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ABSTRACT: TYK2 is a key mediator of IL12, IL23, and type I interferon signaling, and these cytokines have been implicated in the
pathogenesis of multiple inflammatory and autoimmune diseases such as psoriasis, rheumatoid arthritis, lupus, and inflammatory
bowel diseases. Supported by compelling data from human genome-wide association studies and clinical results, TYK2 inhibition
through small molecules is an attractive therapeutic strategy to treat these diseases. Herein, we report the discovery of a series of
highly selective pseudokinase (Janus homology 2, JH2) domain inhibitors of TYK2 enzymatic activity. A computationally enabled
design strategy, including the use of FEP+, was instrumental in identifying a pyrazolo-pyrimidine core. We highlight the utility of
computational physics-based predictions used to optimize this series of molecules to identify the development candidate 30, a
potent, exquisitely selective cellular TYK2 inhibitor that is currently in Phase 2 clinical trials for the treatment of psoriasis and
psoriatic arthritis.

■ INTRODUCTION
Tyrosine kinase 2 (TYK2) is a highly validated therapeutic
target being pursued for the treatment of autoimmune and
inflammatory diseases.1−3 TYK2 propagates the downstream
intracellular signaling of the pro-inflammatory cytokines IL12,
IL23, and type I interferon. These cytokines each play a critical
role in the function of Th1 and Th17 cells and consequently play
a key role in a range of autoimmune and chronic inflammatory
diseases. Genome-wide association studies have identified loss-
of-function (LoF) mutations of TYK2 in humans, which have
been shown to be protective for a number of inflammatory
diseases.4−7 These LoF variants reduce the function of TYK2 to
mediate cytokine signaling, which in turn confers protection
against a number of diseases.6,8−10 Importantly, analysis of data
from subjects carrying the rs34536443 single nucleotide
polymorphism (SNP) revealed a greater level of protection
conferred by homozygous mutations compared to heterozygous
mutations.6 The homozygous C/C mutation affords more than

double the protective effect as the heterozygous C/G mutant
against ankylosing spondylitis, Crohn’s disease, multiple
sclerosis, psoriasis, and ulcerative colitis. Moreover, for ulcer-
ative colitis, only the homozygotes were protected. The
rs34536443 SNP codes for a substitution of a proline residue
with an alanine residue in the kinase domain of TYK (P1104A)
and homozygote SNP mutations result in a greater reduction in
the catalytic function of TYK2 than heterozygous mutations.
This observation suggests that higher levels of inhibition of
TYK2 through a small molecule inhibitor may confer improved
efficacy compared to patients in whom TYK2 is inhibited to a
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lesser degree. Finally, in a separate genetic study examining over
30,000 subjects with linked electronic medical records, no
adverse effects of the P1104A variant were noted.5 Inhibitors of
TYK2 are currently in clinical development and have shown
efficacy in psoriasis, psoriatic arthritis, and systemic lupus
erythematosus.11−16 Given its robust genetic, biological, and
clinical validation, TYK2 inhibition has attracted significant
attention in the pharmaceutical industry in recent years.17−19

TYK2 is amember of the Janus kinase (JAK) family of kinases,
which includes JAK1, JAK2, and JAK3. Members of the JAK
kinase family regulate signals from multiple cytokine receptors,
as well as from growth hormone and erythropoietin. A range of
adverse effects are associated with inhibition of JAK1, JAK2,
and/or JAK3.20−22 Therefore, high selectivity for TYK2 over
those isoforms is needed to achieve high levels of in vivo TYK2
inhibition without the risk of these adverse effects. The
orthosteric (catalytic) binding pocket of TYK2, also known as
the Janus homology 1 (JH1) domain, possesses a high degree of
homology to the JH1 domain of other members of the JAK
family. This high homology between the JH1 binding sites
makes selective inhibition of TYK2 over other JAKs very
challenging to achieve.23 Two clinical-stage TYK2 inhibitors,
brepocitinib (PF-06700841, 1),24 and ropsacitinib (PF-
06826647, 2),25 are JH1 inhibitors of TYK2 and we have
recently reported our own research of the discovery of the novel
JH1 TYK2 inhibitor compound 3 (Figure 1).26 More recently,
inhibition of TYK2 through the allosteric pseudokinase domain,
also known as the Janus homology 2 (JH2) domain, has been
reported. Deucravacitinib (BMS-986165, 4)27 is the first drug in
this new class of TYK2 inhibitors that was recently approved by
the FDA. Additionally, BMS-986202 (5)28 was reported to be a

clinical-stage compound that inhibits TYK2 through the JH2
binding site. An early report on a series of imidazopyridazines
represented by compound 6a29 first demonstrated the selectivity
of these JH2 inhibitors compared to the JH1 inhibitors. Table 1
compares the inhibitory potency of the previously reported
TYK2 inhibitors 1−6 against the JAK family JH1 domain. The
TYK2 JH2 inhibitors 4−6 exhibit higher selectivity for TYK2
over JAK1, JAK2, and JAK3 compared to the TYK2 JH1

Figure 1. Selected small molecule JH1 TYK2 inhibitors, including: brepocitinib (1), ropsacitinib (2), Nimbus compound 3, and JH2 TYK2 inhibitors,
including: deucravacitinib (4), BMS-986202 (5), and BMS compounds 6a and 6b.

Table 1. Reported TYK2 Inhibitors and Their Respective
JAK Family Biochemical Activitya

Assay IC50 or Ki (nM)

Compound JAK1 (JH1) JAK2 (JH1) JAK3 (JH1) TYK2 (JH1/JH2)

1b 17 77 6494 23/nd
2b 383 74 >10,000 17/nd
3c 46 22 6.6 0.51/nd
4d >10,000 >10,000 >10,000 >10,000/0.2
5d >10,000 >10,000 >10,000 >10,000/0.19
6ae >10,000 >10,000 >10,000 >10,000/0.13
6be >10,000 >10,000 >10,000 >10,000/0.086

and = not determined. bAssays to determine IC50s were run in the
presence of 1 mM of ATP according to ref 24 for 1 and ref 25 for 2.
cAssays to determine the Ki values for 3 were run in the presence of
10 μM of ATP, according to ref 26. dAssays used homogeneous time-
resolved fluorescence (HTRF) binding assay formats to measure the
displacement of a probe compound to the JH2 domain, as reported in
ref 27 for 4 and ref 28 for 5. eAssays to determine the Ki of the JH1
domains were run in the presence of 10 μM of ATP according to ref
26, and the Ki values of the TYK2 JH2 domain were reported in ref 37
for 6a and 6b.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.3c00600
J. Med. Chem. 2023, 66, 10473−10496

10474

Downloaded from https://papernode.pages.dev

https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00600?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00600?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00600?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.3c00600?fig=fig1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c00600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9


inhibitors 1−3. We thus focused our TYK2 inhibitor drug
discovery efforts on the JH2 domain for TYK2 inhibition, as this
approach has demonstrated that high levels of selective TYK2
inhibition can be achieved in the clinic without the risk of
adverse effects due to off-target inhibition of JAK1-3.
At the outset of this work, we leveraged X-ray co-crystal

structures reported for compounds bound to the JH2 domain of
TYK2 for a structure-based virtual screen (VS) of a large
database of commercially available compounds. To limit the
screen to lead-like and drug-like compounds, a library of ∼6.5
million commercially available compounds was first narrowed to
about 2.4 million compounds by structure filter restriction of
property space (see Supporting Information for details). This
smaller library was next assessed in a virtual screen (VS) with a
JH2 ensemble structural selection developed from reported X-
ray crystal structures from PDB ID codes29 4WOV,30 5C01,31

5C03,31 and 3Z0N32 using the Glide SP docking program33 with
a hinge constraint. Next, a diverse set of the top ∼100,000
compounds was assessed using WScore docking for a more
accurate treatment of water molecules in the binding pocket.34

The WScore triage results were compiled, and a voting system
was used to rank a structurally diverse set of the top ∼3500
compounds. We then sourced ∼340 compounds and measured
their respective TYK2 JH2 domain binding potencies.
Promising hits were progressed through SAR by catalog to
identify similar neighbors. Ultimately, 3 structurally distinct hit
classes were identified, including a pyrazolopyrimidine class, a
thiophene−pyrimidine class, and a pyrazolopyrimidinone class
(Figure 2). Although all three of these classes were promising
leads, we were especially intrigued by the steric and electronic
similarity between the pyrazolopyrimidine core heterocycle and
the imidazopyridazine core of compound 6a.
To follow-up on the possibility of incorporating a scaffold-hop

strategy to replace the imidazopyridazine ring of 6a with a
pyrazolopyrimidine core similar to the core identified in VS hit
class 1 from Figure 2, we applied the physics-based computa-
tionally guided structure-based drug design (SBDD) tool free
energy perturbation (FEP+) to guide compound design in this
scaffold-hop series.35 We used FEP+ to compute the binding
potency of designed ligands for the JH2 and JH1 binding sites of
TYK2, taking into account the entropic and enthalpic effects of

ligands in solvent and in protein, as well as the local dynamics of
protein residues and second-shell effects. FEP+ was run with the
OPLS3 forcefield. Cycle closure was employed before any
synthesis prioritization, and the potency of a new idea was
computed via multiple different perturbation paths to ensure
consistent results among the different perturbation paths.
Calculations were run for simulation time >10 ns per lambda
window, and extended as needed for convergence. The
integration of FEP+ modeling and medicinal chemistry ideation
allowed us to focus the synthetic effort on the highest-priority
target molecules. Importantly, this approach allows for the early
elimination of those ideas that are unlikely to meet the desired
affinity of JAK family selectivity thresholds. This manuscript will
describe the optimization of these pyrazolopyrimidines (Figure
3) to deliver a potent and highly selective TYK2 inhibitor that
binds to the JH2 domain.

■ RESULTS AND DISCUSSION
To prioritize a designed compound for chemical synthesis, we
first assessed binding potencies to the JH2 domain of TYK2
through the in silico use of FEP+. For these calculations, we used
the same protein domain construct as was used for the TYK2
JH2 binding assay�a displacement probe assay (DiscoveRx)
with the JH2 pseudokinase domain (amino acids G556 to
D888). Correlations between predicted and measured binding
affinities for the new pyrazolopyrimidine series were sufficiently
accurate for use as a key triage element for compound synthesis
(e.g., 96% of the predicted potencies were within 100-fold of the
measured potencies, and the overall mean absolute error (MAE)
was 0.7 log order, Figure 4). Specifically, the calculated
potencies using FEP+ were used to help focus chemistry on
compounds with binding affinities in the picomolar range for KD

Figure 2. Virtual Screen triage scheme to identify three novel hit classes for the TYK2 JH2 domain.

