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ABSTRACT: Herein we report our lead optimization effort to
identify potent, selective, and orally bioavailable TYK2
inhibitors, starting with lead molecule 3. We used structure-
based design to discover 2,6-dichloro-4-cyanophenyl and
(1R,2R)-2-fluorocyclopropylamide modifications, each of which
exhibited improved TYK2 potency and JAK1 and JAK2
selectivity relative to 3. Further optimization eventually led to
compound 37 that showed good TYK2 enzyme and interleukin-
12 (IL-12) cell potency, as well as acceptable cellular JAK1 and
JAK2 selectivity and excellent oral exposure in mice. When
tested in a mouse IL-12 PK/PD model, compound 37 showed
statistically significant knockdown of cytokine interferon-γ
(IFNγ), suggesting that selective inhibition of TYK2 kinase
activity might be sufficient to block the IL-12 pathway in vivo.

■ INTRODUCTION

Psoriasis and inflammatory bowel diseases (IBD), which
include Crohn’s disease and ulcerative colitis, are both chronic
inflammatory disorders of epithelial cells triggered by an overly
activated immune system.1,2 Psoriasis is a chronic skin disease
characterized by red and scaly skin plaques, which is estimated
to affect ∼2% of the general population.3 In its moderate to
severe form where topical application of corticosteroid is no
longer effective, psoriasis can present a substantial burden on
the well-being of patients.4 IBD is a chronic inflammation of
epithelial cells lining the gastrointestinal tract and colon that
affects approximately 1.4 million patients in United States
alone.5 Recent approvals of several antitumor necrosis factor
(anti-TNF) antibodies represent a major step forward in terms
of treatment options for IBD.6 However, it is reported that one-
third of IBD patients do not respond to anti-TNF therapy. For
those who do respond initially, loss of response occurs in 23−
46% of patients annually, most often because of development of

antidrug antibodies.7 Therefore, significant unmet medical
needs still exist for both psoriasis and IBD.
Although clinically distinct, psoriasis and IBD were reported

to be associated in some patient populations and show
overlapping genetic predispositions, suggesting a shared
etiological basis.8 Extensive research confirmed that aberrant
T cells and their associated extracellular signaling molecules
called cytokines play significant roles in the pathogenesis of
both diseases.9 Of particular importance are T helper type 1
(Th1) and T helper type 17 (Th17) cells. Th1 cells produce
cytokine IFNγ, which in turn stimulates innate and T cell-
mediated immune response.10 Overstimulated Th1 cells,
however, cause tissue damage and result in chronic
inflammation. The more recently discovered Th17 cells,
which secrete cytokine IL-17, have been quickly recognized
as key players in many autoimmune diseases including psoriasis
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and IBD.11 Th1 and Th17 cell differentiations are driven by IL-
12 and IL-23, respectively.12 Both IL-12 and IL-23 are
heterodimeric proteins that share a common subunit designated
p40. The receptor for IL-12 consists of two subunits IL-12Rβ1
and IL-12Rβ2,13 whereas the receptor for IL-23 shares the IL-
12Rβ1 subunit and has a unique subunit called IL-23R.14 The
IL-12 and IL-23 receptors lack intrinsic enzymatic activity.
Instead, IL-12Rβ1 is known to be constitutively associated with
the TYK2 enzyme,15 while IL-12Rβ2 and IL-23R are
constitutively associated with the JAK2 enzyme.16 Both TYK2
and JAK2 belong to the Janus family of tyrosine kinases (JAK)
which also includes JAK117 and JAK3.18

In multiple studies with psoriatic patients, significant
elevation of IL-12 and IL-23 was observed in lesional skin
compared to normal skin.19 Consistent with this observation,
IL-12 and IL-23 expression decreased after psoriatic treat-
ment.20 Similar results were observed in studies in animal
models of psoriasis. Transgenic mice that overexpressed the
p40 subunit or nontransgenic mice injected with recombinant
IL-23 developed inflammatory skin disease, showing compara-
ble phenotype to psoriatic patients.21 Inhibition of both IL-12
and IL-23 pathways by anti-p40 antibodies proved to be
therapeutically beneficial in both animal models,22 as well as in
patients.23 Ustekinumab, an anti-p40 antibody, was recently
approved by the FDA for treating psoriasis.24

Human genetics studies, especially the recent genome-wide
association study, have identified a strong association of IL-23R
and IL-12B (encoding the p40 subunit) polymorphisms with
IBD.25 Once again, studies with transgenic mice provided
further evidence for the importance of the IL-12 and IL-23
pathways in IBD. In well-established T-cell-mediated colitis
models, p40 knockout mice were protected from development
of intestinal inflammation.26 Finally, the anti-p40 antibody
ustekinumab also showed indications of efficacy in certain
patients with Crohn’s disease.27

We were attracted to the opportunity of blocking the IL-12
and IL-23 signaling pathways in vivo by an orally bioavailable
small molecule that inhibits the kinase activity of TYK2 or
JAK2 or both. From the outset, however, we believed that
inhibition of the JAK2 kinase activity might be highly
problematic. JAK2 is associated with signaling of several
hematopoietic growth factors, including the erythropoietin
(EPO) receptor.28 JAK2 deficiency is embryonically lethal in
mice,29 and its inhibition leads to anemia in humans.30 A couple
of reports, however, suggested that inhibition of the TYK2
enzyme alone might be tolerated and sufficient to block IL-12
and IL-23 signaling in vivo. TYK2-deficient mice were viable
with no gross abnormal phenotype and showed severely
impaired signaling and biological response to IL-12 and IL-23
while displaying marked resistance to development of skin
inflammation and experimental colitis.31 A human patient
carrying a TYK2-inactivating mutation was also reported32 and
was clinically diagnosed with hyper-IgE syndromes (HIES).
Consistent with observations with the TYK2-deficient mice, the
human patient’s T cells showed almost complete defects in IL-
12 and IL-23 signaling, with apparently normal embryogenesis,
postnatal growth, and hematopoiesis. Therefore, we were
cautiously optimistic that inhibiting the TYK2 kinase activity,
while sparing JAK2, might be adequate to block IL-12 and IL-
23 signaling in vivo. On the basis of safety considerations, we
decided to target a JAK2 selectivity criterion of at least 10-fold
in cell-based assays. We have previously shown that the
predominant drivers of the IL-12 and EPO pathways are TYK2

and JAK2, respectively.33 Thus, cellular assays with pSTAT4
and pSTAT5 as proximal readouts of these respective pathways
were established to assess TYK2 and JAK2 inhibitions in cells.
Required JAK1 and JAK3 selectivity was more difficult to

define at the beginning of our program. JAK1 is essential for
signaling of a wide variety of physiologically important
cytokines such as IL-6, and its deficiency is perinatally lethal
in mice.34 JAK3 expression is mostly restricted to hema-
topoietic cells and is known to be exclusively associated with
the γ common (γc) receptor of type I cytokines.

35 Inactivating
mutation or deletion of JAK3 gene in humans results in severe
combined immunodeficiency (SCID).36 Despite the deleterious
phenotypes of JAK1- and JAK3-deficient mice and humans,
JAK kinases inhibitors, most notably tofacitinib (1)37 and
ruxolitinib (2),38 are reported to be tolerated at efficacious
doses during clinical trials at concentrations that only partially
inhibit the activity of JAK1 and JAK3. In order to test our
hypothesis with a TYK2-selective inhibitor, we decided to
tentatively target the JAK1- and JAK3-selectivity criteria of at
least 10-fold as measured in cell-based assays as well.
Given the high degree of sequence homology between the

JAK family kinases, especially in the ATP binding site where
our ATP-competitive inhibitors reside, it was recognized that
achieving a high degree of TYK2 selectivity vs other JAKs
represented a significant challenge.39 To the best of our
knowledge, we are not aware of any published report of
selective TYK2 inhibitors except several recent patent
applications that appeared after completion of our work.40

Toward our goal of discovering potent and selective TYK2
inhibitors, we had identified, through a hit to lead campaign
following a high throughput screen, a 4-aminopyridine
benzamide lead 3 (Figure 1) with many attractive properties.41

In biochemical assays, compound 3 showed moderate potency
inhibiting the TYK2 enzyme, with modest biochemical

