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A therapeutic rationale is proposed for the treatment of inflammatory diseases, such as psoriasis and
inflammatory bowel diseases (IBD), by selective targeting of TYK2. Hit triage, following a high-
throughput screen for TYK2 inhibitors, revealed pyridine 1 as a promising starting point for lead iden-
tification. Initial expansion of 3 separate regions of the molecule led to eventual identification of
cyclopropyl amide 46, a potent lead analog with good kinase selectivity, physicochemical properties, and
pharmacokinetic profile. Analysis of the binding modes of the series in TYK2 and JAK2 crystal structures
revealed key interactions leading to good TYK2 potency and design options for future optimization of
selectivity.
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1. Introduction

1.1. TYK2 target biology

The Janus kinases (JAKs) are a family of four protein tyrosine
kinases that associate with the intracellular domains of a wide
range of cytokine and growth factor receptors that mediate
inflammation and hematopoiesis [1]. Each of the four Janus kinases
(JAK1, JAK2, JAK3, and TYK2) associates with a distinct set of re-
ceptors and induces intracellular signaling upon ligand binding by
phosphorylating the receptor intracellular domains to generate
docking sites for signal transducers and activators of transcription
(STAT) proteins. STAT proteins are subsequently phosphorylated by
the JAKs, form homodimers and heterodimers, and mediate gene
transcription upon translocation to the cell nucleus.

The JAK family kinase TYK2 associates with several cytokine
receptors, including those of the IL-12/IL-23 family, the IL-6 family,
the IL-10 family, and the type I IFN family [1b,c,2]. Studies of TYK2-
deficient mice [3] and a human patient lacking TYK2 protein [4]
indicate that TYK2 protein is essential for the signaling of IL-12
and IL-23, which are associated with T helper type 1 (Th1) and T
helper type 17 (Th17) inflammation, respectively [5]. IL-12 and IL-
23 are heterodimeric proteins consisting of a common p40 sub-
unit and a specific subunit of p35 for IL-12 and p19 for IL-23 (Fig. 1).
The IL-12 and IL-23 receptors are heterodimeric receptors that
share a common IL-12Rb1 chain that pairs with either the IL-12Rb2
chain for IL-12 [6] or the IL-23R for IL-23 [7]. The p40 subunit of IL-
12 and IL-23 binds to IL-12Rb1, whose intracellular domain asso-
ciates with TYK2; whereas the p35 and p19 subunits of IL-12 and IL-
23 bind to IL-12Rb2 and IL-23R respectively, whose intracellular
domains associate with JAK2. In response to stimulation with IL-12
or IL-23, the TYK2 and JAK2 enzymes phosphorylate the intracel-
lular domains of the cytokine receptors, which in turn serve as
docking sites for STAT proteins [8]. Subsequently, the TYK2 and
JAK2 enzymes phosphorylate the STAT proteins, which then
translocate into the nucleus where they regulate gene expression
and transcription [1b,9]. Specifically, in the case of the IL-12
pathway, phosphorylation of STAT4 leads to expression of IFNg
[10] while in the IL-23 pathway, phosphorylation of STAT3 leads to
increased IL-17 levels [7,11].

Th1 and Th17 immune responses and the IL-12/IL-23 pathways
have been implicated in the pathogenesis of psoriasis and the in-
flammatory bowel diseases (IBD; Crohn’s disease and ulcerative
colitis), which are chronic inflammatory disorders of the skin
(psoriasis) and gastrointestinal tract and colon (IBD) [12]. There is a
strong genetic association of the IL-12 and IL-23 pathways with
psoriasis and IBD [13] and substantial evidence for Th1 and Th17
inflammation in the skin and gut of patients with active disease
Fig. 1. Cytokines IL-12, IL-23, EPO,
[14]. Neutralization or genetic deficiency of IL-12 and IL-23 is effi-
cacious in mouse models of psoriasis and IBD [15]. Moreover, an-
tibodies against the p40 subunit of IL-12 and IL-23 are highly
efficacious and approved for the treatment of psoriasis, and have
shown efficacy in clinical studies in Crohn’s disease [16]. Thus, in-
hibition of TYK2 kinase activity may be an effective therapeutic
strategy for the treatment of psoriasis and IBD.

Therapies for psoriasis and IBDs must be safe. Therefore, in-
hibitors of TYK2 must have some degree of selectivity against JAK1,
JAK2, and JAK3. JAK1 and JAK3 mediate the signaling of multiple
receptors of the immune system. Deficiency of JAK1 results in
perinatal lethality in mice with significant impairments in lym-
phopoiesis [17], whereas deficiency of JAK3 results in severe com-
bined immunodeficiency in both mice and humans [18]. Although
complete inhibition of the kinase activity of JAK1 and JAK3 is likely
to be too broadly immunosuppressive, partial inhibition is tolerated
in humans and is in fact efficacious for the treatment of rheumatoid
arthritis and psoriasis [19]. Furthermore, it was recently reported
that inhibition of JAK3 is not sufficient in blocking effects of
immunologically relevant gc cytokines and that JAK1 is the domi-
nant kinase [20]. JAK2 is important for the signaling of several he-
matopoietic growth factors, including the erythropoietin receptor
that is responsible for the generation of red blood cells. Deficiency of
JAK2 results in embryonic lethality in mice due to defective eryth-
ropoiesis [21], and therefore complete inhibition of the kinase ac-
tivity of JAK2 will lead to anemia and other unacceptable effects on
hematopoietic cells. On the basis of such safety considerations, we
set forth to identify a TYK2 selective chemical series. In order to
precisely measure TYK2 potency and JAK1- and JAK2-selectivity at
both the enzyme and cell level, we had established biochemical and
cell-based assays and determined that in cells, the predominant
driver of IL-12, IL-6, and EPO pathway was TYK2, JAK1, and JAK2,
respectively [22]. At the outset of the project, we were uncertain
what the optimal level of JAK-family selectivity would be. We
initially set a target of at least 10-fold in cell-based assays with the
goal of obtaining compounds with a range of selectivity profiles that
we could use to answer this important question.

1.2. Lead matter and chemical plan

A survey of the literature at the time we started the project
revealed no TYK2 selective molecules, but there were a number of
pan-JAK inhibitors [23] that would serve as control compounds as
we identified new chemical matter. In order to identify potential
chemistry starting points for a TYK2 small molecule inhibitor
program, a high throughput screen (HTS) of the Genentech
corporate collection was performed using an ATP-consumption
assay [24]. Over 5000 primary hits [25] were identified and, after
and IL-6 signaling pathways.



