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Abstract:

Cyclin-dependent kinase 12 (CDK12) plays a key role in the coordination of transcription with
elongation and mRNA processing. CDK12 mutations found in tumors and CDK12 inhibition
sensitize cancer cells to DNA-damaging reagents and DNA-repair inhibitors. This suggests that
CDK12 inhibitors are potential therapeutics for cancer that may cause synthetic lethality. Here,
we report the discovery of
3-benzyl-1-(trans-4-((5-cyanopyridin-2-yl)amino)cyclohexyl)-1-arylurea derivatives as novel
and selective CDKI12 inhibitors. Structure-activity relationship studies of a HTS hit,
structure-based drug design, and conformation-oriented design using the Cambridge Structural
Database afforded the optimized compound 2, which exhibited not only potent CDK12 (and
CDK13) inhibitory activity and excellent selectivity, but also good physicochemical properties.
Furthermore, 2 inhibited the phosphorylation of Ser2 in the C-terminal domain of RNA
polymerase II, and induced growth inhibition in SK-BR-3 cells. Therefore, 2 represents an
excellent chemical probe for functional studies of CDK12 and could be a promising lead

compound for drug discovery.

Keywords: Cyclin-dependent kinase 12 (CDK12), CDK12 inhibitor, RNA polymerase II (Pol II),

C-terminal domain (CTD) of Pol II, conformation-oriented design, Cambridge Structural

Database (CSD)
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Introduction

In eukaryotes, three distinct RNA polymerases (I-III) coordinate transcription: RNA
polymerase I (Pol I) catalyzes the transcription of ribosomal RNA (rRNA) genes, RNA
polymerase II (Pol II) is responsible for the transcription of protein-coding genes into messenger
RNA (mRNA), and RNA polymerase III (Pol III) synthesizes small non-coding RNAs such as
transfer RNAs (tRNAs). Pol II is the most studied of these RNA polymerases. It is
well-established that the modulation of Pol II activity is regulated by the phosphorylation of a
repeated motif (Y1-S2-P3-T4-S5-P6-S7) in the C terminal domain (CTD).' The number of Pol II
CTD repeats vary from 26 in yeast to 52 in mammals, whereas this motif is completely absent in
Pol I and Pol III. The number of CTD repeats tends to increase depending on the complexity of
organisms. Truncation studies of Pol II CTD revealed a certain length of CTD repeats was
necessary for yeast cell viability or mammalian cell growth.z’ 3 The main function of the CTD is
to serve as a flexible binding scaffold for a variety of nuclear factors involved in the different
phases of transcription. The regulation of the phosphorylation pattern on the CTD of Pol II helps
to coordinate the assembly of complexes with transcription factors, chromatin modifiers, and
RNA processing enzymes. Although phosphorylation of the CTD can occur on tyrosine,
threonine, and serine residues,” phosphorylation at position 2 serines (Ser2) and position 5
serines (Ser5) are far more abundant than at other sites.” In general, Ser5 phosphorylation is
essential for transcriptional initiation, whereas the phosphorylation of Ser2 contributes to
transcriptional elongation and the recruitment of 3' RNA-processing factors, which play a major
role in transcription termination. Five cyclin-dependent kinases (CDKs: 7, 8, 9, 12, and 13) are
reported to phosphorylate the CTD of Pol II; thus, they are grouped together as “CTD kinases”. '

All CTD kinases can phosphorylate Ser5, but only CDK9, CDK12, and CDK13 are responsible
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for the phosphorylation of Ser2.°® CDK12 and its close homolog CDK13 are unusually large
proteins (1,490 and 1,512 amino acids, respectively, in humans) compared with other CDKs (e.g.,
CDK9, 372 amino acids).g_13 Both CDK12 and CDK13 contain a central kinase domain and a

N-terminal arginine-serine-rich (RS) domain,"* '

which are frequently found in proteins
involved in pre-mRNA splicing and RNA processing. As suggested by their structural features,
CDK12 and CDK13 regulate co-transcriptional processing, including splicing and 3'-end RNA

817719 Recently, several differences between CDK12 and CDK13 were revealed by

processing.
genetic depletion studies.” CDK12 is essential for the expression of longer genes with a high
number of exons which are involved in DNA damage response pathway.’*?' On the other hand,
the loss of CDK13 does not affect the expression of such genes, but instead affect genes related
to protein translation. Several mutations that affect the function of CDK12 have been identified
in a variety of tumors. Consistent with the results of the genetic depletion experiments, these

mutations in CDK12 make tumors sensitive to cytostatic DNA-damaging reagents, such as

platinum analogs and alkylating agents, and the inhibitors of DNA-repair enzymes (PARP

22-24 25,26

inhibitors). This demonstrates the potential of CDK12 as a therapeutic target that may
induce synthetic lethality in cancers.”’

In order to elucidate the detailed functions and biological roles of CDKI12 and validate its
potential as a therapeutic target, we initiated the exploration of molecular probes targeting
CDK12. A high-throughput screen (HTS) of an in-house compound library was performed and
hit compound 1 was identified as a modestly potent CDK12 inhibitor (Figure 1). Compound 1
showed optimal selectivity over other CTD kinases (CDK7, 8, and 9) and also showed potent
inhibition of another CDK subtype, CDK2. As CDK2 is also known to regulate the cell cycle,?® a

significant reduction of the CDK2 inhibitory activity was necessary for the use of this chemical
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series as molecular probes for CDK12 in cells. To improve the selectivity of 1 for CDK12 over

CDKZ2, chemical optimization was conducted.

o, 0

N

NC._ NS
<] _
NN ~ N-Me

N
1

CDK12 ICsp = 0.36 uM
CDK9 |C50 > 30 ]J.M
CDK8 ICsy > 10 uM
CDK7 ICsp > 10 uM
CDK2 IC5, = 0.010 uM

Figure 1. Profile of hit compound 1 identified from in-house HTS campaign.

This report presents the discovery process of the structurally novel, potent, and selective
non-covalent CDK12 inhibitor 2 by using a conformation-oriented design inspired by
experimentally defined real conformations in the Cambridge Structural Database (CSD) *-°
(Figure 2). In the process of our research, several selective CDK12 inhibitors 3 and 4 were
reported by other groups.’'”* As it is generally preferred to use structurally distinct chemical

3334 our novel

series for target validation to exclude the possibility of unknown off-target effects,
compound 2 will provide another valuable option for molecular biologists and the

pharmaceutical industry.

OYNH HO™ [)N\j
NC N SN
@ . % p W _ F
e @ e iee
Me 3 (THZ-531) 4

Figure 2. Newly discovered selective CDK12 inhibitor 2 and reported inhibitors.
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Chemistry

The synthesis of compounds 1 and 7-13 is illustrated in Scheme 1. Commercially available
4-aminopiperidine derivative 5 was converted to intermediate 6 by sulfonylation, Suzuki
coupling, and removal of the Boc group. Subsequent N-arylation of 6 under several conditions
afforded target compounds 1 and 7-12, whereas compound 13 was synthesized by N-methylation

of 1.

Scheme 1. Synthesis of 1 and 7-13“

0, .0 R'
NS R2 0\\8/,0
/OIH a borcord = ‘ O/
Boc. ——— = —_—
N HaN N-Me  bfor1,7,8 RY AN A=
H HCI = ) N—-Me
N ¢ for 911 H =N
5 6 dfor12 1,712

1(A=N,R"=H,R?=CN, R®=H)
7(A=N,R"=CN, R?=H, R®=H)
8 (A=N,R'=H, R?=H, R®*=CN)

o, 0
NC s 9(A=N,R'=H R?=H,R*=H)
Z N e 1 2 3
- | 10 (A=N, R"=H, R?= OMe, R®=H)
NTON “N-Me 11(A=N,R"=H, R?= CF3 R3=H)
Me =N 12(A=CH,R'=H, R?=CN,R*=H)
13

a

Reagents and  conditions: (a)(i)  4-bromobenzenesulfonyl  chloride, Et;N, THF, rt, 96%; (i)
1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-/ H-pyrazole, Pd(dppf)Cl,-CH,Cl,, K,CO; DMF, H,0, 100 °C, 83%;
(iii)) HCIUMeOH, rt, 99%.; (b) 6-fluoronicotinonitrile (for 1) or 6-chloro-2-pyridinecarbonitrile (for 7) or
2-chloroisonicotinonitrile  (for 8), DIPEA, NMP, 120200 °C, 5-73%; (c) 2-bromopyridine (for 9) or
2-bromo-5-methoxypyridine (for 10) or 2-bromo-5-(trifluoromethyl)pyridine (for 11), Pd,(dba);, Davephos, fert-BuONa, toluene,
100 °C, 7-29%; (d) 4-fluorobenzonitrile, K,CO3;, DMSO, 120 °C, 9%; (¢) Mel, NaH, THF, DMF, 0 °C to rt, 85%.

The synthesis of compounds 16 and 17 is depicted in Scheme 2. Coupling of 14 with
6-chloronicotinonitrile, followed by removal of Boc group, yielded intermediate 15. Then,
acylation of 15 using 4-bromobenzoyl chloride and subsequent Suzuki coupling afforded
compound 16. Alkylation of 15 using 4-bromobenzyl bromide, followed by Suzuki coupling,

yielded compound 17.
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Scheme 2. Synthesis of 16 and 17°

—_—
HoN b, ¢ for 16 \Q\E\
2HCl d, cfor17

14 15 16 (X = CO)
17 (X = CHy)

“ Reagents and conditions: (a)(i) 6-chloronicotinonitrile, DIPEA, DMF, 120 °C, 66%; (ii) HCI/EtOAc, EtOH, rt, 98%; (b)
4-bromobenzoyl chloride, DIPEA, THF, rt, 89%; (c) 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-/H-pyrazole,
PdClz(Arnphos)z,35 Cs,CO;, DMF, 100 °C (microwave), 61-82%; (d) 4-bromobenzyl bromide, K,CO;, DMF, 80 °C, 96%.
Compounds 21-30, 33, and 34 were synthesized as shown in Scheme 3. Commercially
available frans-1,4-cyclohexanediamine derivative 18 was converted to intermediate 20 using
Buchwald-Hartwig coupling and Suzuki coupling sequentially. Amidation, methylsulfonylation,
alkoxycarbonylation, or alkylaminocarbonylation of the arylamino group in 20, followed by
removal of the Boc group, and finally coupling with 2-halopyridine derivatives or
2-chloriquinazoline afforded compounds 21-29. Compound 30 was obtained from 20 by

deprotection of Boc group and coupling with 6-fluoronicotinonitrile. The cis-isomers 33 and 34

were synthesized from 31 in an analogous manner to those of 21 and 27.