Figure 1. Biochemical and cell-based assay data of 1, 2, and 3.
aBiochemical assays. bArithmetic mean of at least four separate runs (n
≥ 4). On average, the coefficients of variation were less than 0.3 times
the mean for biochemical assays. cCell-based assays. Arithmetic mean
of at least four separate runs (n ≥ 4). On average, the coefficients of
variation were less than 0.5 times the mean for cell-based assays. dCell-
based assay of TYK2 inhibition. eCell-based assay of JAK1 inhibition.
fCell-based assay of JAK2 inhibition.
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selectivity against JAK2 and JAK1 and good selectivity against
JAK3.42

In cell-based assays,33 3 demonstrated reasonable potency in
blocking the IL-12 pathway (IL-12 pSTAT4 EC50 = 380 nM)
while displaying less activity in the EPO (JAK2) and IL-6
(JAK1) pathways. Even though the biochemical and cellular
potency as well as JAK1 and JAK2 selectivity required
improvement, compound 3 represented an important milestone
for our program, demonstrating that despite the high sequence
homology of ATP-binding pockets between TYK2 and other
JAK isoforms, reasonably selective TYK2 inhibitors could be
identified. In terms of physiochemical properties, lipophilicy for
3 was somewhat high with measured LogD of 3.4 at pH 7.4.43

We intended to improve potency and selectivity of our
analogues without further increase in lipophilicity. In mice,
compound 3 exhibited relatively high clearance (65 mL/min/
kg) when dosed intravenously (iv 1 mg/kg) and exhibited
modest oral exposure (AUC = 2.6 μM·h at po 5 mg/kg)
despite excellent cell permeability (MDCK A/B Papp = 30 ×
10−6 cm/s) and aqueous solubility (170 μg/mL at pH 7.4).
These results suggested that oral exposure in mice for
compound 3 might be limited by first-pass metabolism. Since
our IL-12 PK/PD experiments would be conducted in mice, it
was important to achieve good oral exposure in mice while
maintaining low predicted clearance in other species. Herein we
describe in detail our lead optimization efforts of compound 3.

■ RESULTS AND DISCUSSION
To enable design of more potent and selective TYK2 inhibitors,
we obtained cocrystal structures of lead molecule 3 with the
JH1 domain of the TYK2 and JAK2 enzymes at 2.0 and 2.4 Å
resolution, respectively (Figure 2).41 Significant difference in P-

loop conformation was noted between the two enzymes: in the
crystal structure of 3 with the TYK2 enzyme, the P-loop
reached down toward the C-terminal lobe, and as a result, the
4-position of the phenyl group is only 3.6 Å from the backbone
carbonyl of Glu905 on the tip of the P-loop. On the contrary,
the P-loop in the JAK2 enzyme was significantly more “open”.
We envisioned that introduction of hydrogen bond (H-bond)
donor at the C4-position on phenyl might lead to favorable and
specific H-bond interaction with the carbonyl of Glu905 on the
TYK2 P-loop, resulting in improved potency and possibly
selectivity. It also seemed plausible that substitution at the C4-

position of the phenyl ring might force the P-loop to move up44

so that the C4-substituent could interact with a very polar
region containing charged residues such as Arg1027. A second
region to potentially capitalize on is where the cyclo-
propylamide group was bound, for which there is a residue
difference between the TYK2 and JAK2 enzymes. In the TYK2
enzyme, this residue is a positively charged arginine (Arg901),
while it is a neutral glutamine (Gln853) in JAK2. Even though
both residues are on the protein surface and solvent-exposed,
we were eager to determine if this difference could be exploited
to improve the JAK2 selectivity of our analogues. Initial
modeling suggested that substitution at the C2-position of the
cyclopropylamide group could provide a vector to access this
region.
We started SAR exploration by first focusing on

modifications at the C4-position of the 2,6-dichlorophenyl
group in compound 3. In addition to the structural rationale
outlined above, incubation of compound 3 with human liver
microsomes showed formation of two major metabolites
resulting from hydrolysis of the cyclopropylamide and
oxidation on the 2,6-dichlorophenyl ring, respectively. Meta-
site45 (Molecular Discovery) analysis predicted that the phenyl
C4-position was likely the site of this oxidative metabolic
transformation. Therefore, introduction of a functional group,
preferably a polar and electron-withdrawing one, might be a
viable approach to block such metabolism while simultaneously
lowering the associated LogD. Previous structure−activity
relationship (SAR) of 4-aminopyridine benzamides from a
library of commercially available 2-chlorobenzoic acids had
demonstrated that small groups were tolerated at the C4-
position of the phenyl ring,41 so all indications pointed to this
being an important region to explore.
Representative analogues from the C4-position SAR and

their biological data are listed in Table 1. Enzyme data were
used to calculate the biochemical JAK1 and JAK2 indexes,
defined as (JAK1 Ki)/(TYK2 Ki) and (JAK2 Ki)/(TYK2 Ki),
respectively. For analogues that showed TYK2 enzyme Ki < 5.0
nM, cellular inhibitory activities (EC50) of the IL-12, IL-6, and
EPO pathways using pSTAT4, pSTAT3, and pSTAT5
readouts, respectively, were also measured. The cell potency
data were then used to calculate the associated cell JAK1 and
JAK2 indexes, defined as (IL-6 pSTAT3 EC50)/(IL-12 pSTAT4
EC50) and (EPO pSTAT5 EC50)/(IL-12 pSTAT4 EC50),
respectively.
Among compounds with an H-bond donor directly

connected to the phenyl ring (compounds 4−7), aniline
analogue 4 was found to be the most potent TYK2 inhibitor,
with slightly better JAK1 and JAK2 indexes than 3. Phenol 7
was also well-tolerated. When the phenol was converted to a
methyl ether (compound 8), a slight loss of potency was
observed. Given the potential liabilities of both phenol and
aniline, we investigated whether benzyl alcohols or benzyl-
amines, with the H-bond donor removed one atom from the
ring, would be suitable replacements. Primary, secondary,
tertiary, and propargylic alcohols (compounds 9−12) were
introduced at the C4-position. None, however, was as potent as
the phenol analogue 7. We also systematically examined
primary, secondary, and tertiary benzylamines (compounds
13−16). Likely protonated at physiological pH, the amino
groups could not only serve as H-bond donors but also result in
significantly lowered lipophilicity. Disappointingly, biochemical
data showed that all the benzylamino analogues were less
potent than the aniline analogue 4.

Figure 2. Overlay of the TYK2 and JAK2 crystal structures with
compound 3 (TYK2 sandy brown, JAK2 blue), highlighting the
different P-loop conformations between the TYK2 and JAK2 enzymes
and the residue difference (Arg901 vs Gln853) in the area where
cyclopropylamide group was bound. The resolutions of the X-ray
structures are 2.0 Å (TYK2) and 2.4 Å (JAK2), respectively.
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Among other functional groups surveyed at the C4-position,
nitrile 19 stood out because of its improved TYK2 Ki (1.8 vs
4.8 nM for 3) and slightly better biochemical JAK1 and JAK2
indexes. Nitrile isostere-acetylene 20 was approximately 4-fold
less potent against TYK2 than nitrile 19. Heterocycles, in the
form of pyrazole and triazole, were also evaluated at the C4-
position. Pyrazole 21 was tolerated, although with poor JAK1
and JAK2 selectivities as measured in both biochemical and
cellular assays. On the other hand, loss of TYK2 inhibitory

activity was noted for triazole 22. Additionally, aqueous
solubility at pH 7.4 for both 21 and 22 was poor (1 and 2
μg/mL, respectively), possibly because of the addition of one
more aromatic ring.46 Further exploration of heterocycles at the
C4-position was not pursued.
The SAR described above is consistent with the design

hypothesis that an H-bond donor such as a primary amino
group in compound 4 could have a favorable interaction with
the TYK2 enzyme. What we had not predicted, however, was

Table 1. SAR of Modifications at C4-Position on the Phenyl Ring

aBiochemical assays. Arithmetic mean of at least three separate runs (n ≥ 3). On average, the coefficients of variation were less than 0.3 times the
mean for biochemical assays. b(JAK1 Ki)/(TYK2 Ki).

c(JAK2 Ki)/(TYK2 Ki).
dCell-based assay of TYK2 inhibition. Arithmetic mean of at least

three separate runs (n ≥ 3). On average, the coefficients of variation were less than 0.5 times the mean for cell-based assays. e(IL-6 pSTAT3 EC50)/
(IL-12 pSTAT4 EC50).

f(EPO pSTAT5 EC50)/(IL-12 pSTAT4 EC50).
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that compound 19 with a C4-nitrile, typically an H-bond
acceptor, would also show improved TYK2 potency. To
understand the interaction of nitrile 19 with the TYK2 enzyme,
we obtained a cocrystal structure at 2.3 Å resolution (Figure 3).