Fig. 2. Structure and properties of screening hit pyridine 1.
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clustering and a visual inspection of the hits, TYK2 IC50’s, along
with JAK1, 2 and 3 IC50’s, were obtained on approximately 900 hits.
To triage these 900 hits, chemical series and singletons were
prioritized based on their potency, ligand efficiency, physico-
chemical properties, JAK kinase selectivity and general kinase
selectivity. In choosing chemical series for initial hit expansion,
priority was given to chemical series with good properties in all
categories while compounds with poor data in multiple categories
were set aside. In cases where a scaffold had a significant liability,
but otherwise an attractive profile, the initial chemical plan, while
establishing SAR, was designed to determine if the liability was
addressable. Other properties, such as chemical tractability,
possible binding modes, and novelty were considered, but more so
factored into the initial chemical plan that was undertaken for hit
expansion.

One hit that was of high interest to us was pyridine 1 (Fig. 2).
This small, lead-like compound had very good potency (TYK2
Ki ¼ 0.23 mM) for its size and thus excellent ligand efficiency
(LE ¼ 0.55) [26]. Physicochemical property space was generally
good for a lead molecule [27], leaving ample opportunity to grow
the molecule or install certain functional groups as we optimized
potency. One concern with the physicochemical properties was the
cLogP of 2.9. While this value in and of itself was not alarming, we
recognized that we would not want the logP to climb much higher
during optimization. The dichlorophenyl moiety of the molecule
was the major contributor to the lipophilicity and we wanted to
find less lipophilic alternatives early in the scaffold expansion.
Pyridine 1 had been screened previously 13 times against other
targets, including 9 other kinase targets and had only been iden-
tified as a hit once before. The compound was also a weak hit in a
JAK2 HTS and during the TYK2 hit confirmation process, pyridine 1
was determined to have a 5-fold preference for TYK2 over closely-
related JAK2, a 9-fold preference over JAK1, and greater than 20-
fold selectivity over JAK3 [28,29]. This modest, but discernible
selectivity over the other JAK kinases, was a key attribute that led to
the selection of pyridine 1 for hit expansion. After resynthesis of the
Fig. 3. Initial binding hypothesis of pyridine 1
hit we tested it against a panel of 50 kinases at 1 mM [30] and found
no other kinases with greater than 50% inhibition. Additionally,
DMPK-related properties and thermodynamic solubility were very
promising for this lead-like molecule.

At the time we began hit expansion of pyridine 1, we did not
have a crystal structure of compounds related to this scaffold bound
toTYK2.We assumed that pyridine 1was interacting with the TYK2
protein in the ATP binding pocket and determined that the hit was
indeed competitive with ATP by doing the appropriate kinetic ex-
periments [31]. For the docking of compound 1 (Fig. 3), we built a
TYK2 homology model using a co-crystal structure of a literature
pan-JAK inhibitor [28], whose structure on its ownwas very flat and
had little three-dimensionality (see Supplemental data for details).
The modeling predicted hydrogen bonding of the pyridine nitrogen
to the backbone NH of Val981 in the hinge region. The dichlor-
ophenyl group, which was connected to the core pyridine via an
amide linker, was believed to extend back toward the P-loop. Even
though the docked ligand was strained, we believed the general
binding mode was correct, and small changes in the protein would
relieve the ligand strain by allowing the 2,6-dichlorophenyl to be
more orthogonal to the pyridine-amide moiety.

Our initial chemical planwas designed to understand the SAR of
three different areas of the molecule. One area was the aforemen-
tioned lipophilic dichlorophenyl ring, where we intended to
determine if alternate, less lipophilic substitutions were tolerated.
We also planned to investigate whether the amide provided the
best spatial and electronic linkage of the pyridine to the dichlor-
ophenyl group. Lastly, we wanted to investigate the hinge binding
pyridine and determinewhether installation of an H-bond donor at
the 2-position of the pyridine, thus creating an additional hinge
interaction, would lead to a significant increase in potency. Based
on modeling, there did not appear to be enough room to install an
H-bond donor, other than perhaps eNH2, toward the gatekeeper
residue Met978 to interact with the backbone carbonyl of Glu979.
Instead, it seemed more likely that a hydrogen bond donor would
form an interaction with the backbone carbonyl of Val981, and
extended functional groups linked with this H-bond donor would
orient toward the solvent-exposed region.

2. Structure activity relationships

2.1. Dichlorophenyl region

While straightforward to investigate from a synthetic perspec-
tive, it proved difficult to identify less lipophilic substitutions than
the 2,6-dichloro pattern on the phenyl ring while maintaining
potency. A distinct preference for a 2,6-dihalo pattern (compounds
1, 6, 7) found in the original hit was clear after analysis of the initial
SAR (Table 1). Removal of both chlorine atoms (compound 2)
reduced activity by 10-fold while the analog with a single chlorine
atom (compound 3) was 5-fold less potent than the lead. Replacing
the chlorine of compound 3 with a methyl (compound 4), or
and 3 regions for early scaffold expansion.



Table 1
Variation of dichlorophenyl ring.

Ex R1 R2 TYK2 Ki (mM)a JAK1 Ki (mM)a JAK2 Ki (mM)a

1 Cl 6-Cl 0.23 2.2 1.2
2 H 6-H 3.1 >3.5 3.2
3 Cl 6-H 1.1 >3.5 1.7
4 CH3 6-H 2.4 >3.5 >3.5
5 CF3 6-H >3.5 >3.5 >3.5
6 Cl 6-F 0.23 1.7 2.0
7 F 6-F 0.54 3.1 2.8
8 Cl 6-CH3 2.8 >3.5 >3.5
9 Cl 6-NH2 >3.5 1.7 >3.5
10 Cl 6-CF3 1.9 >3.5 >3.5
11 Cl 3-Cl >3.5 >3.5 3.2
12 Cl 3-NH2 >3.5 >3.5 >3.5
13 Cl 3-OCH3 >3.5 >3.5 3.2
14 Cl 5-Cl 0.79 2.1 1.7
15 Cl 5-CF3 0.90 2.0 1.8
16 Cl 5-OCH3 2.8 >3.5 >3.5
17 Cl 4-Cl 1.2 4.6 3.0
18 Cl 4-CF3 >3.5 >3.5 >3.5
19 Cl 4-NH2 0.38 >3.5 3.2
20 Cl 4-OCH3 3.2 >3.5 3.1

a Biochemical assays. Arithmetic mean of at least 3 separate determinations
(n � 3). On average, the coefficients of variation were less than 0.3 times the mean
for these assays.