Scheme 3. Synthesis of 21-30, 33, and 34 “

R o
H NC N Y
N = N
° O \©\ N : ' /JN\ O’
_ = Boc., . _ = N7 N = N .
N N-M, S
2 N

¢, hfor 21
d, h for 22 21-28
18 b Ew (X =Br) c,ifor23

20 (X = 1- meth Ipyrazole-4-y! e, ifor 24 and 25
[¢ ylpy -yl) fifor2s

g, ifor 27 and 28
c, k for 29
i

(R =Ac)

(R =Ms)

(R = phenylpropionyl)
(R = methoxycarbonyl)
(R = benzyloxycarbonyl)
R

27 (

28 (

NRRNRERN

1
2
3
4
5
6 = ethylamino carbonyl)

R = benzylamino carbonyl)
R = cyclohexylamino carbonyl)

H
NC._~ N

. _

NN N-M

=N

30
e OT peve OT
Boc. .
u c|for33

g, ifor 34
31 33(R=Ac)
34 (R = benzylamino carbonyl)

“Reagents and conditions: (a) 1-bromo-4-iodobenzene, fert-BuONa, Pd,(dba);, Xantphos, toluene, 80 °C, 26-45%; (b)
1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-/ H-pyrazole, Cs,COj3;, PdCl,(Amphos),, DMF, H,0, 100 °C, 84-96%;
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(c) acetyl chloride (for 21, 29, and 33) or phenylpropionyl chloride (for 23), DIPEA, THF, 0 °C, 79-89%; (d) methanesulfonyl
chloride, pyridine, rt, 81%; (¢) methyl chloroformate (for 24) or benzyl chloroformate (for 25), DIPEA, CH,Cl,, rt, 62-85%; (f)
ethyl isocyanate, THF, rt, 53%; (g) benzyl isocyanate (for 27 and 34) or cyclohexylmethyl isocyanate (for 28), THF, rt, 68-90%;
(h) (i) TFA, rt (ii) 6-chloronicotinonitrile, DIPEA, DMF, 120 °C, 19-23%; (i) (i) HCI/EtOAc, rt (ii) 6-fluoronicotinonitrile,
DIPEA, NMP, 80-100 °C, 33-82%; (j) (i) HCl/dioxane, CH,Cl,, rt (ii) 6-bromonicotinonitrile, Cs,CO;, DMF, rt, 15%; (k) (i)
TFA, rt (ii) 2-chloroquinazoline, DBU, DMF, 120 °C, 37%.

Compounds 2, 39, 40, 44, 46, and 47 were synthesized as depicted in Scheme 4. Intermediate 19
was converted to benzylurea 35 followed by reduction of the bromo group afforded 36.
Compound 37 was synthesized by Suzuki coupling of 35 and 3-pyridinylboronic acid.
Compounds 35-37 were converted to aminopyridines 38—40, respectively, by removal of the Boc
group and subsequent coupling with 6-fluoronicotinonitrile. Suzuki coupling of bromide 38 with
borates 41 and 42 yielded compounds 2 and 44, respectively, whereas 38 was converted to borate
45 by Miyaura reaction followed by  Suzuki coupling with 6- or

4-bromo-1-methylpyridin-2(1H)-one to give the designed compounds 46 and 47.

Scheme 4. Synthesis of 2, 39, 40, 44, 46 and 47“

19 _: 5 Tl/ 35, 36, 37 ; NC .~ T‘/
BOC\NNO/ X QNO \©\X
H H

35 (X =Br) =
B = SNE o=t
37 (X = pyridin-3-yl)

40 (X = pyridin-3-yl)

'HJ X 'HJ =z
2X= ‘ 46 X = N |
H N" o Me”
0. N |
eorf NC T e °
—_—
* \(1 O N NN
X o - 47X =
H S “Me
2, 44-47 Me 9
rf'r\B/O
(0] () 45X = |
[l [l
B B o o ©
¢} X 0" °NF BB
‘ | o o
N0 07N
M e 42 Me 43
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¢ Reagents and conditions: (a) benzyl isocyanate, Et;N, THF, rt, 93%; (b) H,, Pd/C, EtN, EtOH, THF, rt, quant.; (c)
3-pyridinylboronic acid, Cs,CO;, PdCl(Amphos),, DMF, H,O, 100 °C, 95%; (d) (i) HCIEtOAc, THF, rt (ii)

6-fluoronicotinonitrile, DIPEA, NMP, 100 °C, 53—80%; (e) 41 (for 2), 42 (for 44), AcOK, Pd(dppf)Cl,-CH,Cl,, NMP, 80—
100 °C, 35-69%; (f) 43, AcOK, Pd(dppf)Cl,, DMSO, 80 °C, 88%; (g) 6-bromo-1-methylpyridin-2(1H)-one (for 46) or
4-bromo-1-methylpyridin-2(1H)-one (for 47), Cs,CO;, PdCl,(Amphos),, DMF, H,0, 80 °C, 44—48%.

Results & Discussion

Biological evaluation of CDKI12, 13, and 9 inhibitory activity was conducted using the
TR-FRET assay system (PerkinElmer), which detects the inhibition of the phosphorylation of an
acceptor-labeled peptide substrate and reports the results as ICsy values. The inhibitory activity
of compounds against CDK7 and CDKS8 was assessed by the binding assay using the TR-FRET
assay system, in which an acceptor-labeled ligand was used as a probe against GST-tagged
CDKY7 or GST-tagged CDKS8. The displacement of the probe was detected by the decrease in
FRET signal, and the results were expressed as ICsy values. The inhibitory activity of CDK2 was
measured using a radiometric assay system with Histone H1 as the substrate and radiolabeled
[y-"P] ATP. The radiolabeled substrate was detected and the results were expressed as ICsg

values.

The aminopyridyl moiety of the hit compound 1 is a prevalent substructure in hinge
binding scaffolds for kinase inhibitors.’**>® Thus, we hypothesized that the
6-aminonicotinonitrile moiety in compound 1 could bind to the hinge region of CDK12 and first
addressed the modification of this moiety (Table 1). The analogs of 1, such as benzonitrile (12)
and N-methylamino derivative (13), showed decreased activity, which indicates that the
aminopyridyl moiety is essential for activity, thereby supporting our assumption. It was also

revealed that the 3-cyano group of 1 is critical for activity (1 vs 7-9). Considering the results of
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the methoxy (10) and trifluoromethyl (11) derivatives, an electron withdrawing functional group

was suggested to be required at the 3-position of the pyridine ring.

Table 1. SAR around the amino pyridyl moiety

O\\ ,/O
L
R ~ "N-Me
=N
CDK12 CDK2
Compound R ICs (M) ICso (LM
. "N 0.36 0.01
N (0.18-0.69)  (0.0088-0.012)
NC
12 @L 30 NT
N
NC =
4 68
13 oy 730 (15-322)
Me
CN
P 0.032
7 fN\/LN/ >30 (0.028-0.036)
H
=
| 46
8 e (32-66)
=
\ 1.2
9 O P 1)
NN (0.97-1.4)
MeO =
| 21
10 oy >30 (17-26)
" N 1.8 0.0058
WO (087-37) (0.0047-0.0071)

“n=2,95% confidence intervals shown in parentheses. NT = not tested.

To identify key structures to improve selectivity, preliminary docking models of compound 1
with CDK2 and CDK12 were constructed, respectively. From these, plausible models in which

the aminopyridyl moiety interacts with the hinge region were selected (Figure 3). The
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comparison of these models suggests that an oxygen atom from the sulfonyl moiety in 1 could
interact with Lys89 of CDK2, while that interaction is not present in the model of CDKI12
because the corresponding amino acid is not conserved in CDK12 and is replaced by Gly822.
The assumption based on the model prompted us to modify the sulfonamide moiety to weaken or

disrupt the putative interaction with Lys89 in CDK2.

Figure 3. Docking models of compound 1 with CDK2 (left) and CDKI12 (right). The
sulfonamide moiety of 1 is suggested to interact with the side chain of Lys89 in CDK2. As the

corresponding amino acid in CDK12 is Gly822, the hydrogen bonding could not be formed.

Replacement of the sulfonyl moiety in 1 with a carbonyl (16) or alkyl (17) moiety was not
tolerated (Table 2). As sulfonamides are known to have strong conformational preferences in
which the nitrogen lone pair bisects the O=S=0 angle in the Newman projection (Figure 4,
left),”**? we speculated that the biaryl moiety in 1 would be oriented perpendicularly against the
piperidine ring. This notion was supported by the single crystal X-ray structure of 1 (Figure 4,
right). Hence, it was inferred the orthogonal conformation of the sulfonamide should be
mimicked to allow compounds to exhibit inhibitory activity. To explore the candidate

substructures for the replacement of sulfonamide, we referred to the experimentally determined

ACS Paragon Plus Environment
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conformations in the CSD.*" The conformational search of the CSD suggested that zerr-amides
and fert-sulfonamides bearing a cyclohexyl moiety would show the desired conformation (Figure
5), in which the substituent on the amino moiety is perpendicular to the cyclohexyl ring. As the
total number of useful examples in the CSD was too small to draw conclusions, we tested our
speculation by direct experimentation. To that end, compounds 21, 22, and 33 were designed and
synthesized (Figure 6 and Table 2). Although these replacements for sulfonamide are not
common in medicinal chemistry, the frans isomers 21 and 22 exhibited similar levels of potency
to compound 1. In contrast, the decreased activity of the cis isomer 33 implies that the assumed
di-equatorial conformation of the cyclohexyl ring in frans isomers might be necessary for the
proper orientation of substituents (Supporting information 5, supplementary figures 5 and 10).
Intriguingly, the selectivity of compounds 21 and 22 was better than that of 1 for CDK12 over
CDK2. Especially 21 showed 3-fold selectivity for CDK12 over CDK2, whereas 22 still showed
3-fold stronger inhibitory activity for CDK2 rather than CDK12. This is probably attributable to
the methylsulfonyl group of 22, which might interact with Lys72 of CDK2 in a similar manner to
the sulfonamide moiety of 1. An overlay of the single crystal X-ray structures of 1, 21, and 22,
shown in Figure 7, revealed that these compounds adopt similar conformations, at least in their
solid state. In contrast, the amide derivative 16 does not adopt the desired conformation.
Contrary to 21 and 22, the trans-cyclohexylamino derivative (30) resulted in reduced activity,
which indicates that the acetyl group (21) or methylsulfonyl group (22) are essential for activity.
The co-crystal structure of the analog of 21 (compound 29)*! with CDK12 was solved* (Figure
8). The resulting crystallographic model revealed the expected bioactive conformation described
above. In addition, the oxygen atom of the acetyl group and the backbone of Asp819 are within

hydrogen bonding distance. These observations indicate a dual role for the acetyl group,
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comprising the adjustment of ligand conformation and formation of a hydrogen bonding with the

protein.
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Table 2. SAR of compounds 16, 17, 21, 22, 30, and 33

N
CDK12 CDK2
Compound X ICso (uM)* ICso (LM’
X
23
N
16 \NJQ (18-28) NT
H
N 16
17 < JQ NT
N (14-19)
Ox_Me
ﬁ/
0.13 0.47
21 N~
\NO (0.090-0.18)  (0.35-0.63)
OTMe
33 VS >30 >100
e
H
O\\gs\),Me
2 N 0.11 0.031
- O’ (0.083-0.15) (0.028-0.036)
e
H

30 OzN\ 8.6 9.8
" (4.9-15) (4.0-24)
H

“n=2,95% confidence intervals shown in parentheses. NT = not tested.
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oNOYTULT D WN =

21 Figure 4. Preferences in the conformation of the sulfonamide moiety. Sulfonamides generally
have strong conformational preferences, as shown in the Newman projection (left), which is

2% preserved in the single crystal X-ray structure of 1 (right).

