversion to the corresponding
drug tofacitinib in the reasonable timeframe of 24 h (at a H2O2 con-
centration of 1 mM). Prodrug 2 activity against kinase of interest JAK1
and JAK3 was assessed using an in vitro kinase assay and proved to be
around 150-fold lower than that of tofacitinib, indicating an attractive
activity window, and validating the proof-of-concept prodrug strategy.
Importantly, the pharmacokinetic data demonstrate that a single dose of
prodrug 2 at 71.4 mg/kg achieved an exposure in plasma similar to
tofacitinib citrate (80.8 mg/kg) for up to 7 h, exhibiting favorable ADME
properties. These findings could open up future work on additional in vivo
studies to establish drug/prodrug concentration in RA rodent models
and, ultimately, antiarthritic efficacy to hopefully advance these prom-
ising prodrugs towards clinical evaluation.

4. Experimental

4.1. General

Commercially available reagents were used without further purifi-
cation and all solvents were of HPLC quality. Reactions were monitored
by thin layer chromatography (TLC) and/or reversed-phase ultra-per-
formance liquid chromatography mass spectrometry (RP-UPLC-MS).
Analytical TLC was conducted on Merck aluminum sheets covered with
silica (C60) and visualized under UV-light. Analytical RP-UPLCMS (ESI)
analysis was performed on a S2 Waters AQUITY RP-UPLC system
equipped with a diode array detector using an Thermo Accucore C18
column (d 2.6 μm, 2.1� 50 mm; column temp: 50 �C; flow: 1.0 mL/min).
Eluents A (10 mM NH4OAc in H2O) and B (10 mM NH4OAc in MeCN)
were used in a linear gradient (5% B to 100% B) in 2.4 min and then held
for 0.1 min at 100% B (total run time: 2.6 min). The LC system was
coupled to a SQD mass spectrometer. All compounds were characterized
by 1H NMR, 13C NMR, IR, HRMS (ESI), melting point, and specific
rotation. Flash column chromatography was performed using Merck
Geduran® Si 60 (40–63 μm) silica gel. Purification of reactions by pre-
parative RP-HPLC was performed on a Waters Alliance reverse-phase
HPLC system consisting of a Waters 2545 Binary Gradient Module
equipped with either an xBridge BEH C18 OBD Prep Column (130 Å, 5
μm, 30 � 150 mm) or an xBridge Peptide BEH C18 OBD Prep Column
(130 Å, 5 μm, 19 mm � 100 mm) both operating at 20 �C and a flow rate
of 20 mL/min, a Waters. Photodiode Array Detector (detecting at
210–600 nm), a Waters UV Fraction Manager, and a Waters 2767 Sample
Manager. Elution was carried out in a reversed-phase gradient fashion
combining A1 (0.1% HCO2H in milli-Q water) and B1 (0.1% HCO2H in
CH3CN): 5% B to 70% B in 10 min, hold for 3.5 min, then 70% B to 100%
B in 1.5 min, and hold 3 min. Total run time: 20 min. NMR data were
acquired at 298 K using a Bruker Ascend spectrometer (operating at 400



Fig. 3. IC50 dose-response curves of tofacitinib citrate against JAK1 and JAK3 (left), and of prodrug 2 (right).

Table 3
Pharmacokinetics parameters of tofacitinib and prodrug 2 in healthy DBA/1
mice.