Fig. 4. Model of 19 interacting with the backbone carbonyl of Glu905 at the tip of P-
loop.
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trifluoromethyl (compound 5) reduced activity. Setting chlorine as
the preferred substitution at the 2-position, we investigated
different substitutions around the phenyl ring. At the 6-position,
introduction of a methyl, amino, or trifluoromethyl group (com-
pounds 8e10) was not as good as the 2,6-dichloro lead. Substitution
at the 3-position was not beneficial (compounds 11e13), but at the
5-position a chlorine substitution (compound 14) and tri-
fluoromethyl group (compound 15) were well-tolerated with
comparable or even slightly better potency than the unsubstituted
comparator, compound 3. Nevertheless, they were not more potent
than the leadmolecule, and did not accomplish the goal of reducing
lipophilicity. Along these lines, the most promising vector on this
ring was the 4-position, where an amino substitution (compound
19) afforded good potency (TYK2 Ki ¼ 0.38 mM) and was over a full
log unit less lipophilic (cLogP ¼ 1.6) than the 2,6-dichloro lead.
Modeling, using the same homologymodel employed to predict the
binding mode of compound 1 (Fig. 3), indicated that the phenyl
group of compound 19 may be sitting under the tip of the P-loop
with the 4-amino substitution pointed toward a polar region and
specifically interacting with the backbone carbonyl of Glu905
(Fig. 4). While the aniline has potential liabilities, this result did
encourage us to further explore this vector with other polar sub-
stituents during the lead optimization of this series. There was no
notable improvement in JAK1 and JAK2 selectivity for the com-
pounds in Table 1, but given the small modifications that were
being made, this was perhaps not surprising.
2.2. Amide replacements

The second area of themolecule that we exploredwas the amide
linker between the hinge-binding pyridine and the lipophilic
dichlorophenyl ring (Table 2). The reverse amide (compound 21)
was only 5-fold less potent than the lead molecule indicating that
there was some tolerance for altering the electronic nature of the
linker. Conversely, the sulfonamide (compound 22), reduced amide
(compound 23) and N-methyl amide (compound 24) analogs were
less active, indicating that the steric requirements were more sig-
nificant in this region. Similarly, inserting a one atom extension into
the linker (compound 25) or installing heteroaromatic linkers
(compounds 26e28) were not acceptable substitutions for the
amide. Based on this initial assessment, we continued to use the
amide that was present in the HTS hit for further lead identification
efforts.
2.3. Addition of hydrogen bond donor to hinge binding region

As anticipated, modifications to the pyridine ring, particularly
installation of a hydrogen bond donor at the 2-position, had a more
positive effect on TYK2 potency compared to changes to other re-
gions of the molecule. Interestingly, two of the first analogs made,
the unsubstituted 2-amino analog (compound 29) and closely
related N-methyl compound (analog 30) were less potent than the
parent analog lacking the hydrogen bond donor. In both cases, the
decreased potency is likely due to increased basicity of the pyridine
nitrogenwhen the hydrogen bond donor was added. The calculated
pKa [32] for the conjugate acid of the pyridine nitrogen in com-
pound 1 is 5.8. Conversely, when the pyridine is substituted with a
2-NH2 (compound 29) or a 2-NHCH3 (compound 30), the calculated
pKa’s for the conjugate acids of the pyridine nitrogen are 7.1 and 7.0,
respectively. This indicates that a significant portion of these more
basic pyridines may be protonated under the assay conditions
(pH ¼ 7.2), and this would result in weaker binding. When an
NH-acetyl group was installed (compound 31), the calculated pKa
for the conjugate acid of the pyridine nitrogen was 5.3, and in this
case we observed a 15-fold improvement in TYK2 potency
(Ki¼ 0.096 mM) compared to the N-methyl analog 30 (Ki ¼ 1.5 mM).
The conjugate acid of the pyridine nitrogen of sulfonamide 32 has a
favorable calculated pKa of 4.3, but this substitution was not
tolerated in TYK2, presumably due to steric congestion of the
bulkier sulfonamide in the hinge region. A number of very potent
analogs (34, 36e38) were obtained when different 6-membered
heteroaromatics were added to the hydrogen bond donor. It is
interesting to compare NH-4-pyrimdine 37 (TYK2 Ki ¼ 0.0048 mM)



Table 2
Amide bond modifications.

Ex XeY TYK2 Ki (mM)a JAK1 Ki (mM)a JAK2 Ki (mM)a

1 0.23 2.2 1.2

21 1.1 >3.5 >3.5

22 >3.5 >3.5 >3.5

23 >3.5 >3.5 >3.5

24 >3.5 >3.5 >3.5

25 >3.5 >3.5 >3.5

26 >3.5 >3.5 >3.5

27 >3.5 >3.5 1.4

28 >3.5 >3.5 2.0

a Biochemical assays. Arithmetic mean of at least 3 separate determinations
(n � 3). On average, the coefficients of variation were less than 0.3 times the mean
for these assays.

Fig. 5. Modeled binding mode for compound 37.
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to the NH-2-pyrimidine 35 (TYK2 Ki ¼ 1.6 mM). The modeled
binding mode of compound 37 (Fig. 5) places a favorable CeH in
proximity to the backbone carbonyls of Val981 and P982 in the
hinge region. Conversely, compound 35 is forced to place and un-
favorable hydrogen bond accepting nitrogen in this region, thus
explaining the 300-fold difference in potency of these compounds.
It is also noteworthy to compare pyrimidine 37 to NH-phenyl
analog 33 (TYK2 Ki ¼ 0.14 mM). In this case, the 27-fold difference
in potency can be attributed to N(3) of the pyrimidine in 37 elim-
inating a steric clash with the pyridine C(3)eH, that would be
present with analog 33. Avoiding this steric clash allows the rings of
analog 37 to sit co-planar to one another and achieve a good fit in
the binding pocket (Fig. 5). Compound 37 was the most potent
analog that we obtained in the initial expansion of the HTS hit but
suffered from extremely high clearance in a rat PK study. An initial
survey of 5-membered heterocycles, such as pyrazole 39, was also
undertaken but no significant benefit in terms of selectivity or
clearance was obtained. Other functional groups were also inves-
tigated in our initial exploration of the hinge region. Inclusion of
the hinge-binding pyridine in a bicyclic 7-azaindole bidentate
hinge binder (compound 40) was alsowell-tolerated, but use of this
well-studied group [33] did not reveal any clear advantage to the
other hinge binder options and was not investigated further. Pyr-
idone 41 was equipotent (TYK2 Ki ¼ 0.23 mM) to unsubstituted
pyridine 1, but this new analog was also 4-fold more potent against
JAK2 (Ki ¼ 0.060 mM). This compound was co-crystallized with the
JH1 kinase domains of both TYK2 and JAK2 (Fig. 6) [34]. These
crystal structures revealed that the interactions of the pyridone
core were optimal with the hinge residues of JAK2, whereas such
interactions were less optimal in the case of TYK2, due to a shift of
the core away from the deep pocket. For example, the hydrogen
bond donating pyridone nitrogen sat an ideal 2.8 Å away from the
backbone carbonyl of GLU930 in JAK2, whereas the pyridone ni-
trogen sat 3.4 Å away from the backbone carbonyl of GLU979 in
TYK2. With the shift away from the back pocket in TYK2, the
hydrogen bond accepting pyridone oxygen is positioned closer to
the backbone carbonyl of VAL981 than it is to backbone NH (3.1 vs.
3.4 Å), indicating the suboptimal positioning of the pyridone in
TYK2. This shift may be due to different conformations between
TYK2 and JAK2’s gatekeeper methionine residues (MET978 and
MET929, respectively). However, this residue is known to be flex-
ible in both proteins as well as in other kinases with methionine
gatekeepers, and specific causes of its differential conformation and
flexibility is unknown.