RIMPOS

RUGQEQ

OTEPEK

Figure 5. Representative examples of tertiary amides and tertiary sulfonamides bearing a

55 cyclohexyl amino moiety in the Cambridge Structural Database.
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-

/

Figure 6. Schematic design of alternatives to the sulfonamide moiety. The designs are based on

comparisons with experimentally determined conformations in the Cambridge Structural

Database.

Figure 7. Overlay of single crystal X-ray structures of various ligands. Left: 1 (blue, CCDC

1835992), 21 (green, CCDC 1835994), and 22 (red, CCDC 1835995), with similar potencies,

ACS Paragon Plus Environment
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overlap well with each other. Right: less potent 16 (amber, CCDC 1835993) exhibited a different

conformation to 1 (blue).

oNOYTULT D WN =

29
CDK12 ICg0 = 0.013 (0.0088-0.019)2
CDK2 ICgo = 0.024 (0.023-0.025)?

an =2, 95% confidence intervals shown in parentheses.

Ak

29 Figure 8. The X-ray co-crystal structure of 29 with CDK12 and cyclin K (PDB:6CKX, 2.75A).
32 Compound 29 occludes the ATP-binding site of CDK12 and the aminoquinazoline moiety
34 interacts with Met816 in the hinge region. The carbonyl oxygen in the center of the compound is
36 within hydrogen bonding distance of the backbone Asp819. The pyrazole moiety of 29 extends

39 out towards the solvent.
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Based on the in vitro results, further derivatization of compound 21 was conducted to identify
more selective analogues. Replacement of the acetyl group with a variety of substituents was
examined, and representative results are shown in Table 3. The methyl carbamate (24) and
ethylurea derivatives (26) showed similar levels of CDK12 inhibitory activity, whereas the
selectivity over CDK2 was slightly improved. Larger substituents, such as phenylpropanamide
(23) and benzyl carbamate (25), showed similar results to 24 and 26. In contrast, benzylurea
derivative (27) exhibited >800-fold selectivity for CDKI12 over CDK2. The overlay of the
docking model of 27 with CDK12 and the reported crystal structure of CDK2 suggests that this
dramatic improvement in selectivity was derived from the steric clash of the benzyl moiety with
Lys72 in CDK2 (Figure 9). It is noteworthy that there are apparent differences in selectivity,
despite the high similarity of their 2D structures (27 vs 23 and 25). We speculated that this
difference is dependent on their distinct 3D conformational preferences. The overlay of the
single crystal X-ray structures demonstrates that only urea derivative 27 adopts the bent
conformation of the benzyl moiety (Figure 10); moreover, this bent conformation is thought to
be essential to cause the steric clash with Lys72 of CDK2 (Figure 9). This propensity was
confirmed by global conformational preferences in the CSD (Figure 11); that is, only the
“C(0O)-NH-C-C” substructure (Figure 11 left) tends to adopt a bent conformation, whereas other
substructures “C(0O)-C-C-C” (Figure 11 middle) and “C(O)-O-C-C” (Figure 11 right) strongly
prefer extended conformations. The cyclohexylmethyl analog (28) showed similar levels of
activity and selectivity to 27, which implies that it is not the aromaticity or planarity of the
benzyl moiety, but the bulkiness that is necessary to weaken CDK2 activity. This is consistent

with the assumptions for CDK12 selectivity discussed above (Figure 9). In accordance with the
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results for compound 33, up to 100 uM of the cis-isomer (34) did not show any CDKI12

inhibitory activity.
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Table 3. SAR of compounds 23-28, and 34

R
. Ox_NH
NC._~ N Y
. Ncﬁ N
N" N ~ "N-Me N
=N N" N cis ~ "N-Me
34 N

trans

23-28

Compound N CDKI12 CDK2
P ICso (uM)*  1Cso (UM)*
0 0.20 1.6
24 Ko 0.16-027)  (12-2.2)
’e 0 0.46 438
)LH/E‘ (0.36-0.60)  (4.1-5.7)
23 i 0.16 2.9
)kA@ (0.086-0.30)  (2.5-3.4)
(6]
P 0.64 25
25 °© 038-1.1)  (1.9-3.4)
(0]
Pt 0.063
27 H@ 0.032-0.12) 100
(0]
P 0.099
28 U 00640.15) >100
34 >30 NT

“n=2,95% confidence intervals shown in parentheses. NT = not tested.
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19 Figure 9. Overlay of docking model of 27/CDK12 (ligand: white, protein: green) and crystal

21 structure of CDK2** (2FVD, ligand: omitted, protein: cyan). Lys72 in CDK2 is highlighted.

37 Figure 10. Overlay of single crystal X-ray structures of ligands 23 (magenta, CCDC 1835996),

25 (cyan, CCDC 1835997), and 27 (green, CCDC 1835998).
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Figure 11. Torsion histograms for each substructure in the Cambridge Structural Database. The
x-axis represents torsion angle bins for the highlighted bonds and the y-axis represents
occurrence. Substructure queries are depicted above each histogram (cyclic structures around the
highlighted bonds were omitted for precise estimation). The histogram for “C(O)-NH-C-C” is
illustrated on the left, the histogram for “C(O)-C-C-C” is illustrated in the middle, and the

histogram for “C(O)-O-C-C” is illustrated on the right.
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Finally, the distal pyrazole ring in 27 was optimized to adjust the physicochemical properties (e.g.
solubility) while retaining activity and selectivity. Surprisingly, the truncation of the pyrazole
ring (39) led to diminished activity (Table 4), although the pyrazole ring of 27 is expected to be
solvent-exposed (Figures 8 and 9). The 3-pyridyl derivative (40) showed a similar level of
potency, selectivity, and solubility as 27, which also supports the contribution of the distal
aromatic ring for activity. These observations imply two possibilities: the pyrazole ring of 27 (or
pyridine ring of 40) might interact with a solvent exposed residue of CDKI12 via a water
molecule; or, these heterocycles may interact with the C-terminal kinase extension,” which is
disordered and not defined in the template crystal structure (Supporting information 1). To
improve aqueous solubility further, the more hydrophilic methylpyridone ring was employed as a
distal ring (2, 44, 46, and 47). Among them, compound 2 exhibited the highest aqueous solubility
and good permeability with double digit nanomolar CDK12 inhibitory activity and excellent
selectivity over CDK2. Although compound 2 is not the best one for selectivity over CDKO, it
was considered to be the most suitable molecule for cell-based studies. The selectivity data for
known CTD kinases are summarized in Table 4. Compound 2 showed excellent CDK12
selectivity over CDK®9, 8, and 7 compared with the non-selective kinase inhibitor staurosporine™
(Table 5). Meanwhile, 2 turned out to be a strong CDK 13 inhibitor, which is reasonable because
CDK13 is the closest homolog of CDK12 (92% identity in kinase domain). In contrast, up to 100
UM of compound 34 did not inhibit any of the five CTD kinases tested, including CDK13, thus
34 could be useful as a negative control. The global kinase selectivity of 2 was also investigated
(Supporting information 2), and only three out of 441 kinase assays showed >80% inhibition at 1
uM compound concentration. As these three kinases (TAOKI1, DYRK2, and STK39) are not

related to splicing or RNA processing,®” their inhibition is not likely to disturb the investigation
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of RNA biology using 2. The phosphorylation of CTD Ser2 was evaluated using a
ERBB2/HER2 amplified human breast cancer cell line, SK-BR-3. According to the Human
Protein Atlas database,'® CDK12 mRNA is highly expressed in SK-BR-3 cells compared to other
cell lines, whereas CDK9 mRNA is expressed at a level similar to other cell lines. Furthermore,
the CDK 12 gene is co-amplified with the HER2 oncogene in this cell line;** therefore, SK-BR-3
is a plausible pathophysiological model for characterization of CDK12 inhibitors as therapeutic
agents targeting HER2-positive breast cancer.”” Table 6 shows that compound 2 inhibited the
phosphorylation of the CTD Ser2 in SK-BR-3 cells at low submicromolar concentrations and its
degree of inhibition was comparable to the known CDK inhibitor, ibulocydine.*” In our assay
system, ibulocydine showed inhibitory activity for CDK9 and CDK?7 consistent with previous
reports; however, we noticed that ibulocydine also showed inhibitory activity against CDK12
(ICsp values for CDK9, CDK7, and CDK12 were 220, 1200, and 110 nM, respectively).
Meanwhile, the negative control 34** (up to 100 pM) did not show any inhibition. In addition to
showing inhibitory activity towards Ser2 phosphorylation, compound 2 inhibited the growth of
SK-BR-3 cells at submicromolar concentrations.”> To clarify the mode of inhibition of
compound 2, the time dependency of CDK12 inhibition was investigated by using the known
covalent CDK12 inhibitor 3 (THZ-531) as a control (Supporting information 3). Compound 2
did not show any time-dependent inhibition for CDKI12, whereas 3 showed clear time
dependency as reported.’® This result suggests compound 2 is a non-covalent CDK 12 inhibitor,

as expected from its structural features.
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Table 4. Activity, selectivity, and physicochemical properties of compounds 2, 27, 39, 40, 44, 46

and 47

OYNH
oW
N™ °N' R
H

CDK12 CDK2 CDK9 Solubility logD PAMPA
Compound R ICso (M)’ ICso ICso atpH6.8 atpH atpH?74
o @M (uM)* (ug/mL) 74 (nmis)
0.063
27 I;N‘Me 0032012 100 >30 0.33 2.8 288
0.75 56
39 H 036-1.6) (3396 0 4.0 3.3 NT
N 0.059
40 | 2 0014025 100 >30 0.67 3.0 280
=
| 0.25 18 15
44 Ij 4.7 2.7 NT
TN (011-056)  (10-32)  (11-20)
=
| 0.31 27
_N
Wl\?\ 0.044
N .
47 e (0023-0.084 >100 >30 <0.080 23 247
.Me
2 ZN 0.052 >100 16 7.7 24 273

ANy (0.023-0.12) (8.4-30)

“n=2,95% confidence intervals shown in parentheses. NT = not tested.
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Table 5. Selectivity over C-terminal domain kinases

Compound CDK12 CDK9 CDKS8 CDK7 CDK13
P ICso (UM)*  ICso (uM)“  ICso (uM)*  ICso (UM)®  ICso (UM)*
0.052 16 0.010
2 (0.023-0.12)  (8.4-30) ~10 ~10 (0.0030-0.034)
34 >30 >30 >10 >10 >10
. 0.053 0.014 0.015 0.12 0.057
Staurosporine

(0.033-0.086) (0.010-0.021) (0.010-0.022) (0.059-0.23) (0.023-0.14)

“n=2,95% confidence intervals shown in parentheses.

Table 6. Inhibition of C-terminal domain Ser2 phosphorylation and growth inhibition in
SK-BR-3 cell

CTD Ser2 phosphorylation growth inhibition

Compound ICsp (NM)* Glsp (M)
2 195 (+ 2.6) 0.8 (+ 0.36)
34 ND” NT®

Ibulocydine 259 (£2.3) NT®

“n =4, SD values shown in parentheses. ’Not detected up to 100 uM. “Not tested.