The distance between the nitrile nitrogen and the Arg1027 NH
is 3.5 Å, slightly outside the range of a reasonable H-bond but
not excluding the possibility of a long-range electrostatic
interaction. Instead, what we noticed was that the P-loop
conformation was almost identical to that observed in the
TYK2 cocrystal structure with compound 3. The carbonyl
oxygen of Glu905 on the P-loop is 3.2 Å away from the carbon
of the nitrile group and likely makes an orthogonal multipolar
interaction. This less conventional type of interaction has been
observed in the Cambridge small-molecule database (CSD)47

and is visually identified by Proasis48 (Desert Scientific
Software) to be a favorable interaction. We supplemented
these empirical observations using ab initio calculations of a
model system, restraining the distance and angles between the
carbonyl and the nitrile carbon atom, and also found this to be
an energetically favorable interaction (details in the Exper-
imental Section). One may argue that the potency boost
stemmed instead from a nonclassical H-bond between C5-
hydrogen of the phenyl and the backbone carbonyl of Glu905,
but even though this C5···O distance is 3.4 Å, the angle was not
ideal. From an SAR standpoint, the carbon of the C4-nitrile and
the nitrogen of the C4-aniline occupied similar space. Both
substitutions provided potency gain relative to the C4-
hydrogen, with the C4-aniline being approximately 2-fold
more potent than the C4-nitrile, supporting our interpretation
that the CO···CN is a favorable polar interaction but is not as
strong as an H-bond.
It is remarkable that the P-loop maintained its “closed down”

conformation in the cocrystal structures with compounds 3 and
19, leading us to hypothesize that the TYK2 P-loop is relatively
rigid. We believe that the observed TYK2 potency SAR in
Table 1 could be rationalized by the “inflexible” P-loop
hypothesis. Larger substitutions at the C4-position were
tolerated but did not lead to improved potency as designed
likely because any favorable interactions to the TYK2 enzyme
that such groups facilitated were offset by the energy cost of
moving the P-loop. By contrast, aniline 4 could be readily
modeled using the TYK2 bound crystal structure of compound
3:41 the primary amino group could be accommodated at the 4-
position with no movement, and thus no entropic cost, of the
P-loop while making a favorable H-bond with the carbonyl of
Glu905. This hypothesis could also explain the improved JAK2
index for analogues 4 and 19 as the result of better TYK2
enzyme potency, due to favorable H-bond or orthogonal
multipolar interaction with the adjacent P-loop in TYK2. Such

interaction is likely absent with a more “open” JAK2 P-loop.
This difference in P-loop conformations between the TYK2
and JAK2 enzymes had been reported previously with other
classes of JAK inhibitors.49

Despite its better biochemical potency, aniline 4 was less
potent in the IL-12 cell assay than nitrile 19 (pSTAT4 EC50 of
248 vs 157 nM). It was encouraging that for both analogues 4
and 19, the slightly improved biochemical JAK1 and JAK2
indexes translated into slightly better cellular JAK1 and JAK2
indexes than lead molecule 3. It is also worth pointing out that
good cellular JAK1 selectivity was more difficult to achieve than
cellular JAK2 selectivity. We suggest this observation is a
reflection of the weaker ATP Km for JAK1 compared to JAK2
(55 vs 15 μM).50 Compound 19 was profiled against a broad
panel of kinases at 180 nM (100-fold in excess of its TYK2 Ki)
and was found to be reasonably selective. The Gini coefficient
of its kinase selectivity was calculated to be 0.65.51 Among the
187 kinases tested, compound 19 demonstrated >50%
inhibition against only six kinases: 80% inhibition against
RSK3 and RSK4, 73% against RSK2, 68% against LRRK, and
61% against CDK5 and LCK, respectively.
After determining that a nitrile was the optimal substituent at

the C4-position on the 2,6-dichlorophenyl fragment, we then
turned our attention to optimization of the cyclopropylamide
moiety. As highlighted in Figure 2, there is a residue difference
between TYK2 (Arg901) and JAK2 (Gln853) that we hoped to
probe through substitution at the C2-position on the
cyclopropylamide group. For any given C2-substituent on the
cyclopropylamide, cis- and trans-isomers are possible, with each
mixture consisting of a pair of enantiomers. Since the preferred
stereochemistry of this substituent could not be predicted with
confidence from modeling, we proceeded by preparing and
testing both the cis- and trans-isomers, each as a racemic
mixture. If the initial enzyme inhibition data for the racemic
mixture were promising, the cis- or trans-mixture was subject to
further purification by chiral HPLC or SFC to give single
enantiomers for testing. A general trend quickly emerged from
our SAR exploration, where for every C2-substituent evaluated,
the racemic cis-isomeric mixture was always more potent than
the corresponding trans-isomeric mixture. Furthermore, when
the racemic cis-isomers were separated, there was usually a
significant difference in the TYK2 potency between the two
enantiomers. To illustrate this point, data for four diaster-
eomers of the C2-fluoro analogue (compound 23−26) are
shown in Table 2. For other C2-substituents, data for only the
more active cis-enantiomer are included.
When compared to the unsubstituted cyclopropylamide 3,

cis-C2-fluoro analogue 23 showed a small but statistically
significant improvement in TYK2 enzyme potency (2.5 vs 4.8
nM) and slightly better biochemical JAK1 and JAK2 indexes.
The TYK2 enzyme pocket where the cyclopropylamide was
bound seemed sensitive to steric bulk. As the size of the C2-
substituent increased from F to Cl to CH3 (compounds 23, 27,
and 28), the TYK2 potency gradually decreased. Polar
substituents at the C2-position were also examined in hopes
of achieving favorable interactions with the polar side chain of
Arg901 in the TYK2 enzyme. We expected that polar
substituents would also offer an opportunity to reduce the
lipophilicity of compound 3. Contrary to expectations, most of
the polar C2-substituents (29−31) resulted in reduced TYK2
potency when compared to compound 3. An exception to this
trend was one of the cis-enantiomers of carboxylic acid
(analogue 32). It was especially interesting to note that

Figure 3. X-ray crystal structure of compound 19 in complex with the
TYK2 enzyme. The resolution of the X-ray structure is 2.3 Å.
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compound 32 showed remarkably high biochemical JAK1 and
JAK2 indexes. A single crystal structure of compound 32 was
obtained, and its absolute stereochemistry was determined to
be 1R,2S (see Supporting Information). On the basis of the
residue difference between the TYK2 and JAK2 enzyme in this
area of the binding pocket (Arg901 vs Gln853), we propose
that the electrostatic interaction between the positively charged
arginine (Arg901) in the TYK2 enzyme and the negatively

charged carboxylate in analogue 32 might partially explain the
excellent JAK2 selectivity observed (Figure 4a). This
hypothesis, however, does not explain the high degree of
JAK1 selectivity for compound 32. JAK1 and TYK2 share the
same residue (arginine) at this position, implying that there
might be other significant differences in structure or dynamics
between the two enzymes in this area.
As a follow-up to this interesting discovery, we prepared the

cis enantiomers of the corresponding C2-tetrazole and triazole.
The tetrazole 33 was much less selective, although slightly more
potent, than the carboxylic acid analogue 32. Replacement of
the acid with triazole (34), however, resulted in a 5-fold drop in
potency against the TYK2 enzyme. This result is consistent
with our hypothesis that the good TYK2 potency observed for
acid 32 and tetrazole 33 is partially derived from favorable
electrostatic interactions with Arg901. Despite their excellent
TYK2 enzyme potencies, acid 32 and tetrazole 33 were both
inactive in the TYK2 cell assay (IL-12 pSTAT4 EC50 > 5.0
μM). Both the acid and tetrazole, with calculated pKa of 3.7 and
4.6, respectively, should be ionized at physiological pH and
likely have poor passive cell permeability.
The lack of cell potency for acid 32 and tetrazole 33

underscored the importance of identifying a C2-substituent that
was not only potent in biochemical assays but was also
cellularly permeable. Fortunately, the C2-fluoro analogue 23
showed excellent cell potency (IL-12 pSTAT4 EC50 = 193
nM). Compound 23 displayed cell JAK1 and JAK2 indexes of
17× and 18×, respectively, meeting our criteria for cellular
JAK1 and JAK2 selectivity. Excited by its cell potency and
selectivity, we decided to use this particular cis-2-fluorocyclo-
propylamide for future SAR investigation. To define its
stereochemistry, we obtained a single crystal X-ray structure
of the compound 23 (see Supporting Information) and found
that this molecule possessed (1R,2R) stereochemistry. We also
solved the crystal structure of compound 23 in complex with
the TYK2 enzyme at 2.4 Å resolution (Figure 4b). In this
cocrystal structure, the fluorine atom is 3.1 Å away from the
terminal amino of Arg901. The electronegative fluorine might
be slightly favored at the C2-position because of proximity to
the positively charged arginine. Since fluorine atoms usually do
not act as H-bond acceptors within protein−ligand com-
plexes,52 we propose that the favorable dipolar interaction
between the C2-fluorine and Arg901 is responsible for the small
TYK2 potency improvement of analogue 23. It was also
noteworthy that the distance between the fluorine atom and the