Figure 3. General structure of pyrazolopyrimidine TYK2 inhibitors.
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values (see Supporting Information for a histogram of predicted
potency for a R-group scan as an illustration). With 96% of the
calculated binding affinities of compounds in Figure 4 falling

within 100-fold of their measured binding potencies and 77%
within 10-fold of the predicted potencies, the calculated
potencies helped render a “Go/No Go” decision for the

Figure 4. Prospective potency predictions using FEP+ for the TYK2 JH2 binding domain in the pyrazolopyrimidine series. (A) Scatter plot showing
predicted TYK2 JH2 potencies (y-axis) and measured TYK2 JH2 potencies (x-axis) for compounds that were synthesized. Compounds in the dark
green region are within 10-fold, and those in the lighter green region are within 100-fold of their measured potencies. (B) Bar graph showing
pyrazolopyrimidines assessed in FEP+ prior to synthesis. Of 533 compounds assessed, 413 (77%) were predicted within 10-fold and 513 (96%) were
predicted within 100-fold of the measured potency. The overall MAE is 0.7 log-order.

Table 2. Scaffold-Hopping to a Pyrazolo-Pyrimidine Seriesa

aAll compounds exhibit >30,000 nM binding KDs to the JH1 binding domains of JAK1, JAK2, JAK3, and TYK2
bA log P calculated, as described in

ref 40. cUnless otherwise noted, each assay run was performed with n = 1. dValue is the average of n ≥ 2 assay runs.

Figure 5. (A) X-ray co-crystal structure of compound 8 bound to the JH2 domain of TYK2 at 1.87 Å (PDB: 8S98). (B) Model of compound 8 bound
to PDE4D (based on PDB 5TKB).29
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synthesis of a compound. This strategy was particularly useful in
the earlier stages of the optimization process when new core(s)
were assessed in combination with the large array of substituents
reported in patents or published TYK2 literature, where
potencies were not always in the sub-nanomolar range. The
FEP+ potency predictions helped keep the project team focused
on the most potent TYK2 JH2 binding ligands.
Among the most potent of a range of scaffold-hop concepts

that were assessed was compound 7, a pyrazolopyrimidine
scaffold replacement analog36 of compound 6a (Table 2). In
addition to its potent binding to the TYK2 JH2 domain,
compound 7 also exhibited good TYK2 cellular activity (IC50 =
14 nM), measured by inhibition of phosphorylation of STAT4

in an IL12-stimulated primary human peripheral blood
mononuclear cell (PBMC) assay. Pyrazolopyrimidine 7 suffered
from off-target activity against PDE4D, as reported previously
for compound 6a.29 When the dimethylphenyl group was
replaced with a methoxypyridine (compound 8), the high JH2
TYK2 binding potency and PBMC pSTAT4 cell potency were
retained, while the PDE4D selectivity improved. Perhaps not
surprisingly, the more lipophilic compound 7 exhibited poor
kinetic solubility (<0.1 μM at pH 7.4), while pyridine 8
exhibited modest but nevertheless improved solubility. An X-ray
co-crystal structure of 8 bound to the JH2 domain of TYK2
shows key interactions of the pyrazolopyrimidine hit series with
the pseudokinase domain of the protein (Figure 5). Key

Table 3. SAR for a Series of Amides

aA log P calculated, as described in ref 40. bUnless otherwise noted, each assay run was performed with n = 1. cValue is the average of n ≥ 2 assay
runs. dPercent inhibition was <50% when tested at a single concentration of 50 nM. eMost potent enantiomer shown.
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interactions include the hinge binding region with the pyrazole
ring, the methylamine substituent, and Val690 of TYK2.
Additionally, the unique DPG moiety of the pseudokinase
domain impacts the position of the conserved pseudo-catalytic
Lys642,30 such that it forms a hydrogen bond with the carbonyl
group of 8. The crystal structure suggests that larger substituents
projecting from the pyridine ring (toward the Zn binding
region) would likely be tolerated for TYK2 potency but not for
PDE4D potency (Figure 5). Supported by promising FEP+
predicted TYK2 JH2 potencies, we explored a series of N-aryl
pyridines, as the larger aromatic rings were predicted to retain
potency for binding TYK2 while further improving selectivity
over PDE4D. This pyridone series, exemplified by compounds 9
and 1036 afforded a different vector from which to build
substituents which were likely to retain TYK2 potency while
minimizing PDE4D inhibitory activity by projecting toward the
Mg binding region of this protein (Figure 4). Both 9 and 10
proved to be potent TYK2 JH2 binders, and both retained a high
level of PBMC pSTAT4 cellular potency. The less lipophilic
compound 10 exhibited moderately improved solubility
compared to the fluorophenyl analog 9. As anticipated based
on our PDE4D docking analyses, compound 9 was highly
selective over PDE4D (IC50 > 10,000 nM). In parallel to our
work in this series, the SAR of a series of N-aryl pyridones was
reported with structurally similar imidazopyridines such as
compound 6b.37 The use of calculated (FEP+) potencies to
prioritize compound synthesis for these C6 substituents proved
effective in narrowing our focus to the most potent substituents.
Accordingly, the FEP+ calculated potencies are shown alongside
the measured TYK2 JH2 binding potencies for compounds 8−
10 in Table 2 and the measured binding potencies were all
within ∼5-fold of their calculated potencies. Additionally, as
expected based on their JH2 binding modes, all four of the
potent TYK2 inhibitors 7 through 10 exhibited Ki values >
10,000 nM against the JH1 domains of JAK1, JAK2, JAK3, and
TYK2. Furthermore, compounds 7−10 were each assessed in
human cellular assays reflective of off-target inhibition of JAK2
(human PBMCs, GM-CSF-induced pSTAT5)38 as well as JAK1
and JAK3 (human PBMCs, IL2-induced pSTAT5).39 All four
compounds displayed high levels of functional cellular selectivity
in the PBMC assays (IC50s > 50,000 nM), further underscoring
the pyrazolopyrimidine series as a promising starting point for
further optimization.
The rank order of pSTAT4 cellular potencies for the

compounds in Table 2 is somewhat disconnected from the
corresponding rank order TYK2 JH2 binding potencies. The
potency disconnects between biochemical TYK2 inhibition and

cellular activity have been observed in previous reports of TYK2
JH2 inhibitors.29,39 We also note the drop in potency in the
PBMC assay, which can be due to a number of possible factors,
including the presence of physiologically relevant cellular ATP
concentrations, the protein binding to the 10% fetal calf serum in
the assay medium, differences in binding between the full-length
protein in cells compared to the recombinant JH2 domain
protein, and the possibility that the binding potencies of these
compounds may be nearing the lower limit of the dynamic range
of the JH2 binding assay. These differences result in a loss of
resolution in the compound potency rank order.
With the discovery of this new series of potent and selective

TYK2 inhibitors and the ability to use FEP+ to identify
compounds with a high level of binding potency to the TYK2
JH2 domain, we also sought to design compounds with good
drug-like properties. The kinetic solubilities for compounds in
Table 2 are low, indicating a potential challenge with oral
absorption. To address this challenge, we implemented a
predictive RRCK model for passive permeability41 in con-
junction with a predictive FEP+ solubility model.42 We
recognized that optimization of kinetic solubility with these
neutral molecules might be difficult, so it was important to
ensure that they maintained good permeability in addition to
adequate solubility to ensure high oral absorption. To improve
solubility, we retained the fluoropyridyl-pyridone while
exploring amide replacements for the cyclopropane ring
(Table 3). The X-ray co-crystal structure of 8 bound to the
TYK2 JH2 domain, and consequently the FEP+ predicted
potencies, suggested that more sterically demanding amidesmay
not be well tolerated for TYK2 JH2. Consequently, amides such
as 27−29 exhibited significantly reduced binding affinity to
TYK2. In general, cyclobutyl and cyclopropyl amides were well
tolerated, although there appeared to be a preferred stereo-
chemical configuration for high affinity binding to TYK2, as
stereoisomers 14, 16, 20, 23, 25, and 26 are all suboptimal
binders to TYK2 compared to their antipodes. Potent but
lipophilic fluorinated cyclopropyl and cyclobutyl amides, such as
12 and 15, exhibited kinetic solubilities less than 10 μM, which
were insufficient for compound progression. An exception was
11, which exhibited moderate kinetic solubility (31 μM) and
thus was an improvement over 10, 12, and 15. We observed a
significant potency enhancement in binding to the JH2 domain
of TYK2 for a series of “privileged” cyclobutyl amides with
defined stereochemistry (vide supra), and the introduction of
more polar methoxy or hydroxy substituents to the cyclobutane
ring system contributed to some improved kinetic solubilities for
this subseries. One particularly relevant set of enantiomers is 17

Table 4. Cellular andWhole Blood Potencies, Permeabilities, and Hepatocyte Clearance for a Selected Series of TYK2 Inhibitors

Compound
PBMC GM-CSF/pSTAT5

IC50 (nM)
a

PBMC IL2/pSTAT5 IC50
(nM)a

Hum/Mur WB IFNα/CXCL10
IC50 (nM)

a
Caco-2 Papp

a

A−B/ER
Hum/Rat Hepa CLpred

(mL/min/kg)