tofacitinib (citrate) prodrug 2

Dose 80.8 mg/kg (i.p.) 71.4 mg/kg (i.p.)
Cmax(obs) 33.4 mg/L (66.2 μM) 16.1 mg/L (36.0 μM)
Tmax(obs) 15 min 15 min
AUC0-last (calc) 2445 min*mg/L 1646 min*mg/L
t½ (calc) <1 h <1 h
CL (calc) 33.0 mL/min/kg 43.4 mL/min/kg
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MHz for proton and 101 MHz for carbon). The chemical shifts (δ) are
reported in parts per million (ppm) and the coupling constants (J) in Hz.
For spectra recorded in DMSO-d6, chemical shifts are reported relative to
the signal for DMSO-d6 (δ 2.50 ppm for 1H NMR and δ 39.52 ppm for 13C
NMR). NMR data was analyzed using MestReNova (v11.0.0–17,609) by
Mestrelab Research S.L. IR analysis was performed on a Bruker Alpha FT-
IR spectrometer. Melting points were obtained using a Stuart SMP30
melting point apparatus and are uncorrected. Analytical LC-HRMS (ESI)
analysis was performed on an Agilent 1100 RP-LC system equipped with
a diode array detector using a Phenomenex Luna C18 column (d ¼ 3 μm,
2.1 � 50 mm; column temp: 40 �C; flow: 0.4 mL/min). Eluents A (0.1%
HCO2H in H2O) and B (0.1% HCO2H in MeCN) were used in a linear
gradient (20% B to 100% B) in a total run time of 15 min. The LC system
was coupled to a Micromass LCT orthogonal time-of-flight mass spec-
trometer equipped with a Lock Mass probe operating in positive elec-
trospray mode. Optical rotations were measured on a PerkinElmer Model
5

341 Polarimeter (cuvette 1.0 mL, 100 mm) using a sodium source lamp
(589 nm, 20 �C).
4.2. Synthesis

4.2.1. 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl 4-(((3R,4R)
-1-(2-cyanoacetyl)-4-methylpiperidin-3-yl)(methyl)amino)-7H-pyrrolo[2,3-
d]pyrimidine-7-carboxylate (6)

To a suspension of tofacitinib citrate (1.78 mmol, 1 equiv.) in CH2Cl2
(17 mL) was added DIPEA (10.68 mmol, 6 equiv.). After 30 minutes of
stirring, 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl carbon-
ochloridate (5) (2.14 mmol, 1.2 equiv.) in CH2Cl2 (6 mL) was added and
the reaction cooled to 0 �C. After stirring for 4 h at 0 �C, H2O was added
to quench excess reagent and the crude mixture was extracted with
CH2Cl2. The organic layer was dried over Na2SO4, filtered, and dried in
vacuo. The residue was purified by flash chromatography (heptane:E-
tOAc, 20:80 -> 0:100) to afford the title compound as a white solid (208
mg, 20%). 1H-NMR (400 MHz, DMSO-d6): δ 8.34–8.32 (m, 1H), 7.71 (d,
J¼ 7.7 Hz, 2H), 7.57–7.57 (m, 3H), 6.89–6.87 (m, 1H), 5.50 (s, 2H), 4.85
(bs, 1H), 4.17–3.91 (m, 3H), 3.84–3.63 (m, 2H), 3.41–3.40 (m, 1H), 3.26
(s, 3H), 2.41–2.33 (m, 1H), 1.87–1.67 (m, 1H), 1.61–1.53 (m, 1H), 1.29
(s, 12H), 1.00 (d, J ¼ 7.1 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6): δ
161.60, 161.49, 157.01, 152.53, 152.14, 148.99, 138.70, 134.59,
127.05, 121.70, 116.21, 106.63, 104.51, 83.71, 68.21, 53.08, 42.40,
41.59, 34.43, 30.89, 30.69, 24.92, 24.65, 13.70. HRMS (ESI) m/z: calcd
for C30H37BN6O5 [MþH]þ 573.2918, found 573.2913. IR (neat, cm�1):
2976.33, 2930.71, 1758.90, 1739.88, 1658.99, 1567.48, 1532.84,
1357.51, 1294.93, 1271.47, 1166.11, 1140.81, 1087.16, 1013.54,
856.84, 720.03, 657.11. m.p.: 123–125 �C. ½α�20D þ 13.1� (c 0.38,
CHCl3).
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4.2.2. (4-(((4-(((3R,4R)-1-(2-Cyanoacetyl)-4-methylpiperidin-3-yl)
(methyl)amino)-7H-pyrrolo[2,3-d]pyrimidine-7-carbonyl)oxy)methyl)
phenyl)boronic acid (1)