Conclusion

We discovered novel and selective CDK12 inhibitors by utilizing experimentally determined
conformations in the CSD. The optimized compound 2 showed double digit nanomolar
inhibitory activity for CDK12 (and CDKI13), good selectivity over other CTD kinases, and
excellent physicochemical properties. Furthermore, 2 exhibited high kinome-wide selectivity,
and inhibited CTD Ser2 phosphorylation in SK-BR-3 cells and cell growth. Compound 2 and the

negative control 34 represent valuable chemical probes to study the functions of CDKI12 in
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splicing, RNA processing, and its other biological roles. In addition, these compounds could

serve as a foundation for the development of CDK12 inhibitors as chemotherapeutic agents alone,
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or in combination with other therapies.
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Experimental section

Chemistry

General. Proton nuclear magnetic resonance ('"H NMR) spectra were recorded on Bruker
AVANCE-300 (300 MHz), Bruker AVANCE-400 (400 MHz), and Bruker AVANCE-600 (600
MHz), and carbon nuclear magnetic resonance ('°C NMR) spectra were recorded on Bruker
AVANCE-300 (75 MHz) and Bruker AVANCE-600 (151 MHz) in CDCI3 or DMSO-ds solution.
Chemical shifts are given in parts per million (ppm) with tetramethylsilane as an internal
standard. Abbreviations are used as follows: s = singlet, d = doublet, t = triplet, m = multiplet, dd
= doublet of doublets, tt = triplet of triplets, q = quartet, brs = broad singlet. Coupling constants
(J values) are given in hertz (Hz). Low-resolution mass spectra (MS) were acquired using an
Agilent LC/MS system (Agilent1200SL/Agilent6130MS, Agilent1200SL/Agilent1956MS, or
Agilent1200SL/Agilent6110MS) or Shimadzu UFLC/MS (Prominence UFLC high pressure
gradient system/LCMS-2020) operating in an electrospray ionization mode (ESI+). The column
used was an L-column 2 ODS (3.0 x 50 mm I.D., 3 um, CERI) with a temperature of 40 °C and a
flow rate of 1.2 or 1.5 mL/min. Condition 1: Mobile phases A and B under an acidic condition
were 0.05% TFA in water and 0.05% TFA in MeCN, respectively. The ratio of mobile phase B
was increased linearly from 5 to 90% over 0.9 min, 90% over the next 1.1 min. Condition 2:
Mobile phases A and B under a neutral condition were a mixture of 5 mmol/L AcONH, and
MeCN (9/1, v/v) and a mixture of 5 mmol/L AcONH4 and MeCN (1/9, v/v), respectively. The
ratio of mobile phase B was increased linearly from 5 to 90% over 0.9 min, 90% over the next
1.1 min. The purities of all compounds tested in biological systems were assessed as being >95%
using elemental analysis or analytical HPLC. Elemental analyses were carried out by Sumika

Chemical Analysis Service or Toray Research Center and were within 0.4% of the theoretical
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values. Analytical HPLC were carried out using HPLC with NQAD (Nano Quality Analyte
Detector) or Corona CAD (Charged Aerosol Detector). The column was an L-column 2 ODS (30
x 2.1 mm LD., CERI) or a Capcell Pak CI8AQ (50 mm x 3.0 mm L.D., Shiseido) with a
temperature of 50 °C and a flow rate of 0.5 mL/min. Mobile phases A and B under a neutral
condition were a mixture of 50 mmol/L AcONHy4, water and MeCN (1/8/1, v/v/v) and a mixture
of 50 mmol/L AcONH4 and MeCN (1/9, v/v), respectively. The ratio of mobile phase B was
increased linearly from 5 to 95% over 3 min, 95% over the next 1 min. Reaction progress was
determined by thin layer chromatography (TLC) analysis on Merck Kieselgel 60 F254 plates or
Fuji Silysia NH plates. Chromatographic purification was carried out on silica gel columns
((Merck Kieselgel 60, 70-230 mesh or 230400 mesh, Merck), (Chromatorex NH-DM 1020,
100-200 mesh, Fuji Silysia Chemical), (Inject column and Universal column, YAMAZEN,
http://yamazenusa.com/products/columns/), or (Purif-Pack Si or NH, Shoko Scientific,
http://shoko-sc.co.jp/english2/)). Preparative HPLC was performed using a Gilson Preparative
HPLC System with UV detector (220 and 254 nm). Mobile phases A and B under a basic
condition were 0.0225% aqueous formic acid solution and MeCN, respectively. The ratio of
mobile phase B was increased linearly in 15 min. The column used was a Synergi C18 (150 x 25
mm [D., 10 um, Phenomenex), and a flow rate of 25 mL/min. All commercially available
solvents and reagents were used without further purification. Yields were not optimized.
Staurosporine was purchased from Enzo Life Sciences Inc., and Ibulocydine was purchased from
Medicilon Inc. (fee for service). 3 (THZ-531) was synthesized according to the literature

30
procedure.

6-((1-((4-(1-Methyl-1H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)amino)nicotinonitrile
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(1). A mixture of 6 (300 mg, 0.841 mmol), DIPEA (0.879 mL, 5.04 mmol), and
6-fluoronicotinonitrile (308 mg, 2.52 mmol) in NMP (5 mL) was stirred at 120 °C for 7 h. The
mixture was poured into water and extracted with EtOAc. The organic layer was separated,
washed with water and brine, dried over MgSQOs, and concentrated. The residue was purified by
NH silica gel column chromatography (hexane/EtOAc = 95/5 to 0/100) and solidified with
hexane/EtOH to give 1 (260 mg, 73%) as a white solid. "H NMR (300 MHz, DMSO-dg) & 1.37—
1.60 (m, 2H), 1.86-2.04 (m, 2H), 2.51-2.62 (m, 2H), 3.53 (d, /= 12.1 Hz, 2H), 3.69-3.85 (m, 1H),
3.89 (s, 3H), 6.51 (d, /= 8.9 Hz, 1H), 7.55 (d, J= 7.2 Hz, 1H), 7.59-7.67 (m, 1H), 7.70 (d, J= 8.1
Hz, 2H), 7.82 (d, J = 8.1 Hz, 2H), 8.01 (s, 1H), 8.32 (s, 2H). >C NMR (151 MHz, DMSO-d¢) &
30.3 (2C), 38.7, 44.7 (2C), 46.1, 94.5, 118.9, 120.3, 125.2 (2C), 128.1 (2C), 128.9, 132.4, 136.6,
137.3, 138.5, 152.9, 159.1. 1C was not observed. MS m/z 423.2 (M + H)". Anal. Calcd for
C,1H2oNgO,S: C, 59.70; H, 5.25; N, 19.89. Found: C, 59.58; H, 5.34; N, 19.77.
3-Benzyl-1-(trans-4-((S-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(1-methyl-6-oxo-1,6-dihy
dropyridin-3-yl)phenyl)urea (2). A mixture of 38 (203 mg, 0.402 mmol), 41 (123 mg, 0.523
mmol), potassium acetate (79 mg, 0.804 mmol), and Pd(dppf)Cl,-CH,Cl; (32.9 mg, 0.0402 mmol)
in NMP (10 mL) was stirred at 100 °C under Ar overnight. The reaction mixture was cooled to
room temperature and insoluble materials were filtered off. The filtrate was poured into water and
extracted with EtOAc. The organic layer was separated, washed with water and brine, dried over
Na,S0s, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAc = 70/30 to 0/100) to give 2 (74 mg, 35%) as a grayish white solid. "H NMR (600
MHz, DMSO-dg) 6 1.07-1.20 (m, 2H), 1.27-1.38 (m, 2H), 1.83 (d, /= 11.4 Hz, 2H), 1.92 (d, J =
11.4 Hz, 2H), 3.45-3.52 (m, 1H), 3.52 (s, 3H), 4.16 (d, J = 5.9 Hz, 2H), 4.30 (tt, J = 12.1, 3.5 Hz,

1H), 5.82 (t, J = 6.1 Hz, 1H), 6.47 (d, J = 8.8 Hz, 1H), 6.50 (d, J = 9.2 Hz, 1H), 7.16-7.20 (m,
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3H), 7.22 (d, J = 8.4 Hz, 2H), 7.26-7.29 (m, 2H), 7.47 (d, J = 6.6 Hz, 1H), 7.60 (dd, /= 8.8, 1.8
Hz, 1H), 7.66 (d, J = 8.8 Hz, 2H), 7.87 (dd, /= 9.4, 2.8 Hz, 1H), 8.18 (d, /=2.9 Hz, 1H), 8.29 (d,
J=1.8Hz, 1H). ”C NMR (151 MHz, DMSO-d¢) & 30.1 (2C), 31.2 (2C), 37.0, 43.4, 48.5, 53.1,
93.9, 108.8, 116.9, 119.0, 119.2, 126.0 (2C), 126.2, 126.7 (2C), 127.9 (2C), 131.5 (2C), 135.5,
136.6, 137.5, 138.3, 138.6, 141.1, 153.0, 156.4, 159.1, 161.1. MS m/z 533.3 (M + H)". Anal.
Calcd for C;3,H3,N¢O,-0.5H,0: C, 70.96; H, 6.14; N, 15.52. Found: C, 71.02; H, 6.29; N, 15.40.
1-((4-(1-Methyl-1H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-amine hydrochloride (6). To a
solution of tert-butyl piperidin-4-ylcarbamate (5) (2.54 g, 12.7 mmol) and Et;N (2.65 mL, 19.0
mmol) in THF (100 mL) was added 4-bromobenzenesulfonyl chloride (3.56 g, 14.0 mmol)
portionwise at 0 °C. The mixture was stirred at room temperature overnight. The mixture was
poured into water and extracted with EtOAc. The organic layer was separated, washed with
water and brine, dried over Na,SO, and concentrated. The residue was washed with diisopropyl
ether and collected by filtration to give tert-butyl
N-(1-(4-bromophenyl)sulfonyl-4-piperidyl)carbamate (5.10 g, 96%) as a white solid. 'H NMR
(300 MHz, CDCl3) & 1.42 (s, 9H), 1.48 (dd, J = 12.3, 3.5 Hz, 2H), 1.99 (d, J = 10.5 Hz, 2H),
247 (t,J=12.0 Hz, 2H), 3.40 (brs, 1H), 3.68 (d, J=11.6 Hz, 2H), 4.38 (brs, 1H), 7.58-7.64 (m,
2H), 7.65-7.72 (m, 2H). MS m/z 441.1 (M + Na)".

A mixture of tert-butyl N-(1-(4-bromophenyl)sulfonyl-4-piperidyl)carbamate (5.10 g, 12.2
mmol), 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (2.53 g, 12.2
mmol), Pd(dppf)Cl,-CH,Cl, (993 mg, 1.22 mmol), and K,CO; (3.36 g, 24.3 mmol) in DMF (100
mL) and water (20 mL) was stirred at 100 °C under Ar overnight. Insoluble materials were
filtered off, and the filtrate was poured into water and extracted with EtOAc. The organic layer

was separated, washed with water and brine, dried over Na,SQOy4, and concentrated. The residue
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was purified by silica gel column chromatography (hexane/EtOAc = 98/2 to 50/50) to give
tert-butyl (1-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)carbamate (4.23 g,
83%) as a white solid. "H NMR (300 MHz, DMSO-dq) & 1.34 (s, 9H), 1.37-1.50 (m, 2H), 1.76 (d,
J=10.4 Hz, 2H), 2.35-2.48 (m, 2H), 3.24 (brs, 1H), 3.47 (d, J = 12.1 Hz, 2H), 3.89 (s, 3H), 6.85
(d, J=6.1 Hz, 1H), 7.67 (d, J = 8.1 Hz, 2H), 7.80 (d, /= 8.0 Hz, 2H), 8.00 (s, 1H), 8.31 (s, 1H).
MS m/z 443.2 (M + Na)".