11 >50,000b >50,000 330b/2640b 15/1.3 1.8/20
13 4.1/4.7 <LoQc/30
15 4.8/21
17 >50,000 >50,000 43/372 10/2.2 2.3/25
19 2.0/32
20 3.0/5.1 6.7/8.7
30 >50,000b >50,000b 22b/347b 15/1.0 0.69d/30
34 >50,000 >50,000 56/254 6.1/4.4 1.7/
39 >20,000 >20,000 3.4/7.6 <LoQc/38

aUnless otherwise noted, each assay run was performed with n = 1. bValue is the average of n ≥ 2 assay runs. c<LoQ = below the limits of
quantification in the assay (no detectable turnover). dHepatopac low turnover assay.
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and 18, which possess a ∼65-fold difference in binding potency
to the TYK2 JH2 domain. The more potent enantiomer is the
R,R configuration, as depicted in Table 3. Assessment of PBMC
pSTAT4 cellular potencies of selected compounds revealed a
general correlation of cell potencies with TYK JH2 binding
potencies with few exceptions. Two exceptions include
compounds 13 and 28, which were less potent in the cell
assay than anticipated based on their TYK2 JH2 binding
potencies. All compounds in Table 3 exhibit low binding affinity
(KDs > 10,000 nM) to the JH1 binding domains of JAK1, JAK2,
JAK3, and TYK2.
We further assessed a sub-series of compounds from Table 3

with IL12-induced pSTAT4 PBMC potencies less than 100 nM
in a second tier of cellular assays to further assess JAK family
selectivity and in vitro ADME assays to better determine which
may be amenable to further evaluation (Table 4). Similar to 7−
10, compounds 11, 17, and 28 exhibited no activity even at the
highest concentrations measured in the GM-CSF and IL2
pSTAT5 assays described above, indicating that they do not
block signaling through JAK1, JAK2, or JAK3. We also assessed
11 and 17 for inhibition of IFNα-induced cytokine (CXCL10)
production in human and mouse whole blood (WB).39 We
observed additional potency shifts for these two compounds in
the WB assay compared to their PBMC pSTAT4 assay
potencies, which we attribute to plasma protein binding.
Compounds 11, 13, 17, and 19 all possessed excellent stability
in human hepatocytes, while 15 and 20 both exhibited
suboptimal human hepatocyte stability. Unfortunately, the
more polar analogs 13 and 20 each possessed increased efflux
ratios in the Caco-2 assay, suggesting a risk for suboptimal oral
absorption. Incorporation of a tri-deuteromethoxy group into 19
resulted in only a modest improvement in human hepatocyte
stability relative to the corresponding methyl analog 17 with
similar potency in the PBMC IL12 pSTAT4 cellular assay
(within approximately 2-fold).
Compound 11was an early lead in this series and was selected

for additional characterization. The overall in vitro selectivity
profile of 11 was excellent. It exhibited a high level of selectivity
against PDE4D and hERG (IC50s > 10 and 30 μM, respectively)
as well as IC50s > 30 μM against human CYP3A4 (midazolam
and testosterone), CYP2D6, CYP2C9, CYP2C19, and CYP1A2.
Evaluation of 11 at 1 μM in a panel of 611 kinases (10 μMATP
concentration) revealed a clean overall kinome selectivity
profile. Apart fromTYK2, less than 50% inhibition was observed
for all but four kinases: c-Kit (63% inhibition), c-MET (54%

inhibition), HIKP4 (52% inhibition), and EGFR (51%
inhibition). The in vivo pharmacokinetic profile of 11 in mice,
rats, dogs, and cynomolgus monkeys is summarized in Table 6.
Its low clearance and relatively flat (low peak-to-trough) in vivo
oral PK profile in mice suggested that this compound might
serve as an ideal rodent tool compound for an in vivo PD study.
Consequently, we evaluated 11 in a mouse IL23-induced
epidermal hyperplasia model (Figure 6).43 IL23 was injected
into the ear of C57BL/6 mice on day 0. IL23, in turn, induces
IL17 by dermal γΔ T cells and leads to the production of
inflammatory cytokines. These cytokines induce immune cell
infiltration, keratinocyte proliferation, and epidermal hyper-
plasia, resulting in skin redness and thickening. Compound 11
reduced inflammation induced by IL23 in themouse and elicited
a dose-dependent reduction of IL17A in the ear. The 100mg/kg
BID group saw a maximum reduction of 75% relative to the
vehicle-treated group. The efficacy (reduction of ear swelling) at
this dose was comparable to the efficacy observed in the
dexamethasone treated mice. Plasma samples from 1 h (Tmax)
post dose were evaluated to confirm exposure. While all doses
showed exposures that exceeded the mouse IFNα induced
CXCL10 IC50, only the 100 mpk BID dose was predicted to
provide 24 h coverage. This data suggests that a trough level that
exceeds the whole blood IFNα IC50 is needed for good efficacy
in this model, consistent with a previous report in a different
mouse model.39

Using the human WB IFNα IC50 as a target trough coverage,
we next performed a human dose prediction for 11. The in
vitro−in vivo extrapolation (IVIVE) of 11 across mice, rats,
dogs, and cynomolgus monkeys suggested a good overall
correlation between hepatocyte stability and in vivo clearance,
indicating that human hepatocyte stability should be predictive
of human clearance. Using allometric and IVIVE modeling,
predictions of human clearance ranged from 3.7 to 7.2 mL/min/
kg at steady state, with a predicted volume of ≤1.0 L/kg and
approximately 50% bioavailability. Accordingly, a BID dose of
200 mg, or a QD dose ≥1 g, may be required to afford
continuous coverage of the human WB IC50. This predicted
human dose range was too high to warrant further progression of
11, and therefore our focus shifted to improving human
hepatocyte stability as well as the potency of human WB to
optimize the predicted human dose. Given the human genetic
data suggesting that greater TYK2 inhibition might translate to
improved efficacy in humans, we sought to identify a compound
with a significantly lower human dose prediction than 11.

Figure 6. Profile of 11 in a mouse IL23-induced ear swelling psoriasis model with dexamethasone (3 mg/kg) used as a positive control. (A) Mouse
pharmacokinetic profile at 1 h post last dose of 11 at oral doses of 10, 30, and 100 mg/kg BID relative to the mouse whole blood IFNα-IP10 IC50. (B)
Dose-dependent reduction of ear swelling observed with 11 in the IL23-induced inflammation model. (C) Dose-dependent reduction of IL17A was
measured in the IL23-induced mouse inflammation model. The 100 mg/kg dose was comparable to dexamethasone in this model.
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To better understand the key interactions with this promising
aryl-pyridone sub-series, we generated a co-crystal structure of
the TYK2 JH2 binding domain with 11 (Figure 7). The binding

mode and key interactions of 11 with TYK2 are highly
conserved compared to a co-crystal structure previously
reported from a structurally related imidazopyridazine aryl-
pyridone series (PDB 6NSL).37 Additionally, the hinge binding
region and pseudo-catalytic Lys642 of TYK2 have similar
interactions with 11 as they did with 8. The pyridonyl-
fluoropyridine biaryl system of 11 forms a network of water-
mediated H-bond interactions with the TYK2 protein, including
Pro694, and Arg738 appears to form a pi-stacking interaction
with the terminal fluoropyridine of 11. Notably, the
fluorocyclopropane ring of 11 appears to adopt multiple
conformations in the binding pocket of TYK2 proximal to
Val603, suggesting the opportunity to fill extra space in this
region. The opportunity to fill this space offers a rationale for the
improved binding potency of slightly larger substituents, such as
the cyclobutyl substituents in Table 3.
We next sought to retain the overall potency achieved through

the incorporation of a methoxycyclobutyl amide while re-
evaluating pyridone substituents (Table 5). The majority of aryl
and alkyl groups we evaluated maintained excellent binding
potency to the TYK2 JH2 domain (KD values < 7 pM), with the
notable exception of 2-methyl pyridone 33. As an initial triage
strategy, kinetic solubility42 and human hepatocyte stability
were used to narrow our focus to compounds with an
opportunity for good absorption and the potential for a lower
predicted human dose relative to 11. The majority of
compounds in Table 5 possess reduced human hepatocyte
stability relative to 11 and compounds with promising stability
(i.e., CLpred < 1.8 mL/min/kg) include 30, 31, 34, 38, 39, 45,
and 47. The remainder of the compounds in Table 5 were not

considered for further profiling due to their reduced human
hepatocyte stability. With respect to solubility, compounds with
saturated (sp3) substituents on the pyridone ring exhibited a
trend for improved solubilities relative to aromatic substituents.
One exception is the symmetrical tetrahydropyran 40, which
possessed a kinetic solubility of only 8.2 μMat pH 7.4 (as well as
suboptimal hepatocyte CLpred), although the symmetrical
oxetane 47 was only slightly improved (15 μM), but with
reduced potency in the pSTAT4 IL12 PBMC cellular assay. In
general, the aromatic pyridones possessed poor solubilities; the
only ones with solubility greater than 10 μM that also exhibited
promising hepatocyte stability were compounds 30, 34, and 39.
Compounds selected for further profiling exhibited cellular
pSTAT4 IL12 PBMC IC50s less than 10 nM, kinetic solubilities
greater than 10 μM, and human hepatocyte clearance less than 2
mL/min/kg and included 30, 34, and 39. This small sub-series
was evaluated further for their whole blood potencies, off-target
cellular potencies, and permeability and efflux, as measured by a
Caco-2 assay (Table 6).
All three compounds were highly selective in the PBMC

pSTAT5 assays (Table 4), thus demonstrating a high degree of
functional selectivity over JAK1, JAK2, and JAK3. Compounds
30 and 34 possess similar human whole blood potencies, but 34
possessed slightly lower permeability and higher efflux than 30.
Additionally, 30 possessed improved stability in human
hepatocytes compared to 34. Consequently, additional profiling
of 34 was discontinued in favor of continued profiling of 30.
Although methyl oxazole 39 also exhibited lower permeability
and higher efflux in the Caco-2 assay, this compound was
profiled further in a rat pharmacokinetic study because it was
also highly potent in IL12-induced pSTAT4 PBMCs (1.8 nM)
and showed adequate kinetic solubility (67 μM) and human
hepatocyte stability below the limits of quantification.
In mouse pharmacokinetic studies, 17 and 30 exhibited

relatively low plasma clearance compared to their respective
mouse hepatocyte stabilities. In this respect, they were similar to
11 where hepatocyte stability data overpredicted in vivo plasma
clearance. In rat pharmacokinetics studies, 17 and 30 each
possessed plasma clearance similar or slightly below their
hepatocyte predicted clearance, indicating good IVIVE in rats
compared to mice. In contrast, 39 exhibited in vivo clearance in
rats that was roughly double the hepatocyte in vitro clearance.
The improved IVIVE for 17 and 30 in rats compared to 39
suggested continued profiling for each of those compounds.
Both 17 and 30 had similar IFNα human whole blood potencies
(IC50s = 43 and 51 nM, respectively), but a comparison of their
predicted human clearance based on hepatocyte incubations
suggested that 30 (human hepatocyte predicted CL = 0.69 mL/
min/kg) would have a lower predicted human dose than 17
(human hepatocyte predicted CL = 2.3 mL/min/kg). The
evaluation of 30 in preclinical pharmacokinetic studies revealed
reasonably good IVIVE across species, suggesting that a human
dose prediction using IVIVE from in vitro human hepatocyte
data would be warranted. Using the Wajima allometry model44

as well as PBPK-gut models,45 the predicted human plasma
clearance for 30 was 1.7−7.5 mL/min/kg, the predicted human
volume of distribution at steady state was 1.2−10 L/kg and the
human bioavailability was predicted to be 44−65%. Coverage of
the target trough concentration of 51 nM (human WB IFNα
IC50) for 24 h translated to a predicted once-daily oral human
dose of 4−42 mg/day. Consequently, 30 (TAK-279, formerly
NDI-034858) was chosen for more extensive characterization.