2.4. NH-acetyl variation

In surveying all of these hinge binder modifications we felt that
NH-acetyl 31 presented a unique opportunity in terms of ligand



Table 3
Hinge binder modifications.

Ex R TYK2 Ki (mM)a JAK1 Ki (mM)a JAK2 Ki (mM)a

1 H 0.23 2.2 1.2
29 NH2 0.93 >3.5 2.9
30 NHCH3 1.5 >3.5
31 NHC(O)CH3 0.096 2.9 0.31
32 NHS(O)2CH3 >3.5 >3.5 >3.5
33 NH-phenyl 0.14 >3.5 0.86

34 0.029 1.0 0.13

35 1.2 >3.5 2.5

36 0.014 0.49 0.055

37 0.0049 0.20 0.020

38 0.010 1.0 0.063

Fig. 6. Co-crystal structures of compound 41 with JAK2 (ligand in green, protein in
blue) and with TYK2 (ligand in orange, protein in salmon). Selected distances between
core atoms and hinge are shown, as well as names and numbers of relevant residues
(TYK2 in deep orange, JAK2 in deep blue). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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efficiency (0.47) and physicochemical properties, and a more
detailed investigation of NH-carbonyl substitutions was under-
taken (Table 4). While an ethyl group (compound 42) was well-
tolerated, branched acyclic alkyls such as isopropyl and t-butyl
(compounds 43 and 44) were not favored. In contrast to the iso-
propyl substitution though, small cycloalkyls (compounds 46e48)
were favored, with cyclopropyl analog 46 being 19-fold more
potent than methyl analog 31. When heteroatoms were introduced
into these small alkyl groups (compounds 50e53), in an attempt to
lower cLogP, a sharp drop-off in potency was observed. In addition
to exploring different amides, we also investigated whether the
amide functional group itself could be modified to related func-
tional groups such as ureas and carbamates. These changes were
indeed tolerated, as exemplified by the urea 54 and carbamate 55,
and provided another avenue for future lead optimization.
39 0.019 0.36 0.035

40b 0.10 1.1 0.23

41c OH 0.24 0.10 0.060

a Biochemical assays. Arithmetic mean of at least 3 separate determinations
(n � 3). On average, the coefficients of variation were less than 0.3 times the mean
for these assays.

b 5-Member ring fused to pyridine to form 7-azaindole hinge binder.
c Compound 41 adopts the pyridone tautomer.
3. Synthesis

One obvious benefit of this lead scaffold was the straightforward
synthesis of analogs. Exploration of the first area of interest e the
dichlorophenyl ring e was easily accomplished through simple
amide bond formation of 4-aminopyridine and a number of
substituted benzoyl chlorides. Synthesis of HTS hit 1 is shown in
Scheme 1, and specific conditions can be found in the Experimental
section of the paper, while spectral data for compounds 2e20 can
be found in the Supplemental information. In a similar fashion,
analogs 21 and 25 (Table 2) were made by the appropriate coupling
of an amine and an acid chloride (Supplemental data) while com-
pound 22 was made by coupling 4-aminopyridine with 2,6-
dichlorobenzene-1-sulfonyl chloride. Compound 23 was made by
C]O reduction of the amide found in compound 1 using boron
dimethyl sulfide complex, while compound 24 was made through
N-methylation of compound 1 with sodium hydride and methyl
iodide.

Compounds 26e28 (Table 2), where the linker amide was
replaced by an isosteric heteroaromatic ring were made as shown
in Scheme 2. Regioisomeric imidazoles 26 and 27 were
easily formed in 1 step reactions by coupling of the appropriate
amidine and bromomethyl ketone. Thus, compound 26 was
made by coupling isonicotinimidamide with 2-bromo-1-(2,6-
dichlorophenyl)ethanone, while analog 27 was synthesized
through reaction of 2,6-dichlorobenenzenecarboximidamide and
2-bromo-1-(4-pyridinyl)ethanone. Compound 28 was made in a
two-step route by first reacting 2,6-dichlorobenzoyl chloride with
hydrazine, and then coupling the resulting hydrazide to 4-pyridine
carbonitrile to afford the desired triazole 28.



Table 4
N-Acetyl variation.

Ex R TYK2 Ki (mM)a JAK1 Ki (mM)a JAK2 Ki (mM)a

31 CH3 0.096 2.9 0.31
42 CH2CH3 0.064 2.4 0.25
43 CH(CH3)2 0.84 >3.5 >3.5
44 C(CH3)3 >3.5 >3.5 >3.5
45 CH2ecyclopropyl 0.094 >3.5 0.38
46 Cyclopropyl 0.0048 0.084 0.028
47 Cyclobutyl 0.074 1.5 0.51
48 Cyclopentyl 0.24 >3.5 2.4
49 Phenyl 2 >3.5 2.7
50 CH2OH 0.25 >3.5 1.4
51 CH2NH2 1.2 >3.5 2.4

52 >3.5 >3.5 >3.5

53 1.5 >3.5 1.3

54 NHCH2CH3 0.018 0.43 0.070
55 OCH3 0.17 2.6 0.61

a Biochemical assays. Arithmetic mean of at least 3 separate determinations
(n � 3). On average, the coefficients of variation were less than 0.3 times the mean
for these assays.
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Synthesis of many of the analogs that probed addition of a
second hinge binder (Tables 3 and 4) made use of bromopyridine
intermediate 56 (Scheme 3) and aminopyridine 29. Bromopyridine
56 itself was made by coupling 4-amino-2-bromopyridine to 2,6-
dichlorobenzoyl chloride in the same way that compound 1 was
made. Aminopyridine 29 could be made by either direct displace-
ment of the bromide with ammonia under forcing conditions [35],
or by reacting with lithium hexamethyldisilazide under Hartwig
conditions [36], followed by acidic work-up. Buchwald coupling
from bromide 56was used to make NH-aryl and heteroaryl analogs
33e39, as specifically exemplified for aminopyrimidine 37. Amides
N

NH2
i.

Cl Cl
SHN

N

O

O

22

ii.

a
Reagents and conditions: (i) 2,6-dichlorob

(ii) 2,6-dichlorobenzene-1-sulfonyl chlorid

(iii) BH
3
-SMe

2
, THF, 44%; (iv) NaH, DM

were made by analogous procedure to com
and acid chloride.    