A mixture of tert-butyl
(1-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)carbamate (3.80 g, 9.04 mmol)
and 10% HCIl in MeOH (20 mL) was stirred at room temperature for 3 h. The mixture was
concentrated. The residue was solidified with diisopropyl ether and collected by filtration to give
6 (3.20 g, 99%) as a white solid. '"H NMR (300 MHz, DMSO-de) & 1.49-1.69 (m, 2H), 1.92-2.03
(m, 2H), 2.31-2.46 (m, 2H), 2.96-3.14 (m, 1H), 3.65 (d, J = 12.1 Hz, 2H), 3.89 (s, 3H), 7.65—
7.73 (m, 2H), 7.77-7.86 (m, 2H), 8.01 (d, J = 0.6 Hz, 1H), 8.07-8.21 (m, 3H), 8.33 (s, 1H). MS

m/z321.1 M + H)".

2-((1-((4-(1-Methyl-1H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)amino)isonicotinonitrile
(7). Compound 7 was prepared from compound 6 and 2-chloroisonicotinonitrile in a similar
manner to that described for compound 1 and obtained in 5% yield as a light brown solid. 'H
NMR (300 MHz, DMSO-dg) 6 1.38-1.58 (m, 2H), 1.94 (d, /= 10.3 Hz, 2H), 2.52-2.61 (m, 2H),
3.52 (d, J=12.4 Hz, 2H), 3.60-3.77 (m, 1H), 3.89 (s, 3H), 6.72—-6.82 (m, 2H), 7.06 (d, J = 7.3
Hz, 1H), 7.65-7.74 (m, 2H), 7.78-7.88 (m, 2H), 8.01 (s, 1H), 8.10 (d, /= 5.1 Hz, 1H), 8.32 (s,
1H). C NMR (151 MHz, DMSO-ds) & 30.36 (2C), 38.72, 44.73 (2C), 46.12, 111.54, 117.35,
119.48, 120.30, 125.18 (2C), 128.09 (2C), 128.92, 132.34, 136.63, 137.32, 149.27, 157.79. 1C

was not observed. MS m/z 423.2 (M + H)+. Anal. Calcd for C,1HNgO,S-0.25H,0: C, 59.07; H,
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5.31; N, 19.68. Found: C, 58.84; H, 5.19; N, 19.35.
6-((1-((4-(1-Methyl-1H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)amino)pyridine-2-carbo
nitrile (8). Compound 8 was prepared from compound 6 and 6-chloro-2-pyridinecarbonitrile in a
similar manner to that described for compound 1 and obtained in 6% yield as a light brown solid.
'H NMR (300 MHz, DMSO-dg) 5 1.37-1.58 (m, 2H), 1.95 (dd, J = 12.9, 3.5 Hz, 2H), 2.58 (t, J =
10.1 Hz, 2H), 3.51 (d, J=12.2 Hz, 2H), 3.61-3.76 (m, 1H), 3.89 (s, 3H), 6.72 (dd, J= 8.6, 0.6 Hz,
1H), 7.02 (dd, J=6.4,0.6 Hz, 1H), 7.13 (d, /= 7.2 Hz, 1H), 7.49 (dd, /= 8.7, 7.1 Hz, 1H), 7.70 (d,
J=28.4 Hz, 2H), 7.82 (d, J= 8.6 Hz, 2H), 8.01 (d,J= 0.7 Hz, 1H), 8.32 (s, 1H). *C NMR (151
MHz, DMSO-de) & 30.3 (2C), 38.7, 44.7 (2C), 45.8, 113.8, 117.2, 118.1, 120.3, 125.2 (2C),
128.1 (2C), 128.9, 130.0, 132.4, 136.6, 137.3, 137.3, 158.1. MS m/z 423.2 (M + H)". Anal. Calcd
for C,1H»NgO,S-0.5H,0: C, 58.45; H, 5.37; N, 19.48. Found: C, 58.68; H, 5.48; N, 19.77.
N-(1-((4-(1-Methyl-1 H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)pyridin-2-amine (9). A
mixture of 2-bromopyridine (0.097 mL, 1.02 mmol), 6 (200 mg, 0.560 mmol), Pd,(dba); (27.9
mg, 0.0305 mmol), 2-dicyclohexylphosphino-2'-(N, N-dimethylamino)biphenyl (24.0 mg, 0.0610
mmol), and tert-BuONa (147 mg, 1.53 mmol) in toluene (4 mL) was stirred at 100 °C overnight.
Insoluble materials were filtered off, the filtrate was poured into water and extracted with EtOAc.
The organic layer was washed with water and brine, dried over Na,SO,, and concentrated. The
residue was purified by silica gel column chromatography (hexane/EtOAc = 70/30 to 0/100) to
give 9 (15 mg, 7%) as a pale yellow solid.

'H NMR (300 MHz, DMSO-ds) & 1.35-1.55 (m, 2H), 1.87-1.99 (m, 2H), 2.52-2.59 (m, 2H),
3.52 (d, J = 12.1 Hz, 2H), 3.59-3.74 (m, 1H), 3.89 (s, 3H), 6.36-6.46 (m, 3H), 7.25-7.35 (m,
1H), 7.70 (d, J = 8.5 Hz, 2H), 7.82 (d, J = 8.7 Hz, 2H), 7.88 (dd, J = 5.5, 1.3 Hz, 1H), 8.01 (s,

1H), 8.32 (s, 1H). >C NMR (151 MHz, DMSO-ds) & 30.7 (2C), 38.7, 44.8 (2C), 45.9, 108.3,
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111.4, 120.3, 125.2 (2C), 128.1 (2C), 128.9, 132.4, 136.4, 136.6, 137.3, 147.3, 157.9. MS m/z
3982 (M + H)+. Anal. Calcd for C,0H»3N50,S:0.4H,0: C, 59.36; H, 5.93; N, 17.31. Found: C,
59.68; H, 6.29; N, 17.08.

5-Methoxy-/NV-(1-((4-(1-methyl-1 H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)pyridin-2-a
mine (10). Compound 10 was prepared from compound 6 and 2-bromo-5-methoxypyridine in a
similar manner to that described for compound 9 and obtained in 29% yield as a light gray solid.
'H NMR (300 MHz, DMSO-d) & 1.29-1.45 (m, 2H), 1.93 (d, J = 10.7 Hz, 2H), 2.41-2.49 (m,
2H), 3.08-3.27 (m, 1H), 3.55 (d, J = 12.0 Hz, 2H), 3.69 (s, 3H), 3.89 (s, 3H), 5.15 (d, /= 8.4 Hz,
1H), 6.54 (d, J= 8.8 Hz, 1H), 7.01 (dd, J = 8.8, 2.9 Hz, 1H), 7.46 (d, J = 2.8 Hz, 1H), 7.70 (d, J
= 8.4 Hz, 2H), 7.82 (d, J = 8.4 Hz, 2H), 8.01 (d, J = 0.6 Hz, 1H), 8.32 (s, 1H). °C NMR (151
MHz, DMSO-ds) 6 30.8 (2C), 38.7, 44.9 (2C), 48.1, 52.6, 110.1, 120.3, 125.2 (2C), 125.4, 128.1
(2C), 128.9, 129.8, 132.3, 136.6, 137.3, 138.7, 155.5. MS m/z 428.2 (M + H)". Anal. Calcd for
C21H2sN50;5S: C, 59.00; H, 5.89; N, 16.38. Found: C, 58.79; H, 6.17; N, 16.03.
N-(1-((4-(1-Methyl-1 H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)-5-(trifluoromethyl)pyri
din-2-amine (11). Compound 11 was prepared from compound 6 and
2-bromo-5-(trifluoromethyl)pyridine in a similar manner to that described for compound 9 and
obtained in 29% yield as a pale yellow solid. '"H NMR (300 MHz, DMSO-dg) & 1.41-1.58 (m,
2H), 1.95 (d, J = 10.1 Hz, 2H), 2.52-2.63 (m, 2H), 3.53 (d, /= 12.3 Hz, 2H), 3.70-3.83 (m, 1H),
3.89 (s, 3H), 6.54 (d, J = 9.0 Hz, 1H), 7.28 (d, J = 7.3 Hz, 1H), 7.59 (dd, J = 8.8, 2.4 Hz, 1H),
7.71 (d, J = 8.6 Hz, 2H), 7.82 (d, J = 8.6 Hz, 2H), 8.01 (d, J = 0.7 Hz, 1H), 8.20-8.23 (m, 1H),
8.32 (s, 1H). PC NMR (151 MHz, DMSO-ds) 5 30.4 (2C), 38.7, 44.7 (2C), 46.0, 108.2, 112.4 (q,
Jer=32.1Hz, 1C), 120.3 , 125.0 (q, Jc_r = 270.0 Hz, 1C), 125.2 (2C), 128.1 (2C), 128.9, 132.4,

133.3, 136.6, 137.3, 145.3 (q, Jc.r = 4.4 Hz, 1C), 159.80. MS m/z 466.2 (M + H)". Anal. Calcd
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for C,1H»,F3N50,S: C, 54.18; H, 4.76; N, 15.05. Found: C, 54.20; H, 4.97; N, 14.82.
4-((1-((4-(1-Methyl-1 H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)amino)benzonitrile (12).
A mixture of 4-fluorobenzonitrile (154 mg, 1.27 mmol), 6 (200 mg, 0.560 mmol), and K,CO;
(211 mg, 1.53 mmol) in DMSO (4 mL) was stirred at 120 °C for 4 h. The mixture was poured into
water and extracted with EtOAc. The organic layer was washed with water and brine, dried over
Na,;SO4, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAc = 50/50 to 0/100) to give 12 (22 mg, 9%) as a white solid. 'H NMR (300 MHz,
DMSO-d) 6 1.32-1.52 (m, 2H), 1.93 (d, /= 10.8 Hz, 2H), 2.52-2.59 (m, 2H), 3.34-3.44 (m, 1H),
3.50-3.63 (m, 2H), 3.89 (s, 3H), 6.53—6.66 (m, 3H), 7.38 (d, J = 8.8 Hz, 2H), 7.70 (d, /= 8.3 Hz,
2H), 7.83 (d, J = 8.7 Hz, 2H), 8.01 (d, J = 0.6 Hz, 1H), 8.32 (brs, 1H). >C NMR (75 MHz,
DMSO-ds) 6 31.0 (2C), 39.3, 45.4 (2C), 47.7, 96.0, 112.6 (2C), 120.9, 121.0, 125.8 (2C), 128.7
(2C), 129.5, 132.7, 133.8 (2C), 137.2, 137.9, 151.6. MS m/z 422.3 (M + H)". Anal. Calcd for
C»H23N50,S-0.3H,0: C, 61.89; H, 5.57; N, 16.40. Found: C, 62.05; H, 5.77; N, 16.04.
6-(Methyl(1-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)sulfonyl)piperidin-4-yl)amino)nicotinoni
trile (13). To a solution of 1 (50 mg, 0.12 mmol) in THF (1.5 mL) and DMF (0.5 mL) was added
60% NaH (9.5 mg, 0.24 mmol) at 0 °C. After being stirred at 0 °C for 30 min, iodomethane
(0.015 mL, 0.24 mmol) was added to the mixture. The mixture was stirred at ambient
temperature overnight. The mixture was poured into water and extracted with EtOAc. The
organic layer was washed with water and brine, dried over Na,SO4, and concentrated. The
residual solid was suspended in diisopropyl ether and collected by filtration to give 13 (44 mg,
85%) as a yellow solid. '"H NMR (300 MHz, DMSO-dg) 6 1.64 (d, J = 10.0 Hz, 2H), 1.73-1.93
(m, 2H), 2.41 (t, J=11.3 Hz, 2H), 2.88 (s, 3H), 3.77 (d, J = 11.9 Hz, 2H), 3.90 (s, 3H), 4.39 (brs,

1H), 6.78 (d, J = 9.2 Hz, 1H), 7.67-7.87 (m, SH), 8.02 (s, 1H), 8.33 (s, 1H), 8.40 (d, J = 2.1 Hz,

ACS Paragon Plus Environment

36



oNOYTULT D WN =

Journal of Medicinal Chemistry

1H). *C NMR (151 MHz, DMSO-ds) & 27.5 (2C), 29.5, 38.7, 45.6 (2C), 51.4, 94.5, 106.2, 118.8,
120.3, 125.2 (2C), 128.2 (20), 128.9, 132.1, 136.6, 137.4, 139.5, 152.1, 158.8. MS m/z 437.3 (M
+ H)". Anal. Caled for C,H24N¢0,S-0.4H,0: C, 59.55; H, 5.63; N, 18.94. Found: C, 59.93; H,
6.01; N, 19.25.