To a solution of pinacol precursor 6 (0.20 mmol, 1 equiv.) in acetone
(2.5 mL), a 500 mM aq. solution of NH4OAc in H2O (1.20 mmol, 6
equiv.), and NaIO4 (1.20 mmol, 6 equiv.) were added. After 2 hours
stirring at room temperature, the precipitate was filtered off and the
mixture evaporated in vacuo. The residue was purified by flash chroma-
tography (CH2Cl2:2-propanol, 90:10 -> 80:20) to afford the title com-
pound as a white solid (70 mg, 70%). 1H-NMR (400 MHz, DMSO-d6): δ
8.33–8.32 (m, 1H), 8.08 (s, 2H), 7.82 (d, J¼ 7.9 Hz, 2H), 7.58 (d, J¼ 4.2
Hz, 1H), 7.50 (d, J ¼ 7.9 Hz, 2H), 6.89–6.86 (m, 1H), 5.48 (s, 2H), 4.85
(bs, 1H), 4.17–3.91 (m, 3H), 3.84–3.63 (m, 2H), 3.46–3.40 (m, 1H), 3.26
(s, 3H), 2.41–2.34 (m, 1H), 1.86–1.68 (m, 1H), 1.60–1.53 (m, 1H),
1.04–0.99 (m, 3H). 13C-NMR (101 MHz, DMSO-d6): δ 161.61, 161.50,
157.02, 152.51, 152.15, 149.01, 137.08, 134.27, 126.74, 121.76,
116.23, 106.62, 104.52, 68.43, 53.10, 42.41, 41.60, 34.43, 30.91, 30.66,
24.93, 13.71. HRMS (ESI) m/z: calcd for C24H27BN6O5 [MþH]þ

491.2136, found 491,2133. IR (neat, cm�1): 2966.60, 2927.43, 1754.55,
1650.32, 1569.49, 1533.98, 1492.50, 1454.01, 1433.69, 1411.70,
1379.66, 1332.74, 1294.77, 1276.06, 1166.98, 1125.46, 1013.60,
978.6, 950.16, 719.37. m.p.: 190 �C (decomp). ½α�20D þ 8.6� (c 0.49,
DMSO).

4.2.3. (4-((4-(((3R,4R)-1-(2-Cyanoacetyl)-4-methylpiperidin-3-yl)
(methyl)amino)-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl)phenyl)boronic
acid (2)

To a solution of tofacitinib free base (1.13 mmol, 1 equiv.) in DMF
(4.5 mL), DIPEA (2.26 mmol, 2 equiv.) and (4-(bromomethyl)phenyl)
boronic acid 8 (1.36 mmol, 1.2 equiv.) were added. After 2 h stirring at
55 �C, the mixture was evaporated in vacuo and the mixture purified with
reverse phase preparative HPLC to afford the title compound as a white
solid (138 mg, 27%). 1H-NMR (400 MHz, DMSO-d6): δ 8.62–8.57 (m,
1H), 8.22 (s, 2H), 7.72 (d, J ¼ 7.7 Hz, 2H), 7.38–7.27 (m, 3H), 6.71 (s,
1H), 5.56 (s, 2H), 4.95 (bs, 1H), 4.17–3.95 (m, 3H), 3.82–3.65 (m, 2H),
3.40–3.35 (m, 4H), 2.39 (s, 1H), 1.83–1.71 (m, 1H), 1.61–1.58 (m, 1H),
1.02–1.01 (m, 3H). 13C-NMR (101 MHz, DMSO-d6): δ 163.81, 161.58,
155.96, 142.44, 137.55, 134.31, 133.58, 126.85, 126.76, 116.22,
104.31, 104.10, 54.90, 51.57, 42.38, 41.48, 34.84, 31.21, 30.84, 24.95,
13.65. HRMS (ESI) m/z: calcd for C23H27BN6O3 [MþH]þ 447.2238,
found 447.2219. IR (neat, cm�1): 3306.43, 3080.63, 3051.90, 2930.64,
2798.93, 1650.93, 1615.02, 1575.50, 1540.22, 1514.45, 1454.02,
1409.77, 1372.31, 1337.62, 1250.77, 1218.64, 1182.95, 1122.99,
1016.93, 732.45. m.p.: 219 �C (decomp.). ½α�20D þ 5.8� (c 0.36, DMSO).