Scheme 1. Synthesis
31, and 42e53 were made from amine 29 by reacting with the
appropriate acid chloride, as exemplified for cyclopropyl amide 46
or through other standard amide bond forming reaction [37]. Other
analogs found in Tables 3 and 4 such as sulfonamide 32, pyridone
41, and urea 54, were made using standard transformations similar
to the ones discussed above and synthetic details can be found in
the Supplemental material.

4. Lead compound properties

4.1. In vitro pharmacology

From all of the SAR generated in this initial survey of HTS hit
pyridine 1, cyclopropyl amide 46 clearly stood out and was profiled
more extensively (Table 5). With a TYK2 Ki of 4.8 nM, its ligand
efficiency (0.51) was comparable to the screening hit, and logD and
solubility were still in acceptable range. In terms of biochemical
selectivity, cyclopropyl amide 46 is 17-fold more potent at TYK2
than JAK1 and 6-fold more potent at TYK2 than JAK2 [28,38]. This
level of selectivity is slightly better than the HTS hit 1, andwhile the
selectivity is admittedly subtle, the scaffold preferentially binds to
TYK2 compared to other JAK kinases. Given the high homology of
the JAK ATP binding sites, this was an important finding onwhich to
build during lead optimization. To assess broader kinase selectivity,
compound 46 was tested in a panel of 185 different kinases at a
single point concentration of 500 nM (100� the TYK2 Ki) at Invi-
trogen. Only 7 other kinases (besides TYK2, JAK1 and JAK2) had
>70% inhibition at this concentration, and after Ki determination,
only CDK9 (111 nM) had a selectivity ratio of less than 50-fold (23-
fold for CDK9 Ki/TYK2 Ki). The general kinase selectivity, while
promising, would need to be continually monitored during lead
optimization with particular attention to CDK9.

With compound 46 we had obtained sufficient biochemical
potency to assess cell potency and see how cellular selectivity
correlated with biochemical selectivity (Table 5). In NK92 cells, IL-
12 stimulation leads to STAT4 phosphorylation in a TYK2-
dependent fashion [22] and this was used to assess TYK2-
dependent cell activity (see Supplemental data for experimental
details). Compound 46 was approximately 100-fold less potent in
the TYK2-dependent cell assay than it was in the TYK2 biochemical
assay. The Km for ATP in the TYK2 biochemical assay is 10 mM so the
100-fold shift to the cell assay, where the intracellular ATP con-
centration is approximately 1 mM, was not unexpected [39]. To
assess JAK1 and JAK2-dependent cell activity, IL-6 mediated STAT3
phosphorylation and Epo-mediated STAT5 phosphorylation assays,
Cl Cl

XN

N

1 R=H, X=Ob

iii.

iv.

R

24 R=CH3, X=O

23 R=H, X=H,H

enzoyl chloride, DMF, NEt
3
, 95%; 

e, N-methylmorpholine, DMF, 15%; 

F; MeI, 67%.  
b
Analogs 2-21 and 25

pound  1, coupling appropriate amine 

of Analogs 1e25.



Scheme 2. Synthesis of analogs 26e28.

Table 5
Physicochemical and in vitro PD properties of compound 46.

Physicochemical
properties

In vitro potency
and selectivity

TYK 2 LE 0.51 TYK2 Ki 0.0048 mM
TYK2 LLE 4.9 JAK1 Ki

(selectivity index)
0.084 mM
(17-fold)

MW 350.2 JAK2 Ki

(selectivity index)
0.028 mM
(6-fold)

tPSA 71 IL12 e pSTAT4 EC50a,b 0.38 mM
logD (pH 7.4) 3.4 IL6 e pSTAT3 EC50a,c

(cell selectivity index)
2.0 mM (5-fold)

Aqueous
solubility (pH 7.4)

0.17 mg/mL Epo e pSTAT5 EC50a,d

(cell selectivity index)
1.7 mM (4-fold)

a Cell-based assays. Arithmetic mean of at least 4 separate runs (n � 4). On
average, the coefficients of variation were less than 0.5 times the mean for cell-
based assays.

b Cell-based assay of TYK2 inhibition.
c Cell-based assay of JAK1 inhibition.
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in TF-1 cells, were used respectively [22]. For cyclopropyl amide 46
there was reasonable agreement between biochemical selectivity
and cell selectivity, with a small degradation in selectivity ratios in
the cell assays. The JAK1 Ki/TYK2 Ki biochemical selectivity index of
cyclopropyl amide 46 is 17-fold, but the ratio of IL6-mediated
pSTAT3 (JAK1) EC50 over IL12-mediated pSTAT4 (TYK2) EC50 indi-
cated only 5-fold cellular JAK1 selectivity. Similarly, the JAK2 Ki/
TYK2 Ki biochemical selectivity index of compound 46 is 6-fold, but
the ratio of Epo-mediated pSTAT5 (JAK2) EC50 over IL12-mediated
pSTAT4 (TYK2) EC50 indicated only 4-fold cellular JAK2 selectivity.
As mentioned in the introduction, we were not certain, at the
outset of the project, what the optimal level of cellular selectivity
was, but had set an initial target of 10-fold for TYK2 vs. both JAK1
and JAK2. While compound 46 had demonstrated meaningful
cellular activity and selectivity, a major task during lead optimi-
zation would be to increase selectivity and deliver a set of
Scheme 3. Synthesis of analogs 31, 33e39, and 42e53.

d Cell-based assay of JAK2 inhibition.



Fig. 7. a) Compound 46 co-crystallized with TYK2 (ligand in orange, protein in salmon) and JAK2 (ligand in green, protein in deep blue); b) Compound 46 with TYK2 e expanded
view of dichlorophenyl region; c) Compound 46 with TYK2 e expanded view of cyclopropyl amide region. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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compounds with a range of selectivity to help determine, more
definitively, the optimal level of TYK2 cellular selectivity over JAK1
and JAK2.
4.2. Structural biology

Wewere able to obtain both TYK2 and JAK2 crystal structures of
compound 46 (Fig. 7a). A significant difference in these structures is
the shape of the P-loop. In TYK2, the P-loop is more closed down
whereas that of JAK2 is significantly more open. We believe this is
not due to crystallographic artifacts because this has recently been
observed by other investigators using different constructs as well
[28,40]. This region is also not close to any asymmetric subunits. As
a result of the exquisite shape of TYK2’s P-loop, the dichlorophenyl
ring is enclosed, fitting snugly in a pocket formed by the P-loop on
the N-terminus and a small cavity in the C-terminus where the
chlorine resides (Fig. 7b). The shape of the P-loop likely contributes
to the TYK2 selectivity over JAK2 for compound 46, and the small
cavity in the C-terminus explains the tight SAR observed at the 2-
position of the phenyl ring. On the other side of the molecule, the
cyclopropyl group also fits snugly in a region that approaches the
bulk solvent but does not pass the opening of the pocket (Fig. 7c).
The dihedral angles from C2 and C3 on the cyclopropyl ring to the
amide carbonyl oxygen are 40� and �30�, respectively. The center
of the cyclopropyl ring has a dihedral angle with the carbonyl ox-
ygen that is close to zero. This is the most frequently observed
conformation of the cyclopropyl-amide in the Cambridge Structural
Database [41] likely due to the special electronic characteristics of a
cyclopropane [42]. Its unique conformation and small size explain
the improved potency of 46 relative to analogs with isopropyl or
Table 6
In vitro and in vivo ADME properties of compound 46.