6-(Piperidin-4-ylamino)nicotinonitrile dihydrochloride (15). A mixture of 14 (5.00 g, 25.0
mmol), 6-chloronicotinonitrile (4.15 g, 30.0 mmol), and DIPEA (8.70 mL, 49.9 mmol) in DMF
(50 mL) was stirred at 120 °C overnight. The mixture was poured into water at room temperature
and extracted with EtOAc. The organic layer was separated, washed with water and brine, dried
over MgSQO,, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAc = 95/5 to 50/50) and solidified with hexane/THF to give tert-butyl
4-((5-cyanopyridin-2-yl)amino)piperidine- 1-carboxylate (5.00 g, 66%) as a white solid. '"H NMR
(300 MHz, CDCl3) 8 1.24-1.53 (m, 11H), 1.90-2.15 (m, 2H), 2.93 (t, J = 11.6 Hz, 2H), 3.78—
4.23 (m, 3H), 4.85 (d, J = 8.2 Hz, 1H), 6.36 (dd, J = 8.8, 0.6 Hz, 1H), 7.55 (dd, J = 8.8, 2.3 Hz,
1H), 8.34-8.37 (m, 1H). MS m/z 247.2 (M + H — 56)".

To a solution of tert-butyl 4-((5-cyanopyridin-2-yl)amino)piperidine-1-carboxylate (1.00 g, 3.31
mmol) in EtOH (15 mL) was added 4 M HCl in EtOAc (19.8 mL, 79.4 mmol) at room temperature.
The mixture was stirred at room temperature overnight and concentrated. The residual solid was
suspended in EtOAc and collected by filtration to give 15 (0.896 g, 98%) as a white solid. MS m/z
203.2 (M + H)".
6-((1-(4-(1-methyl-1H-pyrazol-4-yl)benzoyl)piperidin-4-yl)amino)nicotinonitrile (16). To a
suspension of 15 (450 mg, 1.64 mmol) in THF (10 mL) were added DIPEA (1.42 mL, 8.18
mmol) and 4-bromobenzoyl chloride (431 mg, 1.96 mmol) in THF (5 mL) at 0 °C. The mixture

was stirred 0 °C for 2 h. The mixture was poured into water and extracted with EtOAc. The
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organic layer was separated, washed with water and brine, dried over MgSQOy, and concentrated.
The residue was purified by NH silica gel column chromatography (hexane/EtOAc = 90/10 to
20/80) to give 6-((1-(4-bromobenzoyl)piperidin-4-yl)amino)nicotinonitrile (560 mg, 89%) as a
white solid. "H NMR (300 MHz, DMSO-dy) & 1.22—1.58 (m, 2H), 1.80-2.05 (m, 2H), 2.90-3.27
(m, 2H), 3.44-3.68 (m, 1H), 3.96-4.17 (m, 1H), 4.32 (brs, 1H), 6.56 (d, J = 8.8 Hz, 1H), 7.35 (d,
J=28.5Hz, 2H), 7.52-7.71 (m, 4H), 8.39 (d, J = 2.0 Hz, 1H). MS m/z 385.1, 387.1 (M + H)".

A mixture of 6-((1-(4-bromobenzoyl)piperidin-4-yl)amino)nicotinonitrile (150 mg, 0.389 mmol),
1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-/ H-pyrazole (97 mg, 0.466 mmol),
cesium carbonate (254 mg, 0.780 mmol), and PdCl,(Amphos), (26.2 mg, 0.0390 mmol) in DMF
(3 mL) and water (0.3 mL) was heated at 100 °C for 1 h under microwave irradiation. The
mixture was poured into water and extracted with EtOAc. The organic layer was separated,
washed with water and brine, dried over MgSQOs, and concentrated. The residue was purified by
silica gel column chromatography (hexane/EtOAc = 80/20 to 0/100) and solidified with
hexane/EtOH to give 16 (124 mg, 82%) as a white solid. "H NMR (300 MHz, DMSO-dg)  1.24—
1.50 (m, 2H), 1.81-2.04 (m, 2H), 2.94-3.24 (m, 2H), 3.57-3.81 (m, 1H), 3.87 (s, 3H), 4.01-4.39
(m, 2H), 6.56 (d, J=8.9 Hz, 1H), 7.37 (d, J= 7.5 Hz, 2H), 7.58-7.70 (m, 4H), 7.91 (d, J= 0.7 Hz,
1H), 8.19 (s, 1H), 8.38-8.40 (m, 1H). >*C NMR (151 MHz, DMSO-ds) 5 30.9, 31.7, 38.6, 40.4,
45.9, 47.1,94.5, 108.7, 118.9, 121.1, 124.6 (2C), 127.4 (2C), 128.1, 133.3, 133.8, 136.2, 138.5,
153.0, 159.1, 168.9. MS m/z 387.3 (M + H)". Anal. Calcd for CoHxN4O: C, 68.38; H, 5.74; N,
21.75. Found: C, 68.41; H, 5.61; N, 21.65.
6-((1-(4-(1-methyl-1H-pyrazol-4-yl)benzyl)piperidin-4-yl)amino)nicotinonitrile ~ (17). A
mixture of 15 (600 mg, 2.18 mmol), 4-bromobenzyl bromide (545 mg, 2.18 mmol), and K,CO;

(1.51 g, 10.9 mmol) in DMF (15 mL) was stirred at 80 °C overnight. The mixture was poured
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into water and extracted with EtOAc. The organic layer was washed with water and brine, dried
over MgSO,4, and concentrated. The residue was purified by NH silica gel column
chromatography (hexane/EtOAc = 90/10 to 0/100) to give
6-((1-(4-bromobenzyl)piperidin-4-yl)amino)nicotinonitrile (780 mg, 96%) as a white solid. 'H
NMR (300 MHz, CDCl3) 6 1.35-1.62 (m, 2H), 2.02 (dd, J= 14.8, 2.5 Hz, 2H), 2.11-2.27 (m, 2H),
2.82 (d,J=12.2 Hz, 2H), 3.47 (s, 2H), 3.72 (brs, 1H), 4.89 (d, J= 6.8 Hz, 1H), 6.34 (dd, J=8.8,
0.6 Hz, 1H), 7.20 (d, /= 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.54 (dd, J = 8.8, 2.2 Hz, 1H), 8.34
(dd, J=2.2, 0.6 Hz, 1H). MS m/z 371.2, 373.2 (M + H)".

Compound 17 was prepared from compound
6-((1-(4-bromobenzyl)piperidin-4-yl)amino)nicotinonitrile and
1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-/ H-pyrazole in a similar manner to
that described for compound 16 and obtained in 61% yield as a white solid. "H NMR (300 MHz,
CDCl3) 6 1.47-1.64 (m, 2H), 1.97-2.11 (m, 2H), 2.11-2.29 (m, 2H), 2.75-3.03 (m, 2H), 3.53 (s,
2H), 3.64-3.84 (m, 1H), 3.94 (s, 3H), 4.93 (d, J = 7.3 Hz, 1H), 6.34 (dd, J = 8.8, 0.5 Hz, 1H),
7.30 (d, J = 8.4 Hz, 2H), 7.38-7.46 (m, 2H), 7.54 (dd, J = 8.8, 2.2 Hz, 1H), 7.60 (s, 1H), 7.75 (d,
J=0.6 Hz, 1H), 8.34 (d, J = 1.8 Hz, 1H). °C NMR (151 MHz, DMSO-d¢) 5 31.4 (2C), 38.6,
47.4, 51.8 (2C), 61.8, 94.1, 108.8, 119.0, 121.7, 124.7 (2C), 127.5, 129.2 (2C), 131.2, 135.8,
136.1, 138.3, 153.1, 159.2. MS m/z 373.3 (M + H)". Anal. Caled for Cy»HaNg-0.75H,0: C,
68.46; H, 6.66; N, 21.77. Found: C, 68.81; H, 6.65; N, 21.44.

tert-Butyl (trans-4-((4-bromophenyl)amino)cyclohexyl)carbamate (19). A mixture of 18 (1.50
g, 7.00 mmol), 1-bromo-4-iodobenzene (1.98 g, 7.00 mmol), fert--BuONa (1.01 g, 10.5 mmol),
Xantphos (0.486 g, 0.840 mmol) in toluene (30 mL) was degassed and purged with Ar. To the

mixture was added Pd,(dba); (0.385 g, 0.420 mmol) at room temperature, and the mixture was
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stirred at 80 °C under Ar overnight. The mixture was poured into water and extracted with EtOAc.
The organic layer was separated, washed with water and brine, dried over MgSQO,, and
concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc =
95/5 to 40/60) and NH silica gel column chromatography (hexane/EtOAc = 95/5 to 30/70) to
give 19 (1.16 g, 45%) as a white solid. "H NMR (300 MHz, CDCl3) § 1.06-1.34 (m, 4H), 1.45 (s,
9H), 1.94-2.23 (m, 4H), 3.04-3.24 (m, 1H), 3.33-3.64 (m, 2H), 4.32-4.47 (m, 1H), 6.44 (d, J =
8.7 Hz, 2H), 7.22 (d, J = 8.7 Hz, 2H). MS m/z 369.1, 371.1 (M + H)".