4.2.4. Benzyl 4-(((3R,4R)-1-(2-cyanoacetyl)-4-methylpiperidin-3-
yl)(methyl)amino)-7H-pyrrolo[2,3-d]pyrimidine-7-carboxylate (3)

To a suspension of tofacitinib citrate (0.59 mmol, 1 equiv.) in CH2Cl2
(10 mL) was added DIPEA (3.57 mmol, 6 equiv.). After 15 minutes of
stirring, CbzCl 7 (0.71 mmol, 1.2 equiv.) in CH2Cl2 (3 mL) was added and
the reaction cooled to 0 �C. After stirring for 1 h at 0 �C, the reaction was
left stirring overnight at room temperature. H2O was then added to
quench excess reagent and the crude mixture was extracted with CH2Cl2.
The organic layer was dried over Na2SO4, filtered, and dried in vacuo. The
residue was purified by flash chromatography (heptane:EtOAc, 20:80 ->
0:100) to afford the title compound as a pink solid (144 mg, 54%). 1H-
NMR (400 MHz, DMSO-d6): δ 8.33–8.32 (m, 1H), 7.57–7.54 (m, 3H),
7.44–7.34 (m, 3H), 6.88–6.84 (m, 1H), 5.48 (s, 2H), 4.84 (bs, 1H),
4.19–3.91 (m, 3H), 3.85–3.62 (m, 2H), 3.42–3.40 (m, 1H), 3.26 (s, 3H),
2.40–2.33 (m, 1H), 1.85–1.66 (m, 1H), 1.60–1.56 (m, 1H), 1.00 (d, J ¼
6

7.1 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6): δ 161.61, 161.49, 157.01,
152.51, 152.14, 148.99, 135.40, 128.53, 128.28, 127.92, 121.73,
116.22, 106.56, 104.51, 68.43, 53.07, 42.41, 41.60, 34.43, 30.89, 30.66,
30.00, 24.92, 13.71. HRMS (ESI) m/z: calcd for C24H26N6O3 [MþH]þ

447.2066, found 447.2057. IR (neat, cm�1): 2933.93, 1732.86, 1653.01,
1566.97, 1532.01, 1453.83, 1294.91, 1166.28, 1014.14, 719.82. m.p.:
75–76 �C. ½α�20D þ 19.5� (c 0.37, CHCl3).

4.3. Chemical stability and PAMPA assay

4.3.1. Activation with hydrogen peroxide (H2O2)
Prodrug 1: 50 μL of a 1 mM solution of prodrug 1 in DMSO was added

to PBS (375 μL) together with 50 μL of a 1 mM DMSO solution of
diclofenac. For activation, 25 μL of 20 mM or 5 mMH2O2 solution in PBS
were added. The solution was then mixed and placed in an Eppendorf
Thermomixer (1000 rpm, 37 �C). Aliquots of 50 μL were taken after 0
min, 15 min, 30 min, 1 h, 2 h, 4 h and 24 h. Analysis was performed as
detailed in the analysis section below.

Prodrug 2: 50 μL of a 20 mM solution of prodrug 2 in DMSO was
diluted with 425 μL of water and 25 μL of 20 mM H2O2 solution was
added. 200 μL of the solution was transferred to a vial and immediately to
the UPHLC-MS instrument for analysis. Analysis by UHPLC-MS/MS was
performed at 0 min, 15 min, 30 min, 1 h, 2 h, 4, 8 h, and 24 h. The data
was normalized to the 0 minutes data for prodrug 2 and to the 24 h data
for tofaticinib.

4.3.2. Stability in PBS
Prodrug (2 μL, 10 mM in DMSO) was added to a solution of pre-

warmed PBS (1998 μL) to obtain a final prodrug concentration of 10
μM (0.1% DMSO). 500 μL of the mixture was then placed in an Eppendorf
Thermomixer C (1.5 mL, 1000 rpm). Aliquots of 50 μL were taken after 0,
2, 4, 6 and 24 h and quenched with 50 μL of ice-coldMeOH containing an
internal standard (diclofenac 10 μM, 0.1% DMSO). Analysis was per-
formed as detailed in the analysis section below.