Table 2. SAR of C2-Substituted Cyclopropylamide

aUnless otherwise indicated, compounds are single enantiomers of
unknown absolute configuration. bBiochemical assays. Arithmetic
mean of at least three separate runs (n ≥ 3). On average, the
coefficients of variation were less than 0.3 times the mean for
biochemical assays. c(JAK1 Ki)/(TYK2 Ki).

d(JAK2 Ki)/(TYK2 Ki).

Figure 4. (a) Modeling of acid 32 binding with TYK2 enzyme. The C2-carboxylic acid is proposed to have favorable electrostatic interaction with the
positively charged arginine (Arg901) in the TYK2 enzyme. (b) X-ray crystal structure of compound 23 in complex with the TYK2 enzyme. The
resolution of the X-ray structure is 2.4 Å.
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methyl carbon of Leu903 is 3.2 Å, which is approximately the
sum of van der Waals radii of both atoms. This compact
packing between the C2-fluorine and the methyl group of
Leu903 might explain why other groups with larger van der
Waals radii, such as chloride or methyl, are not as well-tolerated
at this position.
The next logical step in the SAR progression was to combine

the (1R,2R)-2-F-cyclopropylamide moiety with our preferred
2,6-dichloro-4-cyanophenyl group (Table 3). We were pleased
to find that the potency and selectivity improvement attributed
to these two substitutions seemed to be “additive”: analogue 35
was more potent and more selective than either of the
predecessor molecules (19 or 23). To better understand the
origins of the improved potency and selectivity of analogue 35,
we obtained a crystal structure of the inhibitor in complex with
the TYK2 enzyme at 2.5 Å resolution (Figure 5). In this crystal

structure, the fluorine atom is located 2.8 Å away from Arg901,
possibly engaged in the same favorable dipolar interaction as
observed in the previously described crystal structure of 23 with
the TYK2 enzyme. In addition, the carbon atom of the C4-
nitrile and the carbonyl oxygen of Glu905 are almost
orthogonal to each other with a measured distance of 3.2 Å.
This positioning is well within the favorable angle and distance
range of an orthogonal multipolar interaction.47 We believe that

the SAR observed for compound 35 could be attributed to the
presence of both favorable interactions from the fluorine atom
as well as the nitrile group with the TYK2 enzyme.
In cell assays, compound 35 was found to be a potent

inhibitor of the IL-12 pathway (pSTAT4 EC50 = 145 nM) and
displayed excellent cell JAK1 and JAK2 indexes of 16× and
20×, respectively. In order to capitalize on this exciting
discovery, we expanded the SAR by preparing analogues with 2-
chloro-6-fluorophenyl substitution. In our previous publica-
tion,41 comparable TYK2 potency was observed for 2-chloro-6-
fluorophenyl analogue and the corresponding 2,6-dichloro-
phenyl analogue. We reasoned that replacement of chlorine
with fluorine could lower the lipophilicity of our molecules.
When the 2-chloro-6-fluorophenyl analogue 36 was prepared
and tested in biochemical assays, we were encouraged that it
was slightly more active and more selective than analogue 23.
Therefore, compound 37, with a C4-nitrile on the phenyl ring,
was synthesized. Compound 37 was equipotent to 36, with
comparable JAK1 and JAK2 indexes. In cell-based assays,
compound 37 showed IL-12 pSTAT4 EC50 of 224 nM, with its
cell JAK1 and JAK2 indexes meeting our selectivity criteria.
Furthermore, we tested compound 37 in both human
peripheral blood mononuclear cells (PBMC) and human
whole blood, stimulated with IL-12 in combination with IL-
18 and using downstream IFNγ production as a readout.33 In
the PBMC assay, compound 37 showed an EC50 of 168 nM,
comparable to its IL-12 pSTAT4 EC50 of 224 nM. In human
whole blood, an EC50 of 737 nM was obtained for compound
37.53 Compounds 35, 36, and 37 were also profiled against a
broad panel of kinases at concentrations 100 times their
corresponding TYK2 Ki values, resulting in Gini coefficients of
0.68, 0.59, and 0.61, respectively. The kinases against which the
three analogues showed >50% inhibition were identical to those
identified for compound 19.
The physiochemical and in vitro ADME properties of key

analogues described in this work are summarized in Table 4,
along with data of the initial lead 3 for comparison. Compound
19, which incorporated the 4-nitrile on 2,6-dichlorophenyl ring,
was slightly less ligand efficient than 3 (LE of 0.49 vs 0.51), but
it was also slightly less lipophilic (LogD of 3.2 vs 3.4). As a
result, the calculated lipophilic ligand efficiency (LLE) was
higher for 19 than for 3 (5.5 vs 4.9). It was interesting that

Table 3. SAR of Combining (1R,2R)-2-F-Cyclopropylamide with Various Benzamides, in Comparison to Ruxolitinib (2)

compd R1 R2

TYK2 Ki
a

(nM)
JAK1 indexb

(biochemical)
JAK2 indexc

(biochemical)
JAK3 indexd

(biochemical)
IL-12 pSTAT4
EC50

e (nM)
JAK1 indexf

(cell)
JAK2 indexg

(cell)

35 Cl CN 1.4 69× 33× 178× 145 16× 20×
36 F H 1.6 76× 43× 194× 211 24× 22×
37 F CN 1.6 60× 39× 239× 224 10× 21×
2 0.5 0.4× 0.2× 6× 10 2× 1×

aBiochemical assays. Arithmetic mean of at least three separate runs (n ≥ 3). On average, the coefficients of variation were less than 0.3 times the
mean for biochemical assays. b(JAK1 Ki)/(TYK2 Ki).

c(JAK2 Ki)/(TYK2 Ki).
d(JAK3 Ki)/(TYK2 Ki).

eCell-based assay of TYK2 inhibition.
Arithmetic mean of at least three separate runs (n ≥ 3). On average, the coefficients of variation were less than 0.5 times the mean for cell-based
assays. f(IL-6 pSTAT3 EC50)/(IL-12 pSTAT4 EC50).

g(EPO pSTAT5 EC50)/(IL-12 pSTAT4 EC50).

Figure 5. X-ray crystal structure of compound 35 in complex with the
TYK2 enzyme. The resolution of the X-ray structure is 2.5 Å.
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analogue 23, with the (1R,2R)-2-F-cyclopropylamide, had an
experimental LogD that was 0.5 units lower than that of 3 (2.9
vs 3.4). It has been reported that fluorine substitutions on
alkanes, especially in the presence of adjacent oxygen atom,
usually result in lowered lipophilicity.52a Through the
combination of improved potency and lower LogD, compound
23 has higher LLE than 3 (5.7 vs 4.9). The same trends were
observed when the (1R,2R)-2-F-cyclopropylamide and 4-nitrile
phenyl group were combined to give compound 35 (LLE =
6.0). Replacement of one of the chlorines on the phenyl ring
present in 35 with fluorine yielded compound 37, which
showed an experimental LogD of 2.5, a drop of 0.3 units.
Consequently, compound 37 had the highest LLE (6.3) of all
analogues in this scaffold. Aqueous solubility of these analogues
at pH 7.4 was decent. The cell permeability, as measured in
MDCK cells, was high. The plasma protein binding (PPB) of
these compounds was examined in human, rat, and mouse.
Most of them are highly plasma protein bound. Consistent with
its lower lipophilicity, compound 37 showed the lowest plasma
protein binding in all three species. It is also interesting to note
that for 37, its plasma protein binding in mouse is considerably
higher than in human.
The in vitro metabolic stability and in vivo pharmacokinetic