Figure 7. X-ray co-crystal structure of 11 bound to the JH2 domain of
TYK2 at 1.71 Å (PDB: 8S99). Dual conformations of the
fluorocyclopropyl amide were modeled to account for the observed
electron density. The binding mode and key interactions are similar to
those previously described for PDB 6NSL.37
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The R,R stereochemistry on the chiral cyclobutyl ring of 30
was confirmed through single compound X-ray crystallography
(Figure 8). The pyridone-pyridine biaryl moiety of this X-ray
structure adopts a dihedral angle of 51.4°, which is slightly
skewed compared to the nearly orthogonal dihedral angle
observed in the TYK2 JH2 bound conformation of 30 (78.7°,
vide infra). Evaluation of compound 30 in a panel of CYP450
enzymes indicated a low likelihood of CYP inhibition at
physiologically relevant concentrations [CYP450 IC50s > 30 μM
for CYP1A2, CYP2C9, and CYP2D6; 19 μM for CYP2C19, 8.3
μM for CYP3A4 (midazolam), and 2.0 μM for CYP3A4

(testosterone)]. Additionally, compound 30 possessed low
activation of PXR with only 26% activation relative to the
rifampicin control at a concentration of 30 μM. In a panel of 87
enzymes, ion channels, and receptors, a 10 μM concentration of
30 bound to only 2 targets greater than 50% (LCK at 54% and
the adenosine transporter at 53%). In a panel of 631 kinases
[(ATP) = 10 μM], 1 μM of 30 inhibited only one kinase at
greater than 50% (PIP5K1C at 54% inhibition, Figure 9).
Moreover, 30 inhibits neither PDE4D (IC50 > 10 μM) nor
hERG (IC50 > 30 μM in the patch clamp assay).

Table 5. Pyridone Substituent SAR for a Series of trans Methoxy Cyclobutylamide Pyrazolo-Pyrimidine TYK2 JH2 Inhibitors

aOnly data for the most potent enantiomer shown, absolute stereochemistry not determined. bA log P calculated as described in ref 40. cUnless
otherwise noted, each assay run was performed with n = 1. dValue is the average of n ≥ 2 assay runs. eStereochemistry determined to be R,R by
small molecule X-ray crystallography (Figure 8). fHepatopac low turnover assay.
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We also profiled 30 in a series of binding and cellular assays
reflective of JAK1, JAK2, JAK3, and/or TYK2 inhibition. Table
7 summarizes the data sets for compound 30 alongside the data
reported for deucravacitinib (4).27,39 Compound 30 was highly
selective for binding to the TYK2 JH2 domain (KD = 0.0038
nM) over the JAK1 and JAK2 JH2 domains (KDs = 4975 and
23,000 nM, respectively). In contrast, deucravacitinib (4) was
reported to bind to the JAK1 JH2 domain with a KD = 0.33
nM.39 As expected, based on the low sequence homology
between the JH1 and JH2 binding domains for the JAK family
kinases, 4 and 30 each exhibit excellent selectivity over binding
to the JAK1−3 JH1 domains and the TYK2 JH1 domain.
In cellular and whole blood assays, 30 exhibited potent

inhibition of TYK2-dependent signaling pathways. For example,
30 inhibited IFNα-stimulated phosphorylation of STAT3 in
CD3-positive T-cells as well as IFNα-stimulated C−X−C motif
chemokine ligand 10 (CXCL10) production in whole blood
with IC50s of 1.7 and 22 nM. Additionally, 30 inhibited IL23-
stimulated phosphorylation of STAT3 in human CD161 + CD3
+ TH17 cells with an IC50 of 3.7 nM. Deucravacitinib (4)
inhibited these processes in human whole blood and PBMCs
with similar potencies.39 In mouse and rat whole blood, 30
inhibited IFNα-stimulated CXCL10 production with somewhat
reduced potencies compared to human whole blood (IC50s =

347 and 91 nM, respectively). Compound 30 also inhibited
IL12-IL18-stimulated induction of IFNγ in whole blood with an
IC50 = 48 nM.
Compound 30 exhibited a higher level of functional selectivity

in cellular and whole blood assays that evaluate signaling
through JAK1, JAK2, or JAK3 compared to 4 (Table 7). While
neither 4 nor 30 exhibited any activity in assays dependent on
JAK2 signaling (pSTAT5 in GM-CSF-stimulated PBMCs,
pSTAT5A in EPO-stimulated TF-1 cells), 30was more selective
than 4 in cell assays dependent on JAK1 signaling. For example,
in IL2-stimulated CD3+ T-cells, 30 did not inhibit phosphor-
ylation of STAT5 (IC50 > 50,000 nM), while compound 4
inhibited this process with an IC50 of 592 nM. Similarly, in IL6-
stimulated CD3+ T-cells 30 exhibited no inhibition (IC50 >
30,000 nM) of phosphorylation of STAT3, while 4 exhibited an
IC50 of 100 nM. In IL22-stimulated HT-29 cells, 30 also
exhibited no inhibition (IC50 > 30,000 nM) of phosphorylation
of STAT3, compared to 4, which exhibited an IC50 = 158 nM.
Together, the data show that the differences in binding
selectivity of 4 and 30 to TYK2 compared to JAK1 appear to
translate to differences in cellular pharmacology with these
compounds, with 30 exhibiting inhibition of TYK2 that is highly
selective over pharmacology mediated by JAK1 or JAK2.

Table 6. In Vitro and In Vivoa ADME Properties of Key Compounds

Cpd Caco-2 Papp
b A−B/ER Species Hepatocyte CLpred

b (mL/min/kg) PPB Fub (%) CLobs (mL/min/kg) t1/2(h) Vd (L/Kg) F (%)

11 15/1.3 mouse 113 1.0 6.5 2.2 0.58 52
rat 31 3.1 5.7 2.7 0.52 59
dog 9 13 18 3.0 2.3 51
cyno 7 14 12 1.4 1.1 97

17 10/2.2 mouse 186 8.2 21 2.1 0.93
rat 25 9.6 20 5.9 2.0 30
dog 12 22
cyno 8.6

30 15/1.0 mouse 136 8.0 16 2.0 1.3 70
rat 30 15 26 1.2 1.6 37
dog 15 23 14 5.3 4.0 47
cyno 15 23 7.0 3.8 1.9 47

39 3.4/7.6 mouse 23 122 1.7 3.2
rat 38 68 1.6 2.9

aCompounds were dosed at 1 mpk IV and 10 mpk PO unless otherwise noted; n = 3 animals each for IV and PO dosing. bEach assay run was
performed with n = 1.

Figure 8. Single compound X-ray crystallographic representation of 30 (TAK-279, formerly NDI-034858) confirms the (R,R) absolute
stereochemistry in the cyclobutane ring (CSD: 2253269).
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The high selectivity for binding of 30 to the TYK2 JH2
domain compared to the JH2 domains of JAK1 and JAK2 can be
explained through a comparison of the X-ray co-crystal structure
of 30 with the TYK2-JH2 domain and a similar modeled pose of
30 with JAK1 and JAK2 using previously reported X-ray co-
crystal coordinates (Figure 10).46,47 The methoxycyclobutyl
ring of 30 is an exquisite steric fit into the binding pocket defined
by Val603 and Lys642 of TYK2 (Figure 10a,c). In contrast, the
Ile597 residue in the JAK1 JH2 domain provides increased steric
occlusion of this binding pocket in JAK1, leading to its weak
binding potency to the JAK1 JH2 domain (JAK1 JH2KD = 5000
nM for 30, Figure 10b,d). Similarly, the Ile559 residue of JAK2
occludes the same binding pocket for 30 (JAK2 JH2KD = 12,000
nM, not pictured in Figure 10). The 16-fold improved TYK2
JH2 binding affinity of 30 compared to 11 is notable. We
rationalize that some of this improved potencymay be due to the
improved steric fit of the larger cyclobutyl moiety of 30
compared to the cyclopropyl ring of 11. Perhaps even more
relevant, however, is the new H-bond that is apparent between
the methoxy oxygen of 30 and the pseudo-catalytic Lys642
residue.
Compound 30 was next profiled in the mouse recombinant

murine (rm) rmIL23-induced epidermal hyperplasia model

described above.43 BID dosing of 30 for 3 days reduced
inflammation and IL17 levels in the IL23-injected ears (Figure
11). To improve exposures after oral dosing for in vivo profiling
studies, we used a spray-dry dispersion (SDD) of 30 that would
maintain an amorphous form. A comparison of mouse
pharmacokinetics with 30 with and without SDD is illustrated
in Figure 12. We were pleased to find that the SDD formulation
increases overall exposure levels by 30 in mice as well as rats
(data not shown). Consequently, we used the SDD form for PK/
PD/efficacy studies, which afforded higher exposures and
reduced variability.
In a rat model that evaluated IFNγ induction after treatment

with rat IL12 and IL18, the SDD form of 30 demonstrated dose-
dependent suppression of IFNγ (Figure 13).48,49 Plasma drug
levels at the 5 h timepoint suggests that significant suppression
of IFNγ occurs slightly above the rat whole blood IFNα
CXCL10 IC50 concentration. The most robust suppression of
IL12-induced IFNγ occurred at the 30 mg/kg dose, which
corresponds to a plasma drug level that was above the IFNα
CXCL10 IC90 concentration.
We next evaluated 30 in a rat adjuvant-induced arthritis (AIA)

model (Figure 14).50 In this study, doses of 3, 10, and 30 mg/kg
BID were assessed, and a dose-dependent reduction in ankle