In vitro ADME In vivo rat and mouse PKe

Micromsomal Clhep (mL/min/kg)
(human, rat, mouse)a

8, 16, 64 Clhep (mL/min/kg)
(rat, mouse)f

21, 65

Hepatocyte Clhep (mL/min/kg)
(human, rat, mouse)b

7, 14, 51 T1/2 (h) (rat, mouse) 1.2, 0.3

Cytochrome p450 inhibition
(3A4, 2C9, 2C19, 1A4, 2D6)c

All > 10 mM Vss (L/h) (rat, mouse) 1.1, 1.2

MDCK permeability A:B Papp
(�10�6 cm/s)d

30 Cmax (mM)
(rat, mouse)g

2.5, 1.6

Plasma protein binding (%)
(human, rat, mouse)

95, 96, 96 Bioavailability (%)
(rat, mouse)

105, 73

a Predicted clearance from in vitro microsome preparations.
b Predicted clearance from cryopreserved rat hepatocytes.
c IC50 for inhibition of cytochrome P450.
d Apparent permeability in MDCK transwell culture, A:B apical to basolateral.
e Animals dosed as 1 mg/kg IV and 5 mg/kg PO.
f Plasma clearance following iv dosing.
g Maximal plasma concentration following po dosing.
larger cycloalkyl functional groups. Unlike the ethyl analog, the
branched cyclopropyl group in this conformation is able to make
van derWaals interactions with the N- and C-termini of the protein.

4.3. ADME properties

The ADME properties of analog 46 were also investigated and a
summary of key data are included in Table 6. Predicted clearance
frommicrosomeswasmoderate in human and rat with clearance at
38% and 29% of liver blood flow respectively. In mouse, clearance
was higher (71% of liver blood flow), although clearance from
mouse hepatocytes was slightly lower (56% of liver blood flow).
In vivo clearance of Compound 46 was also assessed in rat and
mouse PK through dosing at 1 mg/kg i.v. The measured clearance
values in vivo (rat 21 mL/min/kg and mouse 65 mL/min/kg) were in
good agreement with predicted in vitro clearance suggesting that
extrahepatic mechanisms were not major routes of clearance for
our compound. Compound 46 was also dosed at 5 mg/kg orally
using a 5% methylcellulose formulation. The compound was
absorbed well and this was reflected in the excellent bioavailability
values of 105% and 73% for rat andmouse respectively. These in vivo
PK parameters were also consistent with the high MDCK perme-
ability and plasma protein binding that were observed in vitro.
Taken in total, this was a very promising PK profile from which to
launch a lead optimization effort, where reducing clearance was
perhaps the most pressing concern.

5. Conclusions

While a number of patent applications describing identification
of TYK2 inhibitors have published [43], this manuscript is the first
detailed publication, to our knowledge, disclosing efforts to identify
selective TYK2 inhibitors. Lead identification of HTS hit 1 proceeded
efficiently to afford a number of potent TYK2 inhibitors with
modest selectivity over JAK1 and JAK2. Cyclopropyl amide 46
demonstrated very good pharmacodynamic and pharmacokinetic
properties and was a promising lead from which to launch a lead
optimization effort. Efforts to improve potency and selectivity over
JAK1 and JAK2, while maintaining good ADME properties will be
the subject of a future publication.

6. Experimental protocols

6.1. General conditions

Unless otherwise indicated, all reagents and solvents were
purchased from commercial sources and used without further
purification. Moisture or oxygen sensitive reactions were con-
ducted under an atmosphere nitrogen gas. Unless otherwise stated,
1H spectra were recorded at room temperature using Varian Unity
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Inova Bruker AVANCE III UltraShield-PlusTM Digital NMR spec-
trometer at indicated frequencies. Chemical shifts are expressed
in ppm relative to an internal standard: tetramethylsilane
(ppm ¼ 0.00). The following abbreviations are used: br ¼ broad
signal, s¼ singlet, d¼ doublet, dd¼ doublet of doublets, t¼ triplet,
q ¼ quartet, m ¼ multiplet. Purification by silica gel chromatog-
raphy was carried out using a CombiFlash by Teledyne ISCO sys-
tems with pre-packed cartridges. Purification by reverse phase
High Performance Liquid Chromatography (HPLC) was also used
and the conditions were described as indicated. All final com-
pounds were purified to>95% chemical purity, as assessed by HPLC
(column: Agilent SD-C18, 2.1 � 30 mm, 1.8 mm; mobile phases:
water with 0.5% TFA, CH3CN with 0.5% TFA; flow rate: 0.4 mL/min;
run time: 8.5 min; oven temperature: 40 �C: UV detection: 254 and
210 nm).

6.2. Representative procedures

6.2.1. 2,6-Dichloro-N-(pyridin-4-yl)benzamide (1)
To a round-bottom flask was added 4-aminopyridine (0.24 g,

2.55 mmol), followed by N,N-dimethylformamide (10 mL) and
triethylamine (0.69 mL, 4.3 mmol). 2,6-dichlorobenzoyl chloride
(0.5 g, 2.4mmol) was added dropwise and the reactionmixturewas
stirred at 23 �C for 4 h. The mixture was poured into ice-water. The
resulting precipitate was collected via filtration to give crude
product which was purified by rpHPLC (Gilson 281; column: ASB
C18, 150 � 25 mm, 5 mm; mobile phases: CH3CN/aq. 0.01 M
ammonium bicarbonate solution; flow rate: 25 mL/min) to afford
the desired product (0.65 g, 95% yield). 1H NMR (DMSO-d6,
400 MHz) d 11.21 (s, 1H), 8.47 (d, J ¼ 6.0 Hz, 2H), 7.63 (d, J ¼ 6.0 Hz,
2H), 7.57e7.47 (m, 3H). LCMS (ESI) m/z ¼ 267.1 [M þ H]þ.