(PK) data of the key inhibitors are summarized in Table 5.
Analogue 19 contained the 4-nitrile functionality on the phenyl
group, and this substitution was designed to block oxidative
metabolism that was observed for compound 3. No significant
difference in human liver microsomal stability, however, was
observed between analogues 19 and 3. Incubation of
compound 19 with human liver microsomes showed only a
small amount (<2%) of the corresponding cyclopropylamide

hydrolysis product, and no metabolites related to oxidation on
the phenyl ring were detected. Comparison of in vivo metabolic
stability in mouse and rat between compounds 3 and 19 reveals
that addition of C4-nitrile on the phenyl ring clearly had
significant impact, as clearance was reduced from 21 to 3.1 mL/
min/kg in rat and from 65 to 13 mL/min/kg in mouse,
respectively. When compound 19 was dosed orally in mouse at
100 mg/kg, excellent oral exposure (AUC = 818 μM·h) was
observed.
For analogue 23, we were initially concerned that fluorine

substitution on the cyclopropylamide would reduce metabolic
stability. Cyclopropylamide hydrolysis was one of the major
metabolic pathways observed for compound 3, and the strongly
electron-withdrawing fluorine in compound 23 could con-
ceivably, through its inductive effect, render the cyclo-
propylamide carbonyl even more susceptible to nucleophilic
attack. The liver microsomes stability of compound 23 was
comparable to 3 in all three species. To confirm these stability
trends, we evaluated the clearance of analogue 23 in vivo and
obtained a clearance value of 15 mL/min/kg in rat, similar to
that of 3 (21 mL/min/kg). When compound 23 was dosed
orally at 100 mg/kg in mouse, however, modest exposure
(AUC = 50 μM·h) was observed.
When the (1R,2R)-2-F-cyclopropylamide fragment was

combined with the 4-cyano-substituted phenyl groups (com-
pound 35 and 37), attractive PK profiles were obtained. For
compound 35 with the 2,6-dichloro-4-cyanophenyl group, the
in vitro metabolic stability in rat and mouse was comparable to
that of 19. In vivo, a clearance value of 4.6 mL/min/kg was
observed in rat. In a high dose mouse PK experiment with
compound 35, excellent oral exposure (AUC = 1090 μM·h)

Table 4. Physiochemical and in Vitro DMPK Properties of Key Analogues

physiochemical properties in vitro DMPK properties

compd LEa LLEb log D c tPSA
aqueous solubility

(μg/mL)d MDCK A−B Papp
e (×10−6 cm/s) (ratio (B−A)/(A−B))

plasma protein binding in
human, rat, mouse (%)

3 0.51 4.9 3.4 71 170 30 (0.4) 95.1, 95.9, 95.6
19 0.49 5.5 3.2 94 64 15 (1.0) 97.8, 94.1, 96.8
23 0.50 5.7 2.9 71 126 20 (0.8) 97.5, 95.2, 98.2
35 0.48 6.0 2.8 94 74 12 (1.5) 93.2, 91.8, 98.3
36 0.51 ND ND 71 28 30 (0.4) 93.4, 87.8, 96.4
37 0.47 6.3 2.5 94 53 11 (1.5) 86.6, 91.0, 95.0

aLigand efficiency = (−1.4 log Ki)/(n heavy atoms).
bLigand−lipophilicity efficiency = (−log Ki) − cLogP. cMeasured log of distribution coefficient

between octanol and aqueous pH 7.4 buffer. dAqueous solubility was determined in pH 7.4 PBS buffer. eApparent permeability in MDCK Transwell
culture. A−B: apical-to-basolateral. Ratio is determined by the apparent permeability of B−A basolateral-to-apical divided by A−B apical-to-
basolateral.

Table 5. In Vitro Metabolic Stability and in Vivo PK Parameters of Key Analogues

in vivo PK

in vitro metabolic
stability, LMa

(mL/min/kg) ratb mouseb high dose mousec

compd human rat mouse
Clp

(mL/min/kg) t1/2 (h) Vd (L/kg) F (%)
Clp

(mL/min/kg) t1/2 (h) Vd (L/kg) F (%)
AUC
(μM·h) Cmax (μM)

3 7 16 64 21 1.2 1.1 100 65 0.3 0.6 73
19 8 12 38 3.1 4.2 0.8 86 13 1.0 0.9 100 818 119
23 11 21 55 15 1.8 1.0 100 50 47
35 11 10 36 4.6 4.1 1.0 100 1090 143
36 4 20 64 39 0.5 1.2 100
37 8 11 34 1.0 40 2.3 70 917 108

aHepatic clearance predicted from liver microsome stability. bMale Sprague rats or CD-1 mice were dosed with each compound iv 1 mg/kg and po 5
mg/kg as a solution in 60% PEG. cCD-1 mice were dosed po 100 mg/kg as a MCT suspension.
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was observed, with maximal total concentration (Cmax) reaching
149 μM. However, 2-chloro-6-fluoro analogue 36, lacking a 4-
nitrile on its phenyl group, showed a relatively high clearance
(39 mL/min/kg) in rat. When nitrile was introduced at the C4-
position of the phenyl group, resulting in analogue 37, in vitro
metabolic stability was comparable to that of compounds 19
and 35. Once again, low clearance (1.0 mL/min/kg) was
observed in rat for compound 37, with excellent oral exposure
achieved in mouse.
It was gratifying to see that the changes introduced into the

lead molecule 3, leading to optimized compounds 35 and 37,
improve not only potency and selectivity but also clearance in
rat and oral exposure in mouse. With these compounds in
hand, we proceeded to in vivo PK/PD studies. While
compound 35 was more potent in the IL-12 pSTAT4 assay
than 37, it also had higher plasma protein binding in mouse
(98.3% vs 95.0%). As a result, unbound drug level relative to its
cell EC50 for analogue 37 was slightly higher than that for 35
(24× vs 17×) (Figure 6). On the basis of these calculations,
compound 37 was selected for in vivo PK/PD study.
To determine if a TYK2-selective inhibitor could inhibit the

IL-12 pathway in vivo, a mouse PK/PD model was developed.
Administration of recombinant mouse IL-12 in combination
with mouse IL-18 resulted in a time- and dose-dependent
increase in systemic IFNγ production (data not shown). After
optimization of the time and dose required for induction,
compound 37 was tested for its ability to inhibit IFNγ
production in this model. Anti-p40 antibody, which neutralizes
the IL-12 cytokine, was used as a positive control and resulted
in near complete (94%) inhibition of IFNγ production (Figure
7a). Thirty minutes prior to cytokine stimulation, ascending
doses of 37 were administered orally via gavage (see Supporting
Information for the time course of mouse IL-12 PK/PD
experiment). Three hours after cytokine stimulation, systemic
levels of IFNγ were measured by cytokine ELISA, and total
plasma concentration of compound 37 was also determined for
this time point. Statistically significant inhibition of the IL-12
pathway was observed for doses of ≥10 mg/kg (Figure 7a),
with maximal PD response at the 70 mg/kg dose. The lowest
dose of 3 mg/kg, however, failed to produce a meaningful
pharmacological effect. The 100 mg/kg dose did not give
significantly higher unbound drug levels than the 70 mg/kg

dose (Figure 7b), and thus, the PD response was comparable.
Overall, the PK/PD relationship suggested that a significant
attenuation of cytokine IFNγ production could be achieved at
doses of 100, 70, 30, and 10 mg/kg when unbound drug

Figure 6. High dose (po 100 mg/kg) mouse PK of compound 35 and 37. Three CD-1 mice were dosed orally with 35 or 37 at 100 mg/kg as a
MCT suspension. At different time intervals, a blood sample was taken from each animal and plasma concentration was determined. Reported values
were the average of three animals. The unbound concentration was calculated by multiplying the plasma concentration with the corresponding
unbound fraction in mouse.

Figure 7. (a) Mouse IL-12 PD response with different doses of
compound 37, showing inhibition of IFNγ production by compound
37. Values shown are the average of eight animals at each dose (n = 8).
Anti-p40 antibody (aP40), which neutralizes IL-12, was used as a
positive control. Anti-ragweed antibody (aRW) was used as a negative
control. An asterisk denotes p < 0.05 compared to control. MCT was
used as the vehicle for oral dosing of compound 37. (b) Measured
unbound concentration of compound 37 at 3.5 h after oral dosing:
plot of the unbound concentration of compound 37 at the 3.5 h time
point for different doses. Values shown are the average of eight animals
at each dose (n = 8). The ratio of unbound concentration of 37 over
its IL-12 pSTAT4 EC50 was also calculated for all doses.
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concentration is ≥2-fold of the corresponding IL-12 pSTAT4
EC50 value.