Figure 9.Compound 30 exhibits excellent overall kinome selectivity, with only 1 kinase inhibited at >50% in a panel of 631 kinases ([compound 30] =
1 μM, [ATP] = 10 μM).
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diameter was observed at all 3 dose levels. The lowest dose of 3
mg/kg exhibited a modest but significant reduction of ankle
diameter relative to vehicle-treated rats. At this dose, the drug
concentration at the trough dropped slightly below the rat whole
blood IFNα CXCL10 IC50. The most robust efficacy was
observed at the 30 mg/kg BID dose, which was comparable to
the efficacy observed with dexamethasone. The rat plasma
trough drug levels at this dose exceeded the rat whole blood
IFNαCXCL10 IC90, demonstrating that robust efficacy requires
sustained high levels of TYK2 inhibition and that maximal
efficacy can be achieved with >90% inhibition of TYK2 in this
model.
Next, 30 was evaluated in a seven-day mouse anti-CD40

colitis model51 at doses of 15 and 90 mg/kg BID (Figure 15).
Both doses exhibited significant (relative to vehicle-treated
mice) and dose-dependent reductions in colon weight/length
ratios and reductions in a summed colon histology score, which
included measures of inflammation, gland loss, erosion, and
hyperplasia. Positive controls included anti-IL-12 and anti-
TNFα monoclonal antibodies (mAbs), and both positive
controls exhibited reduction, in summed histology scores. The
anti-IL12 mAb, but not the anti-TNFα mAb, exhibited a

reduction in colon weight/length ratio. In a pilot mouse PK
study prior to the anti-CD40 colitis study, the 15 mg/kg BID
dose covered only themouseWB IFNαCXCL10 IC50 at trough,
while the 90 mg/kg BID dose covered the IC90 at trough. Mouse
PK taken at day 7 of this study, however, revealed that the drug
concentrations at both doses covered the IC90 at the 2- and 8 h
timepoints, albeit with the 90 mg/kg BID dose achieving higher
plasma concentrations than the 15 mg/kg BID dose. Never-
theless, the colon weight/length ratio as well as the summed
colon histology scores both exhibited a dose-dependence in
efficacy. This study corroborates the AIA data, showing that the
increased levels of TYK2 inhibition translate into improved
efficacy.
The excellent potency, off-target selectivity, ADME proper-

ties, and in vivo efficacy of 30 (TAK-279, formerly NDI-
034858) supported its advancement into preclinical toxicology
studies. The nonclinical safety profile of 30 was well
characterized in a battery of in vitro and in vivo genetic
toxicology, safety pharmacology, developmental/reproductive
toxicology, and repeat-dose oral toxicology studies. Based on the
rat and cynomolgus monkey chronic toxicology studies,
adequate safety margins supported further clinical development
of 30. Compound 30 is currently in phase 2 clinical trials for
multiple autoimmune and immunological disorders at once-
daily oral doses that achieve high coverage at trough
concentrations of the human whole blood IFNα CXCL10
(i.e., >IC80).

Chemistry. The synthesis of a sub-series of pyrazolopyr-
imidine TYK2 inhibitors is described in Scheme 1. Amino-
pyrazole 48was first condensed with diethylmalonate to afford a
dihydroxypyrazolopyrimidine core 49, which was then treated
with POCl3 to afford the dichloride 50.52 Next, the more
reactive chloride adjacent to the pyrazole is displaced with
methylamine to yield 51, which was then protected as a
corresponding tert-butoxycarbamate 52. The chloride moiety of
52 was next replaced by amines either under basis conditions
with either a nucleophilic amine or through Buchwald coupling
conditions to give 53. Compound 53 could be converted to final
TYK2 inhibitors in two different ways. First, the ester was
hydrolyzed to form acid 54, which in turn is converted to amides
55 via standard amide-bond-forming coupling conditions.
Deprotection of the Boc group then afforded the final inhibitors.
Alternatively, the Boc group of 53 was deprotected and the ester
hydrolyzed to afford 56, which then underwent amide bond
formation to afford the final compounds. For compounds in
which the R and/or R′ groups are chiral, enantiomers were
typically resolved through chiral chromatography at multiple
stages through intermediates 53−56.
A slightly different series of steps was used to synthesize

pyridones 10, 11, 13−16, 19−24, and 26−28 (Scheme 2).
Synthetic intermediate 52 was first hydrolyzed to afford acid 57,
which then underwent amide bond formation to afford amides
58. These amides were then coupled with aminopyridone 59 to
yield the common intermediate 60. Racemates of 60 could be
resolved into the respective pure enantiomers either using chiral
chromatography on 60, or they were deprotected first before
chiral separation to afford the pure deprotected enantiomers 10,
11, 13−16, 19−24, and 26−28.
The synthesis of methoxycyclobutane amides 17, 18, and 29−

47 is illustrated in Scheme 3. Amide 58 was generated from a
standard amide bond coupling through the reaction of acid 57
with the corresponding trans aminocyclobutanol, which then
underwent amide bond formation to afford 58. After formation

Table 7. Binding, Cellular, and Whole Blood Potencies for
Compound 30 (TAK-279, Formerly NDI-034858)
Compared to Literature-Reported Data for Deucravacitinib
(4)

Assay
Cells

(pathway)
TAK-279
(30)a

Deucravacitinib
(4)

human TYK2 JH2 (KD or Ki,
nM)

(TYK2) 0.0038
(KD)

0.02 (Ki)
39

mouse TYK2 JH2 KD (nM) (TYK2) 0.067
human JAK1 JH2 KD (nM) (JAK1) 4975 0.3339

human JAK2 JH2 KD (nM) (JAK2) 23,000
human JAKs 1−3 and TYK2

JH1 KD (nM)
>30,000 >10,00027

human IFNα pSTAT3
(CD3+) IC50 (nM)

PBMC
(TYK2)

1.7 339

human IFNα CXCL10 IC50
(nM)

WB (TYK2) 22 637

mouse IFNα CXCL10 IC50
(nM)

WB (TYK2) 347

rat IFNα CXCL10 IC50 (nM) WB (TYK2) 91b

IL23 pSTAT3
(CD3 + CD161 + Th17)

IC50 (nM)

PBMC
(TYK2)

3.7 927

IL12-IL18 IFNγ IC50 (nM) WB (TYK2) 48

GM-CSF pSTAT5 IC50 (nM) PBMC
(JAK2)

>50,000

EPO pSTAT5A IC50 (nM) TF-1 (JAK2) >10,00039

IL2 pSTAT5 IC50 (nM) PBMC
(JAKs 1/3)

>50,000 59227

IL4 pSTAT6 (CD3+) IC50
(nM)

PBMC
(JAKs 1/3)

>30,000

IL6 pSTAT3 (CD3+) IC50
(nM)

PBMC
(JAKs 1/2)

>30,000 10039

IL13 pSTAT6 IC50 (nM) PBMC
(JAK 1)

>30,000 209127

IL22 pSTAT3 IC50 (nM) HT-29
(JAKs 1/2)

>30,000 15839

IFNγ SEAP IC50 (nM) HEK-dual
(JAKs 1/2)

>27,000

aUnless otherwise noted, the value is the average (geometric mean) of
n ≥ 2 assay runs. bData reported for n = 1.
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of the methyl ether 61, which was performed under the aegis of
tetramethylammonium tetrafluoroborate, Buchwald coupling of
a series of pyridone amines 62 afforded intermediate 63.
Racemates of 63 were resolved into the respective pure
enantiomers either using chiral chromatography on 63 or they
were deprotected first before chiral separation to afford the pure
deprotected enantiomers 17, 18, and 29−47.

■ CONCLUSIONS
In conclusion, we describe the optimization of a series of potent
and highly selective TYK2 JH2 inhibitors through the use of
multiple orthogonal structural and computational methods,

including virtual screening, FEP+ potency and solubility
predictions, a computational RRCK predictive permeability
model, and SBDD. A strategy to pursue pseudokinase domain
(JH2) TYK2 inhibitors was crucial for achieving high selectivity
over JAK1, JAK2, and JAK3 JH1 domains.19,53,54 We used
docking and SBDD to improve selectivity of the initial
pyrazolopyrimidine series over PDE4D, and we were guided
by FEP potency predictions and SBDD to identify a
methoxycyclobutyl amide moiety that enhances binding to the
hTYK2 JH2 domain to achieve a KD < 5 pM. Importantly, 30 is
highly selective over the broader kinome, as well as against the
JAK1 and JAK2 JH2 pseudokinase domains, with binding

Figure 10. Structural rationale for the high selectivity of the inhibition of TYK2 over inhibition of JAK1 and JAK2 for 30. (A) Compound 30 bound to
the JH2 domain of TYK2 (1.83 Å, PDB 8S9A). (B) Compound 30 docked into the binding pocket of the JAK1 JH2 domain (modeled from PDB
4L00).46 Note that a similar unproductive steric interaction is present in the JAK2 binding pocket with Ile559 and the cyclobutoxy substituent of 30
(see PDB 5UT6).47 (C) Close-up view of the methoxycyclobutyl amide of 30 bound to the JH2 domain of TYK2. (D) Modeled view of the
methoxycyclobutyl amide of 30 bound to the JAK1 JH2 domain.
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selectivity over a million-fold over these JH2 domains. The
structural basis for the high selectivity of compound 30 over the
JH2 domains of JAK1 and JAK2 is described, and the
accompanying cellular data suggests that even at high levels of
inhibition of TYK2 in vivo, very low inhibition of JAK1 or JAK2
is expected with compound 30.
Furthermore, we show that a sustained high level of TYK2

inhibition in vivo (benchmarked by aWB IFNαCXCL10 assay)
confers improved efficacy in a rat AIA model and a mouse anti-
CD40-induced colitis model, compared to only 50% inhibition
at trough. The ability to achieve high levels of TYK2 inhibition
without the accompanying safety risks of JAK1, JAK2, or JAK3

Figure 11. Mouse IL23 model with 30 (n = 3 for the PK group and n = 10 for the efficacy group).

Figure 12. Spray-dried dispersion (SDD) vs non-SDDmouse PK of 30
(n = 3/group) in comparison to the mouse WB IFNα CXCL10 IC50. Figure 13. Rat in vivo PD model of the inhibition of IL12/IL18-

induced IFNγ production by 30 (SDD formulation). (A) Study design
schematic illustrating administration of 30 (n = 5/group) followed by
administration of IL12 (IV, 1 h) and IL18 (IV, 2 h) before collecting
blood and IFNγ readouts at 5 h. The 5 h plasma concentrations of 30
after administration of 1, 3, 10, and 30mg/kg doses is also illustrated. At
doses of 3−30 mg/kg, the concentration of 30 exceeded the rat whole
blood IFNα CXCL10 IC50, with the 30 mg/kg dose exceeding the rat
whole blood IFNα CXCL10 IC90. (B) Dose-dependent reduction in
IFNγ relative to vehicle-treated rats was noted with treatment of 1−30
mg/kg.While the 1mg/kg dose was similar to vehicle-treated rats, the 3
and 10 mg/kg doses exhibited 77 and 87% IFNγ suppression relative to
vehicle and the 30 mg/kg dose suppressed IFNγ by 100%.
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inhibition was a key goal we set out to achieve and afforded
compound 30 as a potential best-in-class TYK2 inhibitor.