tert-Butyl (trans-4-((4-(1-methyl-1 H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate (20).
A mixture of 19 (1.67 g, 4.52 mmol),
I-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (1.41 g, 6.78 mmol),
cesium carbonate (2.95 g, 9.04 mmol) in DMF (30 mL) and water (3 mL) was degassed and
purged with Ar. To the mixture was added PdCl,(Amphos), (0.304 g, 0.451 mmol) at room
temperature, and the mixture was stirred at 100 °C under Ar overnight. The mixture was poured
into water at room temperature and extracted with EtOAc. The organic layer was separated,
washed with water and brine, dried over MgSQO4 and concentrated. The residue was purified by
silica gel column chromatography (hexane/EtOAc = 95/5 to 20/80) to give 20 (1.41 g, 84%) as a
white solid. "H NMR (300 MHz, CDCl3) & 1.10-1.30 (m, 4H), 1.45 (s, 9H), 2.00-2.25 (m, 4H),
3.06-3.31 (m, 1H), 3.36-3.61 (m, 2H), 3.91 (s, 3H), 4.29—4.53 (m, 1H), 6.58 (d, /= 8.3 Hz, 2H),
7.21-7.32 (m, 2H), 7.47 (s, 1H), 7.65 (s, 1H). MS m/z 371.2 (M + H)".
N-(trans-4-((5-Cyanopyridin-2-yl)amino)cyclohexyl)-NV-(4-(1-methyl-1H-pyrazol-4-yl)pheny
I)acetamide (21). To a solution of 20 (550 mg, 1.48 mmol) in THF (20 mL) were added DIPEA
(1.29 mL, 7.42 mmol) and acetyl chloride (0.317 mL, 4.45 mmol) at 0 °C. The mixture was stirred

at 0 °C for 3 h. The mixture was poured into water and extracted with EtOAc. The organic layer
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was separated, washed with water and brine, dried over MgSQy, and concentrated. The residue
was solidified with hexane/EtOAc to give tert-butyl
(trans-4-(N-(4-(1-methyl-1H-pyrazol-4-yl)phenyl)acetamido)cyclohexyl)carbamate (482 mg,
79%) as a white solid. '"H NMR (300 MHz, CDCl5) & 1.09—1.34 (m, 4H), 1.40 (s, 9H), 1.77 (s, 3H),
1.85(d, /=9.9 Hz, 2H), 1.94-2.06 (m, 2H), 3.07-3.29 (m, 1H), 3.97 (s, 3H), 4.24-4.40 (m, 1H),
4.51-4.67 (m, 1H), 7.04 (d, /= 8.2 Hz, 2H), 7.48 (d, /= 8.2 Hz, 2H), 7.64 (s, 1H), 7.78 (s, 1H).
MS m/z 4132 M+ H)".

A mixture of tert-butyl
(trans-4-(N-(4-(1-methyl-1H-pyrazol-4-yl)phenyl)acetamido)cyclohexyl)carbamate (150 mg,
0.364 mmol) and TFA (2.24 mL, 29.1 mmol) was stirred at room temperature for 30 min. The
mixture was concentrated and azeotroped with toluene. The residue was neutralized with saturated
aqueous NaHCOs;, extracted with EtOAc/2-propanol (4/1). The organic layer was separated,
washed with water and brine, dried over MgSQOy, and concentrated. A mixture of the residue,
6-chloronicotinonitrile (55.6 mg, 0.401 mmol), and DIPEA (0.318 mL, 1.82 mmol) in DMF (5
mL) was stirred at 120 °C overnight. The mixture was poured into water and extracted with EtOAc.
The organic layer was separated, washed with water and brine, dried over MgSO,, and
concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc =
20/80 to 0/100) and solidified with hexane/EtOAc to give 21 (29 mg, 19% for 2 steps) as a white
solid. '"H NMR (600 MHz, DMSO-ds) & 1.10-1.21 (m, 2H), 1.29-1.38 (m, 2H), 1.66 (s, 3H),
1.81 (d, J = 11.4 Hz, 2H), 1.93 (d, J = 11.0 Hz, 2H), 3.51 (brs, 1H), 3.88 (s, 3H), 4.44 (tt, J =
12.0, 3.4 Hz, 1H), 6.48 (d, J = 9.2 Hz, 1H), 7.18 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 6.2 Hz, 1H),
7.58-7.66 (m, 3H), 7.90 (s, 1H), 8.18 (s, 1H), 8.29 (d, J = 2.2 Hz, 1H). >*C NMR (151 MHz,

DMSO-dg) 6 23.1, 29.4 (2C), 31.1 (2C), 38.6, 48.4, 52.3, 94.0, 119.0, 121.0, 125.5 (2C), 128.0,
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130.4 (2C), 132.5, 136.2, 136.9, 153.0, 159.2, 168.6. 2C were not observed. MS m/z 415.2 (M +
H)+. Anal. Calcd for Co4Hy6NgO-0.5 C4HgO,-H,0: C, 65.53; H, 6.77; N, 17.63. Found: C, 65.59;
H, 6.46; N, 17.55. Purity 97.8% (HPLC).
N-(trans-4-((5-Cyanopyridin-2-yl)amino)cyclohexyl)-NV-(4-(1-methyl-1H-pyrazol-4-yl)pheny
I)methanesulfonamide (22). To a solution of 20 (550 mg, 1.48 mmol) in pyridine (15 mL) was
added methanesulfonyl chloride (1.15 mL, 14.9 mmol) at room temperature. The mixture was
stirred at room temperature overnight. The mixture was concentrated, poured into water and
extracted with EtOAc. The organic layer was separated, washed with water and brine, dried over
MgSOs4, and concentrated. The residue was solidified with hexane/EtOAc to give tert-butyl
(trans-4-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)(methylsulfonyl)amino)cyclohexyl)carbamate
(541 mg, 81%) as a pale yellow solid. 'H NMR (300 MHz, CDCl5) & 1.10-1.38 (m, 4H), 1.40 (s,
9H), 1.92-2.11 (m, 4H), 2.96 (s, 3H), 3.06-3.31 (m, 1H), 3.97 (s, 3H), 4.03—4.22 (m, 1H), 4.26—
4.39 (m, 1H), 7.22 (d, J=8.3 Hz, 2H), 7.48 (d, /= 8.3 Hz, 2H), 7.62 (s, 1H), 7.76 (s, 1H). MS m/z
4492 M + H)".

Compound 22 was prepared from tert-butyl
(trans-4-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)(methylsulfonyl)amino)cyclohexyl)carbamate
and 6-chloronicotinonitrile in a similar manner to that described for compound 21 and obtained
in 23% yield for 2 steps as a pale yellow solid. '"H NMR (600 MHz, DMSO-dg) & 1.20-1.29 (m,
2H), 1.32-1.43 (m, 2H), 1.89-2.01 (m, 4H), 3.09 (s, 3H), 3.48 (brs, 1H), 3.88 (s, 3H), 3.96 (tt, J
=11.9, 3.7 Hz, 1H), 6.48 (d, /= 8.8 Hz, 1H), 7.24 (d, J = 8.4 Hz, 2H), 7.47 (d, /= 7.0 Hz, 1H),
7.56-7.65 (m, 3H), 7.89 (d, J = 0.7 Hz, 1H), 8.18 (s, 1H), 8.28 (d, J = 2.2 Hz, 1H). °C NMR
(151 MHz, DMSO-de) & 30.8 (2C), 31.0 (2C), 38.6, 40.5, 48.2, 57.0, 94.0, 119.0, 121.0, 125.3

(20), 128.1, 132.4 (2C), 132.9, 133.1, 136.2, 138.4, 153.0, 159.2. 1C was not observed. MS m/z
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451.2 (M + H)". Anal. Calcd for Co3HxN6O,S: C, 61.31; H, 5.82; N, 18.65. Found: C, 61.20; H,
5.74; N, 18.28.
N-(trans-4-((5-cyanopyridin-2-yl)amino)cyclohexyl)-N-(4-(1-methyl-/ H-pyrazol-4-yl)phenyl
)-3-phenylpropanamide (23). tert-Butyl
(trans-4-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)(3-phenylpropanoyl)amino)cyclohexyl)carbamat
e was prepared from compound 20 and 3-phenylpropionyl chloride in a similar manner to that
described for compound 21 and obtained in 86% yield as a white solid. "H NMR (300 MHz,
DMSO-ds) 6 0.91-1.11 (m, 2H), 1.25 (d, J=12.7 Hz, 2H), 1.34 (s, 9H), 1.66—1.83 (m, 4H), 2.12 (t,
J=7.6 Hz, 2H), 2.73 (t, /= 7.6 Hz, 2H), 2.94 (brs, 1H), 3.86 (s, 3H), 4.37 (t, /= 11.6 Hz, 1H),
6.67 (d,/J=8.0 Hz, 1H), 7.01 (t,J= 7.7 Hz, 4H), 7.08-7.25 (m, 3H), 7.56 (d, J = 8.1 Hz, 2H), 7.87
(s, 1H), 8.15 (s, 1H). MS m/z 525.3 (M + Na)".

A mixture of tert-butyl
(trans-4-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)(3-phenylpropanoyl)amino)cyclohexyl)carbamat
e (170 mg, 0.338 mmol) and 4 M HCI in EtOAc (2.0 mL, 8.00 mmol) was stirred at room
temperature. After being stirred at room temperature for 2 h, the mixture was concentrated. A
mixture of the residue, 6-fluoronicotinonitrile (124 mg, 1.01 mmol), and DIPEA (0.295 mL, 1.69
mmol) in NMP (2 mL) was stirred at 80 °C overnight. The mixture was poured into water and
extracted with EtOAc. The organic layer was separated, washed with water and brine, dried over
Na,S0s, and concentrated. The residue was purified by silica gel column chromatography
(hexane/EtOAc = 80/20 to 20/80) to give 23 (130 mg, 76%) as a white solid. 'H NMR (600 MHz,
DMSO-ds) 6 1.08-1.17 (m, 2H), 1.28-1.40 (m, 2H), 1.78 (d, /= 11.4 Hz, 2H), 1.93 (d, /=114
Hz, 2H), 2.15 (t, J = 7.7 Hz, 2H), 2.75 (t, J = 7.5 Hz, 2H), 3.50 (brs, 1H), 3.87 (s, 3H), 4.47 (tt, J

=12.1, 3.5 Hz, 1H), 6.48 (d, /= 9.2 Hz, 1H), 6.99-7.07 (m, 4H), 7.10-7.16 (m, 1H), 7.18-7.23
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(m, 2H), 7.46 (d, J= 5.9 Hz, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.60 (dd, J=9.0, 1.7 Hz, 1H), 7.88 (s,
1H), 8.16 (s, 1H), 8.28 (d, J = 2.2 Hz, 1H). *C NMR (151 MHz, DMSO-ds) & 29.4 (2C), 30.9,
31.1 (20), 36.3, 38.6, 48.4, 52.5, 94.0, 108.8, 119.0, 120.9, 125.5 (2C), 125.8, 128.0, 128.1 (2C),
128.1 (2C), 130.5 (2C), 132.5, 136.1, 136.2, 138.3, 141.1, 153.0, 159.2, 170.3. MS m/z 505.3 (M
+ H)+. Anal. Calcd for C51H3,NgO-0.5CsH;40-0.5H,0: C, 72.31; H, 7.14; N, 14.88. Found: C,
72.53; H, 7.29; N, 15.20. Purity 98.8% (HPLC).