4.3.3. Stability in simulated gastric fluid (SGF) [20]
Sodium chloride (0.20 g), concentrated HCl (0.70 mL), and pepsin

(Sigma, P-7000, 0.32 g) were added to deionized water (99.30 mL) to
obtain a simulated gastric fluid (SGF) solution with a final volume of 100
mL. A solution of prodrug (10 μL, 10 mM in DMSO) was added to a so-
lution of SGF (990 μL) and the mixture was incubated at 37 �C in an
Eppendorf Thermomixer C (1.5 mL, 1000 rpm). Aliquots of 90 μL were
taken after 0, 1, 2, 4, and 24 h. To the aliquots was added 10 μL of
diclofenac (1 mM in DMSO) as an internal standard. Analysis was per-
formed as detailed in the analysis section below.

4.3.4. Stability in simulated intestinal fluid (SIF) [20]
Monobasic potassium phosphate (KH2PO4, 0.68 g), sodium hydroxide

(38 mL, 0.1 M, aq.), and pancreatin (Sigma, P-1625, 1.0 g) were added to
deionized water (62 mL) to obtain the simulated

intestinal fluid (SIF) with a final volume of 100 mL. Using a pH-meter
the pH of the solution was adjusted to 7.5 by the addition of sodium
hydroxide (1 M, aq.). A solution of prodrug (10 μL, 10 mM in DMSO) was
added to a solution of SIF (990 μL) and the mixture was incubated at 37
�C in an Eppendorf Thermomixer C (1.5 mL, 1000 rpm). Aliquots of 180
μL were taken after 0, 1, 2, 4, and 24 h. The aliquots were transferred to
an Eppendorf and centrifuged. Samples of 90 μL of the supernatant was
taken and diclofenac (10 μL, 1 mM in DMSO) as an internal standard.
Analysis was performed as detailed in the analysis section below.
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4.3.5. Analysis
Samples were collected at the desired time points and then analyzed

with RP-UPLC-MS (λ ¼ 306 nm). The % remaining compound was
calculated using diclofenac as an internal standard and using the
following equations. All experiments were done in at least three
replicates.

ratio¼ AUC prodrug
AUC diclofenac

%remaining ¼ ratio at time point
ratio at t ¼ 0

*100

4.4. PAMPA assay

The PAMPA assay was performed using Corning® BioCoat™ Pre-
coated PAMPA Plate System (Product number: 353,015) following a
previously reported procedure [28,29]. Compound solutions were
prepared by diluting 20 μL of 20 mM stock solutions (DMSO) with
1980 μL of PBS. Caffeine was used as positive control. To the donor
well was added 300 μL/well of the 200 μM test compound solution. To
the acceptor well was added 200 μL/well of PBS. The acceptor plate
was then slowly placed on top of the donor plate and incubated at
room temperature for 5 h with no agitation. Samples of 150 μL from
both the donor and the corresponding acceptor well were analyzed
using RP-UPLC-MS (λ ¼ 306 nm) and concentration extrapolated with
previously obtained calibration curves. The results were calculated as
the average of at least three replicates. The permeability coefficients
(Pe, cm/s) of the examined compounds were calculated using the
following formula provided by the PAMPA Plate System manufacturer
[30].