6.2.2. 2,6-Dichloro-N-(pyridin-4-yl)benzenesulfonamide (22)
To a round-bottom flask was added 4-aminopyridine (0.15 g,

1.6 mmol), N,N-dimethylformamide (10 mL) and N-methylmorpho-
line (0.35 mL, 3.2 mmol) sequentially. 2,6-Dichlorophenylsulfonyl
chloride (0.39 g, 1.6 mmol) was added dropwise and the reaction
mixturewas stirred at 23 �C for 4 h. The reactionmixturewas poured
into ice-water and was extracted with EtOAc (2� 50mL). Combined
organics were dried over sodium sulfate and evaporated to dryness.
The residue was purified by preparative TLC (10% MeOH/DCM) to
afford the desired product (73.2 mg, 15% yield). 1H NMR (DMSO-d6,
400 MHz) d 12.35 (s, 1H), 7.99 (d, J ¼ 6.4 Hz, 2H), 7.49 (d, J ¼ 7.6 Hz,
2H), 7.39 (t, J ¼ 7.6 Hz, 1H), 6.85 (d, J ¼ 7.2 Hz, 2H). LCMS (ESI) m/
z ¼ 302.8 [M þ H]þ.

6.2.3. N-(2,6-Dichlorobenzyl)pyridin-4-amine (23)
2,6-Dichloro-N-(pyridin-4-yl)benzamide (0.5 g, 1.87 mmol) was

dissolved in anhydrous. THF (20 mL) and borane dimethyl sulfide
complex (0.4 mL, 6.8 mmol) was added. The reaction mixture was
heated to reflux under nitrogen overnight. The next day, the reac-
tion mixture was quenched by addition of methanol and extracted
with EtOAc (2 � 20 mL). The combined organics were dried over
sodium sulfate and evaporated to dryness. The residue was purified
by silica gel column chromatography (0e10% MeOH/DCM) to afford
the desired product (0.21 g, 44% yield). 1H NMR (DMSO-d6,
400 MHz) d 8.07 (d, J ¼ 6.4 Hz, 2H), 7.58 (bt, J ¼ 4.4 Hz, 1H), 7.51 (d,
J ¼ 8.0 Hz, 2H), 7.39 (t, J ¼ 8.0 Hz, 1H), 6.76 (d, J ¼ 6.4 Hz, 2H), 4.49
(d, J ¼ 4.4 Hz, 2H). LCMS (ESI) m/z ¼ 252.9 [M þ H]þ.

6.2.4. 2,6-Dichloro-N-methyl-N-(pyridin-4-yl)benzamide (24)
To a suspension of NaH (45 mg, 1.11 mmol) in anhydrous N,N-

dimethylformamide (5 mL) was added 2,6-dichloro-N-(pyridin-4-
yl)benzamide (0.1 g, 0.37 mmol) at 0 �C under nitrogen. After
30min, methyl iodide (68 mg, 0.48 mmol) was added dropwise and
the reaction mixture was stirred for an additional 4 h. The mixture
was poured into the ice-water and the precipitate was collected to
afford the desired product (70 mg, 67% yield). 1H NMR (DMSO-d6,
400 MHz) d (2:1 mixture amide rotamers) 8.61 (dd, J ¼ 1.6, 4.8 Hz,
1H), 8.42 (dd, J¼ 1.6, 4.8 Hz,1H), 7.62e7.29 (m, 4H), 7.19 (dd, J¼ 4.8,
1.6 Hz, 1H), 3.40 (s, 2H), 3.17 (s, 1H). LCMS (ESI) m/z ¼ 280.7
[M þ H]þ.

6.2.5. 4-(5-(2,6-Dichlorophenyl)-1H-imidazol-2-yl)pyridine (26)
To a 10 mL round-bottom flask was added 2-bromo-1-(2,6-

dichlorophenyl)ethanone (110 mg, 0.41 mmol) and 1,4-dioxane
(1.0 mL). The white suspension was cooled to 0 �C under nitrogen
and sodium carbonate (87 mg, 0.82 mmol) and iso-
nicotinimidamide (50 mg, 0.40 mmol) were added sequentially.
The reaction was heated to 100 �C and stirring was continued for
two days when LCMS showed complete conversion. The mixture
was cooled to room temperature, diluted with H2O (10 mL) and
extracted with EtOAc (2 � 10 mL). Combined organics were dried
over Na2SO4, concentrated under reduced pressure and purified by
rpHPLC (Gilson 215; column: Waters XBridge 30 � 100 mm,10 mm;
mobile phases: CH3CN/water with 0.1% ammonia; flow rate: 60mL/
min) to give desired product (0.021 g, 18% yield). 1H NMR (DMSO-
d6, 500 MHz) d 13.21 (s, 1H), 8.66 (d, J ¼ 5.1 Hz, 2H), 7.88 (d,
J¼ 5.1 Hz, 2H), 7.65e7.40 (m, 4H). LCMS (ESI)m/z¼ 290.0 [MþH]þ.

6.2.6. 4-(2-(2,6-Dichlorophenyl)-1H-imidazol-5-yl)pyridine (27)
The title compound was made (17% yield) by coupling 2,6-

dichlorobenenzenecarboximidamide and 2-bromo-1-(4-pyridinyl)
ethanone using the same procedure that was used to make com-
pound 26. 1H NMR (DMSO-d6, 500 MHz) d 12.78 (s, 1H), 8.51 (d,
J¼ 5.0 Hz, 2H), 8.10 (s,1H), 7.75 (d, J¼ 5.0 Hz, 2H), 7.64 (d, J¼ 9.0 Hz,
2H), 7.57 (dd, J ¼ 9.0, 7.1 Hz, 1H). LCMS (ESI) m/z ¼ 290.1 [M þ H]þ.

6.2.7. 4-(5-(2,6-Dichlorophenyl)-4H-1,2,4-triazol-3-yl)pyridine (28)
Step 1. To a 100 mL round-bottom flask was added hydrazine

(330 mL, 10 mmol), dichloromethane (20 mL) and triethylamine
(1.2 mL, 8.9 mmol). The resulting solutionwas cooled to�78 �C and
2,6-dichlorobenzoyl chloride (1.7 g, 8.1 mmol) was added dropwise
under nitrogen. The reaction mixture was stirred at �78 �C for one
more hour and slowly warmed to room temperature over 2 h. The
mixture was diluted with H2O (50 mL) and extracted with
dichloromethane (2 � 30 mL). The combined organic extracts were
dried over sodium sulfate and concentrated under reduced pres-
sure to give crude 2,6-dichlorobenzohydrazide which was directly
carried to the next step.

Step 2. A 100 mL round-bottom flask was charged with crude
2,6-dichlorobenzohydrazide, followed by 2-methoxyethanol
(10 mL), 4-pyridine carbonitrile (0.56 g, 5.4 mmol) and 25% so-
dium methoxide solution in methanol (0.56 mL, 2.7 mmol). The
resulting brown suspension was heated at 130 �C under nitrogen
for three days when LCMS showed complete conversion. The
mixture was quenched with acetic acid (1 mL), diluted with 50 mL
saturated sodium chloride solution, and extracted with EtOAc
(2 � 50 mL). The combined organic extracts were dried over
Na2SO4, concentrated under reduced pressure, and purified by
rpHPLC to give desired product (0.46 g, 29% yield). 1H NMR (DMSO-
d6, 500 MHz) d 8.72 (d, J¼ 5.0 Hz, 2H), 7.98 (d, J¼ 5.0 Hz, 2H), 7.72e
7.60 (m, 3H). LCMS (ESI) m/z ¼ 291.0 [M þ H]þ.