■ CHEMISTRY

Preparation of compounds reported in this work is summarized
in Scheme 1, utilizing chemistry similar to what was reported in
our previous publication.41 The syntheses of various benzoic
acids are described in the Supporting Information. Briefly, a
2,6-dichlorobenzoic acid 38 was converted to its corresponding
acid chloride, which was coupled with 2-bromo 4-amino-
pyridine 39 to give amide 40. With 2-bromopyridine 40 in
hand, we developed two methods to prepare cyclopropylamide
42 (methods A and B in Scheme 1). A palladium-catalyzed
Buchwald coupling reaction of bromide 40 with primary amide
41 (method A) could be carried out smoothly to give
cyclopropylamide 42. Alternatively, the 2-bromopyridine 40
could be first transformed to 2-aminopyridine 43. Standard
amide coupling reactions of 2-aminopyridine 43 with a
cyclopropylcarboxylic acid 44, or an acid chloride 45, also led
to cyclopropylamide 42.

■ CONCLUSION

Starting with lead molecule 3, we carried out comprehensive
and systematic SAR investigation of the 2,6-dichlorophenyl and
cyclopropylamide moieties, aided by structure-based design.
Optimization of the benzamide portion of 3 led to
identification of the 2,6-dichloro-4-cyanophenyl group, which
showed improved TYK2 potency as well as JAK1 and JAK2
selectivity. This illustrates that selectivity can be obtained not
only by directly targeting residue differences but also by
utilizing the overall difference in P-loop conformation or
flexibility. Furthermore, incorporation of the C4-nitrile
substituent reduced clearance in vivo, likely as a result of
blocking oxidative metabolism on the phenyl group. Sub-

sequent exploration of various C2-substituent on the cyclo-
propylamide present in 3 led to identification of the (1R,2R)-2-
fluorocyclopropylamide moiety that further improved TYK2
potency and JAK1 and JAK2 indexes, without compromising
metabolic stability. When the two separately optimized moieties
were combined, the resulting compound 35 and the closely
related analogue 37 displayed excellent cell potency and
selectivity profiles. Both analogues also exhibited good oral
exposures when dosed in mouse. Accordingly, compound 37
was selected for a mouse PK/PD experiment because of it
having the best ratio of unbound drug level in mouse over its
cell IL-12 pSTAT4 EC50. Significant suppression of IFNγ
production was achieved when compound 37 was dosed at
greater than 3 mg/kg in a mouse IL-12 PK/PD model. This
result supports our hypothesis that inhibition of the TYK2
kinase alone could lead to blocking of the IL-12 signaling
pathway in vivo.

■ EXPERIMENTAL SECTION
General. Unless otherwise indicated, all reagents and solvents were

purchased from commercial sources and used without further
purification. Moisture or oxygen sensitive reactions were conducted
under an atmosphere nitrogen gas. Unless otherwise stated, 1H spectra
were recorded at room temperature using Varian Unity Inova Bruker
AVANCE III UltraShield-Plus Digital NMR spectrometer at indicated
frequencies. Chemical shifts are expressed in ppm relative to an
internal standard: tetramethylsilane (=0.00 ppm). The following
abbreviations are used: br = broad signal, s = singlet, d = doublet, dd =
doublet of doublets, t = triplet, q = quartet, m = multiplet. Purification
by silica gel chromatography was carried out using a CombiFlash by
Teledyne ISCO system with prepacked cartridges. Purification by
reverse phase high performance liquid chromatography (HPLC) was
also used, and the conditions were described as indicated. Racemic
mixtures of final compounds were separated into individual
enantiomers by chiral supercritical fluid chromatography (SFC)
under the indicated conditions. All final compounds were purified to

Scheme 1. Preparation of 2-Cyclopropylamides−Pyridyl-4-benzamidesa

aReagents and conditions: (a) thionyl chloride, toluene, 100 °C; then NaH, DMF, 0 °C; (b) Pd2(dba)3, XantPhos, Cs2CO3, 1,4-dioxane, 130 °C,
microwave; (c) Pd2(dba)3, DavePhos, LHMDS, 1,4-dioxane, 100 °C; then 1 N HCl; (d) HATU, DIPEA, DMF, 70 °C; (e) NEt3, dichloromethane, 0
°C.
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>95% chemical purity, as assessed by HPLC (column, Agilent SD-C18,
2.1 mm × 30 mm, 1.8 μm; mobile phases, water with 0.5% TFA,
CH3CN with 0.5% TFA; flow rate of 0.4 mL/min; run time of 8.5
min; oven temperature of 40 °C; UV detection at 254 and 210 nm. In
cases where enantiomers or diastereomers were separated by chiral
stationary phase HPLC or chiral SFC, the final products were >98% ee
or de.
2,6-Dichloro-4-cyano-N-(2-(cyclopropanecarboxamido)-

pyridin-4-yl)benzamide (19). Step 1. A solution of 2,6-dichloro-4-
cyanobenzoic acid (1.15 g, 5.32 mmol) in thionyl chloride (5.0 mL)
was heated to reflux under nitrogen overnight. The next day, the
mixture was concentrated via rotavap to give the desired acid chloride
as a white solid, which was used in the next step without further
purification.
To a solution of 2-bromo-4-aminopyridine (0.912 g, 5.32 mmol) in

anhydrous DMF (5.0 mL) at 0 °C was carefully added NaH (0.424 g,
10.6 mmol, 60% dispersion in mineral oil). Ice bath was removed, and
the suspension was warmed to room temperature and stirred for 30
min before being cooled to 0 °C again. To this reaction mixture was
slowly added a solution of the above acid chloride dissolved in
anhydrous DMF (4.0 mL). Ice bath was removed, and the mixture was
warmed to room temperature and stirred for 1 h under nitrogen. Ice−
water (20 mL) was added, and the reaction mixture was extracted with
ethyl acetate (3 × 50 mL). Combined organics were dried over
Na2SO4, concentrated via rotavap, and purified by flash column
chromatography on silica gel (EtOAc/petroleum ether = 1:10) to
afford N-(2-bromopyridin-4-yl)-2,6-dichloro-4-cyanobenzamide as a
white solid (1.18 g, 59% yield). LCMS (ESI) m/z: 369.9 [M + H]+.
Step 2. A 10 mL microwave tube equipped with a magnetic stirring

bar was charged with N-(2-bromopyridin-4-yl)-2,6-dichloro-4-cyano-
benzamide (74 mg, 0.20 mmol), followed by cyclopropanecarbox-
amide (34 mg, 0.40 mmol), Pd2(dba)3 (18 mg, 0.020 mmol),
XantPhos (23 mg, 0.040 mmol), Cs2CO3 (131 mg, 0.40 mmol), and
1,4-dioxane (1.2 mL). The tube was flushed with nitrogen for 5 min
before being sealed and heated at 140 °C for 1 h in a microwave
reactor. The tube was cooled to room temperature, and the reaction
mixture was filtered through Celite. The filter cake was washed with
additional EtOAc (2 × 5 mL). Combined filtrate was evaporated to
dryness and purified by preparative HPLC (Gilson GX 281; column,
Shim-pack PRC-ODS 250 mm × 20 mm 15 μm; mobile phase
CH3CN/10 mM NH4HCO3; flow rate of 30 mL/min; run time of 17
min) to afford the desired product (30 mg, 40% yield). 1H NMR (500
MHz, DMSO-d6): δ 11.28 (s, 1H), 10.79 (s, 1H), 8.36−8.24 (m, 4H),
7.47 (m, 1H), 2.00 (m, 1H), 0.81−0.79 (m, 4H). LCMS (ESI) m/z:
375.1 [M + H]+.
2,6-Dichloro-N - (2- ( (1R ,2R ) -2-fluorocyclopropane-