Pe¼ �� ln
�
1�CA

�
Ceq

���½A * ð1 =VD þ 1 =VA Þ * t�

where CA is the compound concentration in the acceptor well after 5
hours; CD is the compound concentration in the donor well after 5 hours;
VA is the volume in acceptor well (200 μL); VD is the volume in the donor
well (300 μL), t is the incubation time (s); and A is the filter area (0.3
cm2). Ceq is calculated using the equation below:

Ceq ¼ ½ðCD*VDÞþ ðCA*VAÞ�
� ðVD þ VAÞ

4.5. In vitro kinase assay

Prodrug 2 and tofacitinb were assessed for binding at JAK1 and JAK3
protein kinases using a direct filter-binding radiometric kinase activity
assay (KinaseProfiler™ - Eurofins). 9-point IC50 curves were provided
ranging from 1 nM to 10 μM and using ATP concentrations of 45 μM for
JAK1 and 10 μM for JAK3. IC50 were calculated using GraphPrism and
Quantification Target Mode Precursor
m/z

[M þ H]þ Tofaticinib þ 313,20
[M þ H]þ Prodrug 2 þ 447,20
Qualifying
[M þ H]þ Tofaticinib þ 313,20
[M þ H]þ Tofaticinib þ 313,20
[M þ H]þ Prodrug 2 þ 447,20
[M þ H]þ Prodrug 2 þ 447,20

7

log(inhibitor) vs. normalized response as non linear regression (curve
fit).
4.6. In vivo pharmacokinetic

4.6.1. Mice
Six-week-old, female DBA/1JRj mice were purchased (Janvier, Le

Genest-Saint-Isle, France) and housed in groups of 8 mice in individually
ventilated cages under standardized lighting conditions (12 h light
period) and fed pathogen-free food and water ad libitum. Mice were
acclimatized for one week prior to the experiment. The animal experi-
ment had been approved by The Animal Experiments Inspectorate in
Denmark under the license number 2016-15-0201-00920, approved on 5
July 2016.
4.7. Single dose tofacitinib/prodrug 2 intervention and sampling

Mice were randomly divided into two groups (n ¼ 8/group): group I
(tofacitinib, 80.8 mg/kg, i.p.) and group II (prodrug 2, 71.4 mg/kg, i.p.).
Mice were treated with a single dose of tofacitinib/prodrug 2 and blood
was collected from vena sublingualis at 0.25, 1, 7, and 24 h after
administration. Both treatments were equimolar to 50 mg/kg for tofa-
citinib free base. The samples were stored at �80 �C until analysis by LC-
MS/MS.

4.7.1. Sample preparation for UHPLC-MS/MS
40 μL of whole bloodwas transferred to an Eppendorf tube and 160 μL

of ultrapure water was added followed by 200 μL of methanol and 600 μL
of acetonitrile. The samples were mixed (10 s, 1500 rpm) using a
benchtop vortex mixer and macromolecules allowed to precipitate for 10
minutes and room temperature. The precipitate was pelleted by centri-
fugation (10,000 g, 10 minutes, 4 �C) and 500 μL of supernatant trans-
ferred to a clean eppendorf tube and concentrated using a SpeedVac. The
samples were redissolved in 100 μL of ultrapure water and analyzed
using UHPLC-MS/MS. This method was adapted from work by Sørensen,
L. K. and co-workers [31].

4.7.2. UHPLC-MS/MS analysis
The samples were analyzed using a Shimadzu LCMS-8045 LCMS

equipped with a Phenomex C18 column (100 � 2.1 mm, 2.6 μm) kept at
40 �C. Mobile phase Awas water with 0.1% formic acid andmobile phase
B was acetonitrile with 0.1% formic acid. Flow rate: 0.5 mL/min.
Gradient: Isocratic 10% B minute 0–0.5, linear from 10% to 60% B
minute 0.5–3, linear from 60% to 100% B minute 3–3.50, isocratic 100%
B minute 3.50–4, linear from 100% B to 10% B minute 4–4.50, isocratic
10% B minute 4.50–6. Injection: 5 μL. For analysis of blood samples an
external standard series was used to obtain semi-quantitative results. For
MS-specifications refer to table below.
Product
m/z

rt Q1
Bias
(V)

Q3
Bias
(V)

CE
(V)

149,25 1.742 �21 �28 �30
283,20 2.670 �16 �14 �27

173,20 1.742 �21 �17 �37
98,20 1.742 �21 �18 �32
135,15 2.670 �16 �24 �33
117,10 2.670 �22 �21 �55
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5. Chemical compounds studied in this article

Tofacitinib (PubChem CID: 9926791).
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