■ EXPERIMENTAL SECTION
All reagents and solvents used were purchased from commercial sources
and used without further purification. All reactions were performed
under an atmosphere of dry nitrogen, unless otherwise noted. All
solvents and reagents were purchased from commercial sources and
used as received. 1H NMR spectra were obtained using a Bruker 300,
400, or 500 MHz spectrometer at 27 °C; chemical shifts are expressed
in parts per million (ppm, δ units) and are referenced to the residual
mono-1H isomer of the solvent (CHCl3: 7.24 ppm; CHDCl2: 5.32
ppm; CD3S(�O)CD2H: 2.49 ppm). Coupling constants are given in
units of hertz (Hz). Splitting patterns describe apparent multiplicities

and are designated as s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), and br s (broad singlet). 13C NMR was obtained using a
Bruker 125 MHz spectrometer at 27 °C; chemical shifts are expressed
in ppm (δ) and are referenced to the perdeuterated NMR solvent
(CHCl3: 77.0 ppm; CHDCl2: 54.0 ppm; CD3SOCD2H: 39.50 ppm).
19F NMRwas obtained using a Bruker 282 or 470MHz spectrometer at
27 °C unless otherwise noted; chemical shifts are expressed in ppm (δ).
19F chemical shifts were automatically referenced in Topspin (Bruker
Instruments) according to the resonance frequency of the perdeu-
terated lock solvent using the IUPAC ratios. LC−MS was carried out
using a Waters UPLC fitted with a Waters SQD mass spectrometer
(column temperature = 30 °C, UV = 210−400 nm; electrospray
ionization with positive/negative switching) at a flow rate of 1 mL/min
using a solvent system of 98% A + 2% B to 2% A + 98% B over 1.5 min,
where A = 0.1% formic acid in water (for acidic work) or 0.1%

Figure 14.Rat AIAmodel with 30 (n = 9/group). (A) Schematic illustrating the study design in rats. (B) Rat plasma drug levels at day 19 of dosing 30.
Trough levels of the rat WB IFNα CXCL10 IC50 were covered for ∼22 h per day at the 3 mg/kg BID dose, while the rat WB IFNα CXCL10 IC90 was
covered for 24 h a day at the 30mg/kg BID dose. (C) Statistically significant and dose-dependent reduction in ankle diameter was observed at doses of
3, 10, and 30 mg/kg in the rat AIA model with 30. (D) Rats dosed with dexamethasone exhibited a reduction in body weight, while rats dosed with 30
exhibited an increase in body weight similar to naıv̈e rats.
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ammonium hydroxide in water (for basic work) and B = 0.1% formic
acid in acetonitrile (for acidic work) or acetonitrile (for basic work). For
acidic analysis, the column used was aWaters Acquity HSS T3 (1.8 μm,
2.1× 30 mm), for basic analysis, the column used was aWaters Acquity
BEHC18 (1.7 μm, 2.1 × 30 mm). Reported molecular ions correspond
to [M + H]+ unless otherwise noted; for molecules with multiple
isotopic patterns (Br, Cl, etc.), the reported value is the one obtained for
the lowest isotope mass unless otherwise specified. Thin layer
chromatography was performed using EMD silica gel 60 F254 plates,
which were visualized using either UV light, reversibly stained with
iodine (I2 absorbed on silica), or a stain prepared by dissolving 2 g of
KMnO4 and 12 g of Na2CO3 in 200 mL of H2O. Column
chromatography was performed using RediSep Rf preloaded silica gel
cartridges on Teledyne ISCO CombiFlash Companion automated
purification systems. All final compounds are >95% pure by HPLC
analysis.

Synthesis of Compound 7, as Described in Scheme 1. Ethyl
5,7-Dihydroxypyrazolo[1,5-a]pyrimidine-3-carboxylate (49). To a
solution of 48 (10 g, 64.45 mmol, 1.0 equiv) in ethanol (300 mL) was
added diethyl malonate (20.65 g, 128.9 mmol, 2.0 equiv) followed by
dropwise the addition of sodium ethoxide (74.97 g, 21% ethanol
solution, 3.59 equiv). The reaction mixture was stirred with heating

under reflux for 18 h. After completion of the reaction, the mixture was
concentrated under reduced pressure to obtain a residue, which was
dissolved in water and acidified with concentrated hydrochloric acid to
pH ∼ 3−4. The precipitated solid was filtered, washed with water and
diethyl ether, and dried to obtain pure 49 (10 g, 70%). MS(ES): m/z
224.2 [M + H]+.

Ethyl 5,7-Dichloropyrazolo[1,5-a]pyrimidine-3-carboxylate (50).
To a mixture of 49 (3 g, 13.44 mmol, 1.0 equiv) in phosphorous
oxychloride (8.7 mL), was added diethyl aniline (3.37 g, 22.56 mmol,
1.68 equiv). The reaction mixture was stirred at 80 °C for 3 h. After
completion of the reaction, the mixture was diluted with ice-cold water,
neutralized with a saturated sodium bicarbonate solution, and extracted
with dichloromethane. The organic layers were combined, washed with
a brine solution, dried over sodium sulfate, and concentrated under
reduced pressure to obtain the crude material. This was further purified
by column chromatography, and the compound was eluted in 15% ethyl
acetate in hexane to obtain pure 50 (3.0 g, 86%). MS(ES):m/z 261 [M
+ H]+.

Ethyl 5-Chloro-7-(methylamino)pyrazolo[1,5-a]pyrimidine-3-
carboxylate (51). To a solution of 50 (3.0 g, 11.54 mmol, 1.0 equiv)
in isopropyl alcohol (30 mL) was added diisopropylethylamine (4.2
mL, 23 mmol, 2.0 equiv) at 0 °C followed by methylamine (6.9 mL, 13

Figure 15. Mouse anti-CD40 colitis model with 30 at doses of 15 and 90 mg/kg BID. (A) Schematic illustrating the study design in mice (n = 10/
group). (B) Statistically significant and dose-dependent colon weight/length ratio was observed at doses of 15 and 90 mg/kg in the mouse colitis
model with 30 compared to vehicle-control-treated mice. Additionally, mice dosed with 30 demonstrated statistically significant and dose-dependent
reduction in summed colon histology scores, including measures of inflammation, gland loss, erosion, and hyperplasia. Positive controls included anti-
IL12 and an anti-TNFαmonoclonal antibody. (C)Mouse plasma drug exposure levels at day 7 of dosing 30 (n = 5/timepoint). Drug levels at 8 h post
dose exceeded the mouse WB IFNα CXCL10 IC90 at both the 15 and 90 mg/kg BID doses.
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mmol, 1.2 equiv), and the reactionmixture was stirred at 80 °C for 16 h.
After completion of the reaction, the mixture was concentrated under
reduced pressure to obtain a crude residue. To this residue was added
water, and the mixture was extracted with dichloromethane. The
organic layers were combined, washed with a brine solution, dried over

sodium sulfate, and concentrated under reduced pressure to obtain the

crude material. This was further purified by column chromatography,

and the compound was eluted in 40% ethyl acetate in hexane to obtain

51. (2.9 g, 95%). MS(ES): m/z 310[M + H]+.

Scheme 1. Synthesis of Compounds 7−9, 12, and 25a

aReagents and conditions: (a) diethylmalonate, NaOEt, EtOH, Δ (70%); (b) POCl3, PhNEt2, 80 °C, 3 h (86%). (c) MeNH2, IPA, DIPEA, 80 °C
(95%); (d) Boc2O, DMAP, dioxane, rt (72%); (e) Ra−cNH2, t-BuOH, THF, rt or RNH2, Pd2(dba)3, Xantphos, Na2CO3 or Cs2CO3, dioxane, Δ; (f)
MeOH, THF, LiOH, H2O, rt; (g) R′NH2, DMF, HATU, DIPEA, rt; (h) TFA, DCM, 0 °C to rt; (i) dilute HCl. a−dIntermediate of compounds 7−
9, 12, and 25.

Scheme 2. Synthesis of Compounds 10b, 11a, 13c−16f, 19g−24l, and 26m−28oa

aReagents and conditions: (a) TBTO, tol, Δ (72%); (b1) R′a−oNH2, DMF, HATU, DIPEA, 20 min, rt or DCM, T3P, RT, 2 h; (b2) 1-R′NH2,
DMF, HATU, DIPEA, 20 min, rt, 2-(CH3)4O(BF4), DCM, rt; (c) 59, Pd2(dba)3, Xantphos, Na2CO3 or Cs2CO3, dioxane; (d) TFA, DCM, 0 °C to
rt; (e) 1. chiral separation, 2. TFA, DCM, 0 °C to rt; (f) 1. TFA, DCM, 0 °C to rt, 2. chiral separation. a−oIntermediate of compounds 10, 11, 13−
16, 19−24, and 26−28.
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Ethyl 7-((tert-Butoxycarbonyl)(methyl)amino)-5-chloropyrazolo-
[1,5-a]pyrimidine-3-carboxylate (52). To a solution of 51 (2.9 g,
11.39 mmol, 1.0 equiv) in 1,4-dioxane (15 mL) was added N,N-
dimethylaminopyridine (0.138 g, 1.139 mmol, 0.1 equiv) followed by
di-tert-butyl dicarbonate (4.79 g, 22.78 mmol, 2.0 equiv), and the
reaction mixture was stirred at room temperature for 16 h. After
completion of the reaction, the mixture was diluted with water, and the
product was extracted with dichloromethane. The organic layers were
combined, dried over sodium sulfate, and concentrated under reduced
pressure to obtain the crude material. This was further purified by
column chromatography, and the compound was eluted in 10% ethyl
acetate in hexane to obtain 52. (2.9 g, 72%). MS(ES): m/z 355[M +
H]+.

Ethyl 7-((tert-Butoxycarbonyl)(methyl)amino)-5-((3,5-
dimethylphenyl)amino)pyrazolo[1,5-a]pyrimidine-3-carboxylate
(53a). A mixture of 52 (1.0 g, 2.82 mmol, 1.0 equiv) and 3,5-
dimethylaniline (2 mL) was stirred at 80−85 °C for 1.5 h. After
completion of the reaction, the mixture was diluted with water, and the
product was extracted with dichloromethane. The organic layers were
combined, dried over sodium sulfate, and concentrated under reduced
pressure to obtain the crude material. This was further purified by
column chromatography, and the compound was eluted in 20% ethyl
acetate in hexane to obtain 53a (1.0 g, 81%). MS(ES):m/z 440.5 [M +
H]+.