carboxamido)pyridin-4-yl)benzamide (23) and 2,6-Dichloro-N-
(2-((1S,2S)-2-fluorocyclopropanecarboxamido)pyridin-4-yl)-
benzamide (24). To a 25 mL round-bottom flask was added N-(2-
aminopyridin-4-yl)-2,6-dichlorobenzamide (60 mg, 0.213 mmol),
followed by anhydrous DMF (2.0 mL), cis-2-fluorocyclopropanecar-
boxylic acid54 (111 mg, 1.06 mmol), DIPEA (137 mg, 1.06 mmol),
and HATU (404 mg, 1.06 mmol). The reaction mixture was heated at
60 °C under nitrogen for 12 h when monitoring the reaction by LCMS
showed complete conversion. The reaction mixture was cooled to
room temperature, diluted with saturated NH4Cl solution (20 mL),
and then extracted with EtOAc (3 × 20 mL). The combined organics
were dried over Na2SO4, filtered, and concentrated via rotavap. The
crude product was purified by chiral SFC (Chiralpak IC, 35% IPA +
0.1% NEt3, 5 min) to give two desired products as the following:
23: second eluting peak, 21 mg (27% yield), >99% ee (retention

time 0.87 min, Chiralpak IC, 35% IPA + 0.1% NEt3, 5 min).
1H NMR

(400 MHz, DMSO-d6): δ 11.15 (s, 1H), 10.77 (s, 1H), 8.39 (s, 1H),
8.24 (d, J = 5.6 Hz, 1H), 7.62−7.55 (m, 2H), 7.55−7.43 (m, 2H), 4.91
(dddd, J = 66.3, 6.3, 6.2, 3.6 Hz, 1H), 2.21 (dddd, J = 9.0, 6.8, 6.3, 5.9
Hz, 1H), 1.65 (dddd, J = 23.4, 6.8, 6.7, 3.6 Hz, 1H), 1.16 (dddd, J =
12.4, 9.0, 6.8, 6.3 Hz, 1H). LCMS (ESI) m/z: 368.0 [M + H]+.
24: first eluting peak, 22 mg (28% yield), >99% ee (retention time

0.61 min, Chiralpak IC, 35% IPA + 0.1% NEt3, 5 min). 1H NMR and
LCMS match 23.

2 ,6 -D i ch lo ro -N - ( 2 - ( t rans - 2 -fluorocyc lopropane -
carboxamido)pyridin-4-yl)benzamide Enantiomer 1 (25) and
Enantiomer 2 (26). A 10 mL round-bottom flask was charged with
N-(2-aminopyridin-4-yl)-2,6-dichlorobenzamide (28 mg, 0.10 mmol),
followed by anhydrous DMF (1 mL), trans-2-fluorocyclopropanecar-
boxylic acid54 (31 mg, 0.30 mmol), DIPEA (52 mg, 0.40 mmol), and
HATU (114 mg, 0.30 mmol). The reaction mixture was stirred at
room temperature under nitrogen for 18 h. The reaction mixture was
diluted with a saturated NH4Cl solution (20 mL) and extracted with
EtOAc (2 × 20 mL). The combined organics were dried over Na2SO4,
filtered, and concentrated via rotavap. The crude product was purified
by chiral SFC (Chiralpak IC, 20% MeOH + 0.1% NEt3, 5 min) to give
two desired products as the following:

25: first eluting peak, 3.4 mg (9.2% yield), >99% ee (retention time
0.65 min, Chiralpak IC, 20% MeOH + 0.1% NEt3, 5 min). 1H NMR
(400 MHz, DMSO-d6): δ 11.14 (s, 1H), 10.88 (s, 1H), 8.38 (d, J = 1.6
Hz, 1H), 8.24 (d, J = 5.6 Hz, 1H), 7.62−7.55 (m, 2H), 7.51 (dd, J =
9.2, 6.8 Hz, 1H), 7.46 (dd, J = 5.6, 1.9 Hz, 1H), 4.86 (dddd, J = 64.7,
5.8, 3.2, 1.4 Hz, 1H), 2.56 (dddd, J = 22.3, 10.1, 6.4, 1.4 Hz, 1H), 1.51
(dddd, J = 22.3, 10.1, 6.4, 3.2 Hz, 1H), 1.23 (dddd, J = 12.9, 6.5, 6.4,
6.3 Hz, 1H). LCMS (ESI) m/z: 368.0 [M + H]+.

26: second eluting peak, 3.3 mg (9.0% yield), >99% ee (retention
time 0.74 min, Chiralpak IC, 20% MeOH + 0.1% NEt3, 5 min). 1H
NMR and LCMS match 25.

( 1R , 2S ) -2 - (4 - (2 ,6 -D ich lo robenzamido)pyr id in -2 -
ylcarbamoyl)cyclopropanecarboxylic Acid (32). Step 1. A
solution of N-(2-aminopyridin-4-yl)-2,6-dichlorobenzamide (1.41 g,
5 mmol) and 3-oxabicyclo[3.1.0]hexane-2,4-dione (2.24 g, 20 mmol)
in 1,4-dioxane (25 mL) was heated at 90 °C under nitrogen for 4 h.
The reaction mixture was cooled to room temperature and the
precipitated white solid was collected by filtration to give 2,6-dichloro-
N-(2-(-2,4-dioxo-3-azabicyclo[3.1.0]hexan-3-yl)pyridin-4-yl)-
benzamide (1.28 g, 68% yield). 1H NMR (400 MHz, DMSO-d6): δ
11.42 (s, 1H), 8.47 (d, J = 5.6 Hz, 1H), 7.69 (d, J = 1.8 Hz, 1H), 7.67−
7.59 (m, 3H), 7.55 (dd, J = 9.2, 6.8 Hz, 1H), 2.74 (dd, J = 8.0, 3.6 Hz,
2H), 1.69 (ddt, J = 20.6, 8.1, 4.2 Hz, 2H). LCMS (ESI) m/z: 376.0 [M
+ H]+.

Step 2. To a suspension of 2,6-dichloro-N-(2-(-2,4-dioxo-3-
azabicyclo[3.1.0]hexan-3-yl)pyridin-4-yl)benzamide (136 mg, 0.36
mmol) in THF (4.0 mL) was added a solution of LiOH (1 N, 2
mL, 2 mmol). The reaction mixture was stirred at room temperature
for 2 h. The mixture was then extracted with EtOAc (10 mL). The
aqueous layer was acidified with 1 N HCl to pH 2.0. The precipitated
white solid was collected by filtration. The crude product was
subsequently purified by chiral SFC (Chiralpak AD-H, 35% EtOH +
0.1% NEt3, 6 min) to give two pure enantiomers as the following:

32: second eluting peak, 41 mg (29% yield), >99% ee (retention
time 0.66 min, Chiralpak AD-H, 35% EtOH + 0.1% NEt3, 3 min). 1H
NMR (400 MHz, DMSO-d6): δ 12.10 (s, 1H), 11.13 (s, 1H), 10.85 (s,
1H), 8.36 (d, J = 1.5 Hz, 1H), 8.22 (d, J = 5.6 Hz, 1H), 7.61−7.55 (m,
2H), 7.54−7.50 (m, 1H), 7.48 (dd, J = 5.5, 1.8 Hz, 1H), 2.27 (dd, J =
14.6, 7.5 Hz, 1H), 2.01 (dd, J = 15.9, 8.5 Hz, 1H), 1.39 (td, J = 6.6, 4.2
Hz, 1H), 1.16 (td, J = 8.3, 4.1 Hz, 1H). LCMS (ESI) m/z: 394.0 [M +
H]+.

Enantiomer of 32: first eluting peak, 43 mg (30% yield), >99% ee
(retention time 0.56 min, Chiralpak AD-H, 35% EtOH + 0.1% NEt3, 3
min). 1H NMR and LCMS match 32.

2,6-Dichloro-4-cyano-N-(2-((1R,2R)-(2-fluorocyclopropane-
carboxamido)pyridin-4-yl)benzamide (35). Step 1. A solution of
2,6-dichloro-4-cyanobenzoic acid (324 mg, 1.5 mmol) in thionyl
chloride (10 mL) was heated to reflux under nitrogen overnight. The
next day, the reaction mixture was cooled to room temperature and
volatiles were removed via rotavap. The corresponding acid chloride
was obtained in quantitative yield as a yellow solid, which was used in
the next step without purification.