6.2.8. N-(2-Bromopyridin-4-yl)-2,6-dichlorobenzamide (56)
To a round-bottom flask was added sodium hydride (0.31 g,

7.82 mmol, 60% in mineral oil) and N,N-dimethylformamide
(15 mL). The resulting suspension was cooled to 0 �C under ni-
trogen and then 2-bromopyridin-4-amine (0.74 g, 4.3 mmol) was
added. The mixture was stirred at 0 �C for 20 min and then
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2,6-dichlorobenzoyl chloride (0.82 g, 3.91 mmol) was added
dropwise. The reaction was warmed to room temperature, stirred
for 12 h, and then poured into ice-water (20 mL). The mixture was
extracted with ethyl acetate (2 � 50 mL). The combined organic
extracts were dried over Na2SO4 and concentrated under reduced
pressure to afford crude desired product (1.0 g, 74% yield) that
could be used without further purification. 1H NMR (DMSO-d6,
400 MHz): d 11.41 (s, 1H), 8.33 (d, J ¼ 5.6 Hz, 1H), 7.99 (d,
J ¼ 1.6 Hz, 1H), 7.64e7.54 (m, 4H). LCMS (ESI) m/z ¼ 345.0
[M þ H]þ.

6.2.9. N-(2-Aminopyridin-4-yl)-2,6-dichlorobenzamide (29)
Method 1: N-(2-bromopyridin-4-yl)-2,6-dichlorobenzamide

(0.6 g, 1.7 mmol) was dissolved in an aq. ammonia solution
(20 mL) and the mixture was heated to 200 �C in an autoclave for
16 h. After cooling to room temperature, the mixture was concen-
trated under reduced pressure. The residue was purified by silica
gel column chromatography (0e10% MeOH/DCM) to afford the
desired product (0.3 g, 61% yield). 1H NMR (DMSO-d6, 400 MHz)
d 10.71 (s, 1H), 7.79 (d, J ¼ 5.6 Hz, 1H), 7.59e7.49 (m, 3H), 6.95 (s,
1H), 6.61 (d, J ¼ 5.6 Hz, 1H), 5.91 (s, 1H). LCMS (ESI) m/z ¼ 282.1
[M þ H]þ.

Method 2: A 20 mL microwave tube was charged with N-(2-
bromopyridin-4-yl)-2,6-dichlorobenzamide (346 mg, 1.00 mmol),
Pd2(dba)3 (91.6 mg, 0.1 mmol) and 2-dicyclohexylphosphino-20-
(N,N-dimethylamino)biphenyl (DavePhos, 78.7 mg, 0.2 mmol). The
tube was evacuated and back-filled with nitrogen three times
before 1,4-dioxane (6 mL) and lithium bis(trimethylsilyl)amide
(4.0 mL of 1.0 M solution in THF, 4.0 mmol) were added. The tube
was sealed and heated at 100 �C for 5 h. The reaction mixture was
cooled to room temperature, diluted with 1 N HCl (5 mL), and
stirred for 10 min. The reaction mixture was adjusted to pH 12
using 1 N sodium hydroxide solution and then extracted with
dichloromethane (3 � 30 mL). The combined organic extracts were
dried over Na2SO4, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography (0e10%
MeOH/DCM) to afford the title compound (282 mg, 65% yield).

6.2.10. 2,6-Dichloro-N-(2-(pyrimidin-4-ylamino)pyridin-4-yl)
benzamide (37)

A 20 mL microwave tube was charged with pyrimidin-4-amine
(220 mg, 2.3 mmol), N-(2-bromopyridin-4-yl)-2,6-dichloro benza-
mide (1.2 g, 0.35 mmol), Pd(OAc)2 (52 mg, 0.23 mmol), 4,5-
bis(diphenylphosphino)-9,9-dimethylxantene (Xantphos, 0.27 g,
0.46 mmol), cesium carbonate (1.5 g, 4.6 mmol) and 1,4-dioxane
(6 mL). The mixture was degassed with nitrogen. The tube was
sealed, and heated by microwave at 150 �C for 20 min. The mixture
was purified by silica gel column chromatography (0e15% DCM/
MeOH) to afford the desired product (70 mg, 8.4% yield). 1H NMR
(DMSO-d6, 400 MHz) d 11.17 (s, 1H), 10.23 (s, 1H), 8.67 (s, 1H), 8.39
(d, J ¼ 6.0 Hz, 1H), 8.21 (d, J ¼ 5.6 Hz, 1H), 8.04 (s, 1H), 7.72 (d,
J¼ 6.0 Hz,1H), 7.59e7.51 (m, 3H), 7.37 (dd, J¼ 5.6, 1.6 Hz,1H). LCMS
(ESI) m/z ¼ 360.0 [M þ H]þ.

6.2.11. 2,6-Dichloro-N-(2-(cyclopropanecarboxamido)pyridin-4-yl)
benzamide (46)

N-(2-Aminopyridin-4-yl)-2,6-dichlorobenzamide (0.5 g,
1.77 mmol) was dissolved in anhydrous pyridine (15 mL), and the
mixture was cooled to 0 �C under nitrogen. Cyclopropanecarbonyl
chloride (0.24 g, 2.3 mmol) was added dropwise and the reaction
was warmed to room temperature. Stirring was continued for 4 h,
and then the reaction was quenched with ice water (50 mL) and
extracted dichloromethane (3 � 50 mL). The combined organic
extracts were dried over Na2SO4 and concentrated under reduced
pressure. The residue was purified by rpHPLC (Gilson GX 281;
column: Phenomenx FA 150 � 30 mm; mobile phases: CH3CN/H2O
with 0.1% TFA; flow rate: 25mL/min; run time: 15min) to afford the
desired product (311 mg, 50% yield). 1H NMR (DMSO-d6, 400 MHz)
d 11.18 (s,1H),10.79 (s,1H), 8.40 (d, J¼ 1.6 Hz,1H), 8.23 (d, J¼ 5.6 Hz,
1H), 7.60e7.50 (m, 3H), 7.47 (dd, J ¼ 5.6, 1.6 Hz, 1H), 2.02e1.98 (m,
1H), 0.81e0.79 (m, 4H). LCMS (ESI) m/z ¼ 350.0 [M þ H]þ.

Accession codes

PDB nos.: 4GFO for 41 complexed with TYK2D1023N, 4GFM for
41 complexed with JAK2, 4GIH for 46 complexed with TYK2-
combo, 4GMY for 46 complexed with JAK2.
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