7 - ( ( t e r t - B u t o x y c a r b o n y l ) ( m e t h y l ) a m i n o ) - 5 - ( ( 3 , 5 -
dimethylphenyl)amino)pyrazolo[1,5-a]pyrimidine-3-carboxylic
Acid (Compound 54a). To a solution of 53a (1.0 g, 2.28 mmol, 1.0
equiv), in tetrahydrofuran/methanol/water (15 mL, 1:1:1), was added
lithium hydroxide (0.957 g, 22.8 mmol, 10 equiv). The reaction was
stirred at room temperature for 16 h. After completion of the reaction,
the mixture was concentrated under reduced pressure to obtain residue.
To this residue was added aqueous 1 N hydrochloric acid to adjust pH
∼ 6−6.5 at 10 °C. The product was extracted with dichloromethane.
The organic layers were combined, washed with a brine solution, dried
over sodium sulfate, and concentrated under reduced pressure to obtain
54a (0.8 g, 85%). MS(ES): m/z 412 [M + H]+.

tert-Butyl (3-(Cyclopropylcarbamoyl)-5-((3,5-dimethylphenyl)-
amino)pyrazolo[1,5-a]pyrimidin-7-yl)(methyl)carbamate (Com-
pound 55a). To a solution of 54a (0.110 g, 0.267 mmol, 1.0 equiv)
inN,N-dimethylformamide (2 mL) was added 1-[bis(dimethylamino)-
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate (0.203 g, 0.535 mmol, 2.0 equiv), and the mixture was
stirred at room temperature for 20 min. To this mixture was added

diisopropylethylamine (0.14 mL, 0.801 mmol, 3.0 equiv), followed by
the addition of cyclopropanamine (0.030 g, 0.535 mmol, 2.0 equiv).
The reaction mixture was stirred at room temperature for 1 h. After
completion of the reaction, the mixture was diluted with water, and the
product was extracted with ethyl acetate. The organic layers were
combined, washed with a brine solution, dried over sodium sulfate, and
concentrated under reduced pressure to obtain the crude material. This
was further purified by column chromatography, and the compound
was eluted in 25% ethyl acetate in hexane to obtain 55a (0.070 g, 58%).
MS(ES): m/z 451.5 [M + H]+.

N-Cyclopropyl-5-((3,5-dimethylphenyl)amino)-7-(methylamino)-
pyrazolo[1,5-a]pyrimidine-3-carboxamide (Compound 7). Com-
pound 55a (0.070 g, 0.155 mmol, 1.0 equiv) was dissolved in
dichloromethane (2 mL), and trifluoroacetic acid (0.1 mL) was added
to the reaction mixture. The reaction was stirred at room temperature
for 2 h. After completion of the reaction, the mixture was poured into
water, basified with a saturated bicarbonate solution, and the product
was extracted with ethyl acetate. The organic layers were combined,
dried over sodium sulfate, and concentrated under reduced pressure to
obtain the crude material. This was further purified by trituration with
diethyl ether to obtain pure 7 (0.025 g, 46%). MS(ES):m/z 351.56 [M
+ H]+, LCMS purity: 96.68%, HPLC purity: 96.09%, 1H NMR
(DMSO-d6, 400MHz): 9.32 (s, 1H), 8.14 (s, 1H), 7.97−7.96 (d, J = 3.2
Hz, 1H), 7.86−7.85 (d, J = 5.2 Hz, 1H), 7.14 (s, 2H), 6.73 (s, 1H), 5.50
(s, 1H), 2.91 (s, 3H), 2.77−2.74 (m, 1H), 2.30 (s, 6H), 0.72−0.67 (m,
2H), 0.35 (m, 2H).

Synthesis of Compound 12, as Described in Scheme 1. Ethyl
7-((tert-Butoxycarbonyl)(methyl)amino)-5-((3′-fluoro-2-oxo-2H-
[1,2′-bipyridin]-3-yl)amino)pyrazolo[1,5-a]pyrimidine-3-carboxy-
late (Compound 53d). To a cooled solution of 52 (0.2 g, 0.56 mmol,
1.0 equiv) and 3-amino-3′-fluoro-2H-[1,2′-bipyridin]-2-one (0.114 g,
0.67 mmol, 1.2 equiv) in tetrahydrofuran (4 mL) at 0 °C was added
potassium tert-butoxide (1 M in tetrahydrofuran; 1.12 mL, 1.12 mmol,
2.0 equiv). The reaction was stirred at room temperature for 2 h. After
completion of the reaction, the reaction mixture was transferred into
water, and the product was extracted with ethyl acetate. The organic
layer was combined, dried over sodium sulfate, and concentrated under
reduced pressure to obtain crude material. This was further purified by
column chromatography, and the compound was eluted in 25% ethyl
acetate in hexane to obtain pure 53d (0.120 g, 42%); MS (ES): m/z
524.20 [M + H]+).

5-((3′-Fluoro-2-oxo-2H-[1,2′-bipyridin]-3-yl)amino)-7-
(methylamino)pyrazolo[1,5-a]pyrimidine-3-carboxylic Acid (Com-

Scheme 3. Synthesis of Compounds 17a−18c, 29d, 30a, and 31e−47ua

aReagents and conditions: (a) (trans)-2-aminocyclobutan-1-ol, DMF, HATU, DIPEA, 20 min, rt; (b) 2,6-di-tert butyl-4-Me-pyridine,
(CH3)4(BF4), DCM, rt; (c) R-pyridone-NH2 (61), Pd2(dba)3, Xantphos, Na2CO3 or Cs2CO3, dioxane; (d) 1. chiral separation, 2. TFA, DCM, 0
°C to rt; (e) 1. TFA, DCM, 0 °C to rt, 2. chiral separation. a−u Intermediate of compounds 17a−18c, 29d, 30a, and 31e−47u.
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pound 56d). To a solution of 53d (0.120 g, 0.22 mmol, 1.0 equiv) in
methanol/tetrahydrofuran/water (4 mL, 2:1:1) was added lithium
hydroxide (0.055 g, 2.3 mmol, 10 equiv). The reaction was stirred at 60
°C for 16 h. After completion of the reaction, the reaction mixture was
concentrated under reduced pressure to obtain residue. To this was
added water, followed by hydrochloric acid to adjust pH∼ 1−2, stirred
for 1 h at 10 °C and neutralized by saturated sodium bicarbonate. The
product was extracted with dichloromethane. The organic layer was
combined, washed with brine solution, dried over sodium sulfate, and
concentrated under reduced pressure to obtain crudematerial. This was
further purified by column chromatography, and the compound was
eluted in 2.1%methanol in dichloromethane to obtain pure 56d (0.065
g, 73%); MS (ES): m/z 396.12 [M + H]+).

5-((3′-Fluoro-2-oxo-2H-[1,2′-bipyridin]-3-yl)amino)-N-((1S,2R)-2-
fluorocyclopropyl)-7-(methylamino)pyrazolo[1,5-a]pyrimidine-3-
carboxamide (Compound 12). Compound was synthesized using the
procedure for compound 7 to obtain 12 (0.032 g, 28%); MS (ES):m/z
453.37 [M +H]+; LCMS purity: 95.20%; HPLC purity: 95.01%; Chiral
HPLC: 96.00%; 1H NMR (DMSO-d6, 400 MHz): 9.02 (s, 1H), 8.53−
8.52 (d, J = 4.8 Hz, 1H), 8.30−8.28 (d, J = 8 Hz, 1H), 8.27 (s, 1H),
8.10−8.05 (d, J = 9.2Hz 1H), 7.99−7.98 (d, J = 4.8Hz, 1H), 7.84−7.83
(d, J = 4.4 Hz, 1H), 7.76−7.72 (m, 1H), 7.45−7.43 (d, J = 6.8 Hz, 1H),
6.45−6.41 (t, J = 6.8 Hz, 1H), 6.26 (s, 1H), 4.83−4.81 (m, 1H), 3.18−
3.17 (d, J = 5.2 Hz, 1H), 3.03−3.01 (m, 1H), 2.91−2.90 (d, J = 4.8 Hz,
3H), 1.30−1.21 (m, 1H)).

Synthesis of Compound 11, as Described in Scheme 2. 7-
((tert-Butoxycarbonyl)(methyl)amino)-5-chloropyrazolo[1,5-a]-
pyrimidine-3-carboxylic Acid (57). To a suspension of 52 (20 g, 56.37
mmol, 1.0 equiv) in toluene (200 mL) was added tributyltin oxide
(67.19 g, 112.73 mmol, 2.0 equiv), and the reaction mixture was heated
at 120 °C for 12 h. After completion of the reaction, the reaction
mixture was concentrated under reduced pressure to obtain residue,
which was dissolved in saturated sodium bicarbonate solution and
washed with hexane. The aqueous layer was separated, acidified with 1
N hydrochloric acid to pH∼ 5−6, and extracted with ethyl acetate. The
organic layers were combined, dried over sodium sulfate, and
concentrated under reduced pressure to obtain a solid, which was
triturated with hexane to obtain pure 57 (13.2 g, 72%). 1H NMR
(DMSO-d6, 400 MHz): 12.63 (s, 1H), 8.63 (s, 1H), 7.55 (s, 1H), 3.31
(s, 3H), 1.29 (s, 9H).

tert-Butyl (5-Chloro-3-(((1R,2S)-2-fluorocyclopropyl)carbamoyl)-
pyrazolo[1,5-a]pyrimidin-7-yl)(methyl)carbamate (Compound
58a). To a solution of 57 (10 g, 30.61 mmol, 1.0 equiv) in N,N-
dimethylformamide (300 mL) was added 1-[Bis(dimethylamino)-
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate (15.12 g, 39.79 mmol, 1.3 equiv) and stirred at room
temperature for 15 min. To this was added (1R,2S)-fluorocyclopropyl-
amine tosylate (7.5 g, 30.61 mmol, 1.0 equiv), followed by the addition
of diisopropylethylamine (16mL, 91.83mmol, 3.0 equiv). The reaction
mixture was stirred at room temperature for 5 min. After completion of
the reaction, the reaction mixture was transferred into water, and the
product was extracted with ethyl acetate. The organic layers were
combined, washed with brine solution, dried over sodium sulfate, and
concentrated under reduced pressure to obtain crudematerial. This was
further purified by column chromatography, and the compound was
eluted in 35% ethyl acetate in hexane to obtain 58a (6.0 g, 51%). MS
(ES): m/z 384.8 [M + H]+.

tert-Butyl (5-((3′-Fluoro-2-oxo-2H-[1,2′-bipyridin]-3-yl)amino)-3-
(((1R,2S)-2-fluorocyclopropyl)carbamoyl)pyrazolo[1,5-a]pyrimidin-
7-yl)(methyl)carbamate (Compound 60a). To a solution of 58a (12
g, 31.27mmol, 1.0 equiv) in 1,4-dioxane (110 mL) was added 59 (6.42
g, 31.27mmol, 1.2 equiv) and sodium carbonate (7.2 g, 68.75mmol, 2.0
equiv). The reaction mixture was degassed for 10 min under argon
atmosphere; then, tris(dibenzylideneacetone)dipalladium(0) (1.85 g,
2.03 mmol, 0.05 equiv) and 4,5-bis(diphenylphosphino)-9,9-dimethyl-
xanthene (2.3 g, 4.065 mmol, 0.1 equiv) were added, and the reaction
mixture was again degassed for 5 min. The reaction was stirred at 100
°C for 4 h. After completion of the reaction, the reaction mixture was
cooled to room temperature, transferred into water, and the product
was extracted with ethyl acetate. The organic layers were combined,
washed with brine solution, dried over sodium sulfate, and

concentrated under reduced pressure to obtain crude material. This
was further purified by combi flash using 3% methanol in dichloro-
methane as the eluant to obtain pure 60a (7.4 g, 43%). MS (ES): m/z
553.47 [M + H]+.