Step 2. A 50 mL round-bottom flask was charged with 2-bromo-4-
aminopyridine (295 mg, 1.5 mmol), followed by anhydrous DMF (5.0
mL). The resulting solution was cooled to 0 °C, and NaH (120 mg,
3.0 mmol, 60% dispersion in mineral oil) was added carefully under
nitrogen. Ice bath was removed, and the mixture was warmed to room
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temperature and stirred for 30 min before being cooled to 0 °C again.
To this reaction mixture was slowly added a solution of the above acid
chloride dissolved in anhydrous DMF (5.0 mL). The resulting mixture
was stirred for another 1 h at room temperature. Then ice−water (20
mL) was added and the resulting mixture was extracted with ethyl
acetate (3 × 50 mL). The combined organic layers were washed with
brine (20 mL), dried over MgSO4, and filtered. After removal of
solvent under vacuum, the residue was purified by flash chromatog-
raphy (ethyl acetate/petroleum ether = 1:10) to give N-(2-
bromopyridin-4-yl)-2,6-dichloro-4-cyanobenzamide (389 mg, 70%
yield). LCMS (ESI) m/z: 369.9 [M + H]+.
Step 3. To a 25 mL microwave tube was added cis-2-

fluorocyclopropanecarboxamide (0.045 g, 0.44 mmol), followed by
N-(2-bromopyridin-4-yl)-2,6-dichloro-4-cyanobenzamide (0.16 g, 0.40
mmol), Pd2(dba)3 (0.045 g, 0.049 mmol), XantPhos (0.035 g, 0.061
mmol), Cs2CO3 (0.51 g, 1.6 mmol), and 1,4-dioxane (6.0 mL). The
mixture was degassed with nitrogen for 10 min. The tube was sealed
and irradiated in a microwave reactor at 140 °C for 1 h before being
cooled to room temperature. The mixture was filtered with Celite, and
the filter cake was washed with additional EtOAc (2 × 10 mL).
Combined filtrate was concentrated via rotavap, and the crude mixture
was purified by preparative HPLC (Gilson GX 281; column, Shim-
pack PRC-ODS 250 mm × 20 mm 15 μm; mobile phase CH3CN/10
mM NH4HCO3; flow rate of 30 mL/min; run time of 17 min) to give
the racemic mixture as a white solid (40 mg). This racemic mixture
was then purified by chiral SFC (Chiralpak IC, 15% MeOH, 5 min) to
give two pure enantiomers as following:
35: second eluting peak, 10 mg (6.4% yield), >99% ee (retention

time 1.31 min, Chiralpak IC, 15% MeOH, 5 min). 1H NMR (400
MHz, DMSO-d6): δ 11.32 (s, 1H), 10.86 (s, 1H), 8.37 (d, J = 1.7 Hz,
1H), 8.32−8.24 (m, 3H), 7.49 (dd, J = 5.6, 1.9, 25 Hz, 1H), 4.95
(dddd, J = 66.2, 6.2, 6.2, 3.7 Hz, 1H), 2.21 (dddd, J = 9.1, 6.7, 6.2, 3.7
Hz, 1H), 1.63 (dddd, J = 23.2, 6.7, 6.2, 3.7 Hz, 1H), 1.16 (dddd, J =
12.4, 9.1, 6.2, 6.2 Hz, 1H). LCMS (ESI) m/z: 393.0 [M + H]+.
The other enantiomer was also obtained (12.5 mg, 8.0% yield),

>99% ee (retention time 1.12 min, Chiralpak IC, 15% MeOH, 5 min).
1H NMR and LCMS match 35.
2-Chloro-4-cyano-6-fluoro-N - (2- ( (1R ,2R ) -2-fluoro-

cyclopropanecarboxamido)pyridin-4-yl)benzamide (37). Step
1. A 10 mL round-bottom flask containing a suspension of 2-chloro-4-
cyano-6-fluorobenzoic acid (443 mg, 2.22 mmol) in thionyl chloride
(2.0 mL) was heated to reflux for 3 h under nitrogen. The mixture was
cooled to room temperature, concentrated to dryness, and azeotroped
with anhydrous toluene (2 × 5 mL) to give crude 2-chloro-4-cyano-6-
fluorobenzoyl chloride as a white solid which was used in the next step
without purification.
Step 2. A 25 mL round-bottom flask was charged with 4-amino-2-

bromopyridine (346 mg, 2.0 mmol) and DIPEA (461 mg, 4.0 mmol),
followed by anhydrous DCM (5.0 mL) and CH3CN (0.5 mL). The
resulting clear solution was cooled to 0 °C under nitrogen, and a
solution of 2-chloro-4-cyano-6-fluorobenzoyl chloride (484 mg, 2.2
mmol) in DCM (2.0 mL) was added dropwise. Ice bath was removed,
and the reaction mixture was warmed to room temperature and stirred
for 16 h. The reaction mixture was diluted with a saturated NH4Cl
solution (40 mL) and extracted with EtOAc (3 × 50 mL). The
combined organics were dried over Na2SO4, filtered, and concentrated
to dryness. The crude product was purified by flash column
chromatography on silica gel (0−50% EtOAc/hexane) to give N-(2-
bromopyridin-4-yl)-2-chloro-4-cyano-6-fluorobenzamide as an off-
white solid (379 mg, 53% yield).
Step 3. To a 25 mL microwave tube was added N-(2-bromopyridin-

4-yl)-2-chloro-4-cyano-6-fluorobenzamide (681 mg, 1.92 mmol),
followed by cis-2-fluorocyclopropanecarboxamide (218 mg, 2.11
mmol), Pd2(dba)3 (88 mg, 0.096 mmol), XantPhos (0.111 g, 192
mmol), Cs2CO3 (1.25 g, 3.84 mmol), 1,4-dioxane (10.0 mL), and 1,2-
dimethoxyethane (3.0 mL). The mixture was degassed with nitrogen
for 10 min. The tube was sealed and irradiated in a microwave reactor
at 130 °C for 0.5 h. After being cooled to room temperature, the
mixture was filtered with Celite and the filtrate was concentrated under
vacuum. The resulting residue was purified by chiral SFC (Chiralpak

AS-H, 15% MeOH, 12 min) to give two pure enantiomers as the
following:

37: second eluting peak, 288 mg (40% yield), >99% ee (retention
time 1.23 min, Chiralpak AS-H, 15% MeOH, 2.5 min). 1H NMR (400
MHz, DMSO-d6): δ 11.33 (s, 1H), 10.82 (s, 1H), 8.35 (d, J = 1.6 Hz,
1H), 8.26 (d, J = 5.6 Hz, 1H), 8.17−8.08 (m, 2H), 7.49 (dd, J = 5.6,
1.9 Hz, 1H), 4.94 (dddd, J = 66.2, 6.3, 6.2, 3.7 Hz, 1H), 2.21 (dddd, J
= 12.4, 9.2, 6.9, 6.3 Hz, 1H), 1.64 (dddd, J = 23.2, 6.9, 6.8, 3.7 Hz,
1H), 1.16 (dddd, J = 12.4, 9.2, 6.3, 6.3 Hz, 1H). LCMS (ESI) m/z:
377.1 [M + H]+.

The other enantiomer was also obtained (290 mg, 40% yield),
>99% ee (retention time 1.03 min, Chiralpak AS-H, 15% MeOH, 2.5
min). 1H NMR and LCMS data match 37.

Computational Chemistry. To orthogonally validate the multi-
polar interaction described in ref 47 and depicted by Proasis for the
TYK2 X-ray structures with 19 (Figure 3) and 35 (Figure 5), quantum
calculations were carried out on model systems. The carbonyl was
represented by a propan-2-one molecule, and the nitrile was
represented by an acetonitile molecule, both starting in the same
coordinates as in the crystal structure of 19. The program Jaguar
(Schrodinger, Inc.) was used to carry out geometry optimization runs
at the B3LYP/6-31G** level with PBF aqueous solvation for the
propan-2-one alone, the acetonitrile alone, and the propan-2-one/
acetonitrile complex with distance and angle constraints between the
carbonyl and the nitrile to maintain the starting geometry of the
complex. At the end of the geometry optimization runs, the interaction
energy was calculated via subtraction of the sum of the solution phase
energies for each separate molecule from the solution phase energy of
the complex system. A similar method was used by Pierce and co-
workers55 to predict CH···O hydrogen bond strengths. Our calculation
yielded an interaction energy of −0.9 kcal/mol, indicating a favorable
interaction. To further verify the method and compare results with
SAR, we used the same method on a system in which the acetylnitrile
was switched to a prop-1-yne. This system mimics compound 20, and
the resulting interaction energy was −0.1 kcal/mol, too small to
conclude whether the interaction is favorable. This set of results is
consistent with compound 19 having TYK2 Ki of 1.8 nM and
compound 20 having TYK2 Ki of 9.5 nM.
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