N-((1R,2S)-2-Fluorocyclopropyl)-5-((3′-methyl-2-oxo-2H-[1,2′-bi-
pyridin]-3-yl)amino)-7-(methylamino)pyrazolo[1,5-a]pyrimidine-3-
carboxamide (Compound 11). Compound 60a (7.4 g, 13 mmol, 1.0
equiv) was dissolved in dichloromethane (2 mL), and trifluoroacetic
acid (50 mL) was added to the reaction mixture. The reaction was
stirred at room temperature for 1 h. After completion of the reaction,
the reaction mixture was transferred into saturated bicarbonate
solution, and the product was extracted with dichloromethane. The
organic layers were combined, dried over sodium sulfate, and
concentrated under reduced pressure to obtain crude material. This
was further purified by trituration with diethyl ether to obtain pure 11
(5.25 g, 91%). MS (ES): m/z 453.40 [M + H]+, LCMS purity: 100%,
HPLC purity: 96.64%, Chiral HPLC: 99.34%,1H NMR (DMSO-d6,
400 MHz): 9.02 (s, 1H), 8.52−8.51 (d, J = 4.4 Hz, 1H), 8.30−8.27 (m,
2H), 8.09−8.05 (t, J = 8.8 Hz, 1H), 7.99−7.98 (d, J = 4.8 Hz, 1H),
7.84−7.83 (d, J = 4.4 Hz, 1H), 7.75−7.71 (m, 1H), 7.44−7.43 (d, J =
5.6 Hz, 1H), 6.45−6.41 (t, J = 7.2 Hz, 1H), 6.25 (s, 1H), 5.01−4.83 (m,
1H), 3.03−3.00 (m, 1H), 2.91−2.90 (d, J = 4.8 Hz, 3H), 1.28−1.22 (m,
1H), 0.96−0.87 (m, 1H).

Synthesis of Compound 30 according to Scheme 3. Synthesis
of Enantiomers of 58h−i. Compound was synthesized using the
general procedure of compound 58a to obtain isomers 58h−i. (0.600 g,
58%); MS (ES): m/z 410.16 [M + H]+).

Synthesis of Enantiomers 61. To a solution of 58h−i (1.0 g, 2.52
mmol, 1 equiv) in dichloromethane (20 mL), triethyloxonium
tetrafluoroborate (0.957 g, 5.04 mmol, 2.0 equiv) and 2,6-di-tert-
butyl-4-methylpyridine (1.54 g, 7.56 mmol, 3.0 equiv) was added. The
reaction mixture was stirred at room temperature for 4 h. After
completion of the reaction, the reaction mixture was transferred to ice-
cold water, and the product was extracted with ethyl acetate. The
organic layers were combined, washed with brine solution, dried over
sodium sulfate, and concentrated under reduced pressure to obtain
crude material. This was further purified by 5% methanol in
dichloromethane to obtain enantiomers 61 (0.600 g, 58%). MS (ES):
m/z 410.16 [M + H]+.

General Synthesis of R-Amino-Pyridones (62a−t). Compound
62b (R = 2-Pyridine).To a solution of 3-aminopyridin-2(1H)-one (2 g,
18.18 mmol, 1.0 equiv) in 1, 4-dioxane (40 mL) and 2-bromopyridine
(7.2 g, 45.45 mmol, 2.5 equiv) were added. The reaction mixture was
degassed for 10 min under an argon atmosphere, followed by the
addition of potassium carbonate (7.5 g, 54.54 mmol, 3.0 equiv), N,N-
dimethylethylenediamine (0.640 g, 7.27 mmol, 0.4 equiv), and copper
iodide (0.692 g, 3.636 mmol, 0.2 equiv). The reaction mixture was
heated at 110 °C for 12 h. After completion of the reaction, the reaction
mixture was transferred to ice-cold water, and the product was extracted
with ethyl acetate. The organic layers were combined, washed with
brine solution, dried over sodium sulfate, and concentrated under
reduced pressure to obtain crude material. This was further purified
with 3% methanol in dichloromethane to obtain 62b (2 g, 59%). MS
(ES): m/z 188.20 [M + H]+.

Compound 63b. The compound was synthesized as above from
compound 60a to obtain 63b. (0.125 g, 61%), MS (ES): 561.25 [M +
H]+.

Compounds 30 and ent-30. Compounds were synthesized using
the general procedure of compound 11 to obtain a deprotected racemic
mixture of 30 and ent-30 (0.105 g, 97%), MS (ES): m/z 461.40 [M +
H]+, LCMS purity: 98.84%, HPLC purity: 93.86%, Chiral HPLC:
47.78%, 51.75%, 1H NMR (DMSO-d6, 400 MHz): 9.06 (s, 1H), 8.66
(br s, 1H), 8.36−8.34 (d, J = 7.2 Hz, 1H), 8.22 (s, 1H), 8.12−8.07 (m,
1H), 8.05−8.04 (d, J = 1.6 Hz, 1H), 7.99−7.97 (d, J = 5.2 Hz, 1H),
7.88−7.86 (d, J = 8 Hz, 1H), 7.64−7.62 (d, J = 7.2 Hz, 1H), 7.57−7.54
(m, 1H), 6.47−6.44 (t, J = 7.2 Hz, 1H), 6.24 (s, 1H), 4.36−4.29 (m,
1H), 3.77−3.71 (m, 1H), 3.22 (s, 3H), 2.92−2.91 (d, J = 4.8 Hz, 3H),
2.18−2.06 (m, 2H), 1.56−1.49 (m, 1H), 1.46−1.39 (m, 1H).

Compound 30: N-((1R,2R)-2-methoxycyclobutyl)-7-(methylami-
no)-5-((2-oxo-2H-[1,2′-bipyridin]-3-yl)amino)pyrazolo[1,5-a]-
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pyrimidine-3-carboxamide, N-((1S,2S)-2-Methoxycyclobutyl)-7-
(methylamino)-5-((2-oxo-2H-[1,2′-bipyridin]-3-yl)amino)pyrazolo-
[1,5-a]pyrimidine-3-carboxamide (ent-30). Isomers of 30 and ent-30
(0.105 g) were separated into their pure enantiomers using chiral
chromatography (CHIRAL PAK AD-H 250 × 4.6 mm, 5u) with 0.1%
DEA_MEOH (70−30) to get pure fraction-a (FR-a) and fraction-b
(FR-b). FR-a was concentrated under reduced pressure at 30 °C to
afford pure FR-a as compound 30 (0.025 g). The absolute
stereochemistry of compound 30 was assigned to be R,R based on
the small molecule X-ray crystal structure and X-ray co-crystal structure
of 30 with TYK2. MS(ES): m/z 461.42 [M + H]+, LCMS purity:
99.70%, HPLC purity: 99.53%, CHIRAL HPLC purity: 100%, 1H
NMR (DMSO-d6, 400 MHz): 9.05 (s, 1H), 8.27 (s, 1H), 8.37−8.35
(m, 2H), 8.23 (s, 1H), 8.12−8.05 (m, 1H), 7.97 (s, 1H), 7.88−7.87 (d,
J = 8.0 Hz, 1H), 7.65−7.63 (d, J = 6.0 Hz, 1H), 7.58−7.56 (m, 1H),
6.48−6.45 (t, J = 6.8 Hz, 1H), 6.25 (s, 1H), 4.37−4.33 (m, 1H), 3.76−
3.74 (d, J = 7.6 Hz, 1H), 3.23 (s, 3H), 2.93 (s, 3H), 2.82−2.79 (m, 2H),
2.16−2.08 (m, 2H).
FR-b was concentrated under reduced pressure at 30 °C to afford

pure FR-b as compound ent-30 (0.026 g). MS(ES): m/z 461.57 [M +
H]+, LCMS purity: 95.64%, HPLC purity: 95.06%, CHIRAL HPLC
purity: 98.21%, 1H NMR (DMSO-d6, 400 MHz): 8.66−8.65 (d, J = 3.6
Hz, 1H), 8.38 (s, 1H), 8.34−8.32 (d, J = 5.6 Hz, 1H), 8.22 (s, 1H),
8.15−8.12 (d, J = 9.2Hz, 1H), 8.08−8.04 (t, J = 8.0Hz, 1H), 7.85−7.83
(d, J = 8.0 Hz, 1H), 7.63−7.61 (d, J = 7.2 Hz, 1H), 7.57−7.54 (m, 1H),
6.48−6.45 (t, J = 7.2 Hz, 1H), 6.19 (s, 1H), 4.35−4.31 (m, 1H), 3.76−
3.71 (m, 2H), 3.21 (s, 3H), 2.92 (s, 3H), 2.82−2.79 (m, 2H), 2.17−
2.06 (m, 2H).
The compound 30 spray-dry dispersion (SDD) process parameters

and characterization are provided in Figure 16.
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perturbation; hERG, human ether a go−go; IBD, inflammatory
bowel disease; IFNα, interferon α; IFNγ, interferon γ; IVIVE, in
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homology 1; JH2, Janus homology 2; LoF, loss-of-function;
MAE, mean absolute error; PBMC, peripheral blood mono-
nuclear cell; PBPK, physiologically based pharmacokinetics; PD,
pharmacodynamics; PK, pharmacokinetics; PPB, plasma
protein binding; PXR, pregnane X receptor; QD, once daily;
SAR, structure−activity relationships; SBDD, structure-based
drug discovery; SDD, spray dry dispersion; SNP, single
nucleotide polymorphism; TYK2, tyrosine kinase 2; VS, virtual
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■ NOTE ADDED AFTER ASAP PUBLICATION
After this paper was published ASAP July 10, 2023, corrections
were made to the abstract graphic and Table 5. The corrected
version was reposted July 10, 2023. A correction was also made
to Figure 13B, and the corrected version reposted July 20, 2023.
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