Methyl

(trans-4-((5-cyanopyridin-2-yl)amino)cyclohexyl)(4-(1-methyl-/ H-pyrazol-4-yl)phenyl)carb
amate (24). To a solution of 20 (300 mg, 0.809 mmol) and DIPEA (0.423 mL, 2.43 mmol) in
CH,CI;, (5 mL) was added methyl chloroformate (0.336 mL, 4.34 mmol) at room temperature.
The mixture was stirred for 16 h at room temperature. To the mixture was added water, and the
mixture was extracted with CH,Cl,. The organic layers was separated, dried over Na,SO,, and
concentrated. The residue was purified by silica gel column chromatography (petroleum
ether/EtOAc = 3/1 to 2/1) to give methyl
(trans-4-((tert-butoxycarbonyl)amino)cyclohexyl)(4-(1-methyl-/ H-pyrazol-4-yl)phenyl)carbama
te (350 mg, 85%) as a white solid. MS m/z 429.2 (M + H)".

Compound 24 was prepared from methyl
(trans-4-((tert-butoxycarbonyl)amino)cyclohexyl)(4-(1-methyl-/ H-pyrazol-4-yl)phenyl)carbama
te and 6-fluoronicotinonitrile in a similar manner to that described for compound 23 and obtained
in 33% yield for 2 steps as a white solid. 'H NMR (400 MHz, DMSO-dg) 6 1.16-1.39 (m, 4H),
1.81-1.99 (m, 4H), 3.51-3.52 (m, 4H), 3.87 (s, 3H), 4.02—4.13 (m, 1H), 6.48 (d, /= 8.8 Hz, 1H),
7.11 (d, J= 8.4 Hz, 2H), 7.49 (d, J = 6.4 Hz, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.8 Hz,

1H), 7.87 (s, 1H), 8.15 (s, 1H), 8.30 (d, J = 2.0 Hz, 1H). >C NMR (151 MHz, DMSO-dg) 5 29.7
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(2C), 31.0 (20), 38.6, 48.4, 52.3, 55.5, 94.0, 108.8, 119.0, 121.2, 125.2 (2C), 127.9, 130.2 (20),
131.8, 135.9, 136.1, 138.3, 153.0, 155.1, 159.2. MS m/z 431.2 (M + H)'. Anal. Calcd for
C24Hy6N6O,-H,0: C, 64.27; H, 6.29; N, 18.74. Found: C, 64.49; H, 6.37; N, 18.82.

Benzyl

(trans-4-((5-cyanopyridin-2-yl)amino)cyclohexyl)(4-(1-methyl-1 H-pyrazol-4-yl)phenyl)carb
amate (25). Benzyl
(trans-4-((tert-butoxycarbonyl)amino)cyclohexyl)(4-(1-methyl-/ H-pyrazol-4-yl)phenyl)carbama
te was prepared from compound 20 and benzyl chloroformate in a similar manner to that
described for compound 24 and obtained in 62% yield as a white solid. MS m/z 449.2 (M + H)".
Compound 25 was prepared from benzyl
(trans-4-((tert-butoxycarbonyl)amino)cyclohexyl)(4-(1-methyl-/ H-pyrazol-4-yl)phenyl)carbama
te and 6-fluoronicotinonitrile in a similar manner to that described for compound 23 and obtained
in 37% yield for 2 steps as a white solid. 'H NMR (600 MHz, DMSO-d) 6 1.20-1.43 (m, 4H),
1.81-2.03 (m, 4H), 3.54 (brs, 1H), 3.87 (s, 3H), 4.064.14 (m, 1H), 5.05 (s, 2H), 6.48 (d, J = 8.8
Hz, 1H), 7.14 (d, J = 8.4 Hz, 2H), 7.17-7.24 (m, 2H), 7.23-7.29 (m, 1H), 7.29-7.34 (m, 2H),
7.46 (d, J= 5.5 Hz, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.61 (dd, J = 8.8, 1.5 Hz, 1H), 7.87 (brs, 1H),
8.14 (s, 1H), 8.30 (d, J = 2.2 Hz, 1H).>C NMR (151 MHz, DMSO-d) & 29.7 (2C), 31.0 (2C),
38.6,48.4,55.7, 65.9, 94.0, 108.9, 119.0, 121.2, 125.1 (2C), 126.8 (2C), 127.5, 127.9, 128.2 (2C),
130.1 (2C), 131.9, 135.8, 136.1, 137.0, 138.4, 153.0, 154.4, 159.2. MS m/z 507.2 (M + H)". Anal.
Calcd for C;50H39N¢O,:0.5H,0: C, 69.88; H, 6.06; N, 16.30. Found: C, 69.54; H, 6.12; N, 16.44.
1-(trans-4-((5-Cyanopyridin-2-yl)amino)cyclohexyl)-3-ethyl-1-(4-(1-methyl-1 H-pyrazol-4-yl
)phenyl)urea (26). To a solution of 20 (300 mg, 0.809 mmol) in THF (10 mL) was added ethyl

isocyanate (0.077 mL, 0.972 mmol) at room temperature. The mixture was stirred at room
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temperature for 60 h. The precipitate solid was collected by filtration to give tert-butyl
(trans-4-((ethylcarbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate
(210 mg, 53%) as a white solid. 'H NMR (400 MHz, CDCl3) ¢ 1.00 (t, J = 7.2 Hz, 3H), 1.17—
1.29 (m, 4H), 1.41 (s, 9H),1.88 (d, J = 12.0 Hz, 2H), 1.98 (d, J = 12.0 Hz, 2H), 3.14-3.20 (m,
3H), 3.91 (t, J = 5.6 Hz, 1H), 3.98 (s, 3H), 4.34-4.36 (m, 1H), 4.45-4.52 (m, 1H), 7.10 (d, J =
8.4 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H), 7.65 (s, 1H), 7.79 (d, J = 0.4 Hz, 1H). MS m/z 442.3 (M +
H)".

A mixture of tert-butyl
(trans-4-((ethylcarbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate
(220 mg, 0.498 mmol) and 4 M HCI in dioxane (10 mL, 40.0 mmol) was stirred at room
temperature for 2 h, and then the mixture was concentrated. To a solution of the residue and
6-bromonicotinonitrile (167 mg, 0.913 mmol) in DMF (10 mL) was added cesium carbonate
(595 mg, 1.83 mmol) at room temperature. The mixture was stirred at 100 °C for 6 h. Insoluble
materials were filtered off, and the filtrate was concentrated. The residue was purified by
preparative HPLC (0.0225% aqueous formic acid solution/MeCN = 54/46 to 24/76) to give 26
(39 mg, 15% for 2 steps) as a brown solid. 'H NMR (600 MHz, DMSO-dq) 6 0.91 (t,J = 7.0 Hz,
3H), 1.07-1.17 (m, 2H), 1.27-1.38 (m, 2H), 1.79 (d, /= 11.4 Hz, 2H), 1.91 (d, /= 11.0 Hz, 2H),
2.94-3.03 (m, 2H), 3.49 (brs, 1H), 3.88 (s, 3H), 4.23-4.32 (m, 1H), 5.12 (t, J= 5.7 Hz, 1H), 6.47
(d, J=8.8 Hz, 1H), 7.10 (d, J= 8.1 Hz, 2H), 7.46 (d, J = 5.5 Hz, 1H), 7.58-7.64 (m, 3H), 7.89 (s,
1H), 8.16 (s, 1H), 8.28 (d, J = 2.2 Hz, 1H). *C NMR (151 MHz, DMSO-dq) & 15.6, 30.1 (2C),
31.3 (2C), 34.8, 38.6, 48.5, 52.9, 93.9, 108.9, 119.0, 121.3, 125.7 (2C), 127.9, 131.4 (2C), 132.1,
135.8, 136.1, 138.3, 153.0, 156.3, 159.2. MS m/z 4442 (M + H)'. Anal. Calcd for

C,sH29N70-0.5H,0: C, 66.35; H, 6.68; N, 21.67. Found: C, 66.19; H, 6.64; N, 21.90.
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3-Benzyl-1-(trans-4-((S-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(1-methyl-1 H-pyrazol-4-y
I)phenyl)urea (27). To a solution of 20 (500 mg, 1.35 mmol) and Et;N (0.563 mL, 4.05 mmol)
in THF (12 mL) was added benzyl isocyanate (0.500 mL, 4.05 mmol) at room temperature. The
mixture was stirred at room temperature overnight. The mixture was poured into water at room
temperature. The resultant precipitated solid was collected by filtration. The resultant colorless
solid was dissolved in THF and purified by NH silica gel column chromatography
(hexane/EtOAc = 90/10 to 0/100) and solidified with hexane/EtOAc to give fert-butyl
(trans-4-((benzylcarbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate
(610 mg, 90%) as a white solid. "H NMR (300 MHz, DMSO-dg) & 0.94-1.16 (m, 2H), 1.17-1.31
(m, 2H), 1.34 (s, 9H), 1.75 (d, J = 10.1 Hz, 4H), 2.83-3.02 (m, 1H), 3.87 (s, 3H), 4.074.27 (m,
3H), 5.77 (t, J = 5.6 Hz, 1H), 6.66 (d, J = 7.3 Hz, 1H), 7.09-7.20 (m, 5H), 7.22-7.31 (m, 2H),
7.62 (d, J=8.1 Hz, 2H), 7.88 (s, 1H), 8.16 (s, 1H). MS m/z 504.3 (M + H)".

Compound 27 was prepared from tert-butyl
(trans-4-((benzylcarbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate
and 6-fluoronicotinonitrile in a similar manner to that described for compound 23 and obtained
in 82% yield as a white solid. 'H NMR (300 MHz, DMSO-d;) ¢ 1.02-1.23 (m, 2H), 1.25-1.43
(m, 2H), 1.81 (d, J = 10.1 Hz, 2H), 1.92 (d, J = 11.3 Hz, 2H), 3.50 (brs, 1H), 3.87 (s, 3H), 4.15
(d, J=6.0 Hz, 2H), 4.29 (t, J=11.5 Hz, 1H), 5.81 (t, J = 5.9 Hz, 1H), 6.47 (d, J= 9.1 Hz, 1H),
7.09-7.21 (m, 5H), 7.24-7.34 (m, 2H), 7.46 (d, J = 7.2 Hz, 1H), 7.57-7.66 (m, 3H), 7.89 (s, 1H),
8.17 (s, 1H), 8.28 (d, J = 1.6 Hz, 1H). >C NMR (151 MHz, DMSO-ds) & 30.1 (2C), 31.3 (2C),
38.6, 43.4, 48.5, 53.1, 93.9, 109.0, 119.0, 121.2, 125.7 (2C), 126.1, 126.6 (2C), 127.86, 127.91
(2C), 131.4 (2C), 132.2, 135.6, 136.1, 138.3, 141.2, 153.0, 156.4, 159.2. MS m/z 506.3 (M + H)".

Anal. Calcd for C30H31N;O: C, 71.26; H, 6.18; N, 19.39. Found: C, 71.07; H, 6.24; N, 19.40.
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1-(trans-4-((5-Cyanopyridin-2-yl)amino)cyclohexyl)-3-(cyclohexylmethyl)-1-(4-(1-methyl-1
H-pyrazol-4-yl)phenyl)urea (28). tert-Butyl
(trans-4-(((cyclohexylmethyl)carbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexy
l)carbamate was prepared from compound 20 and cyclohexanemethyl isocyanate in a similar
manner to that described for compound 27 and obtained in 69% yield as a white solid. 'H NMR
(300 MHz, DMSO-ds) 6 0.60-0.84 (m, 2H), 0.90-1.31 (m, 8H), 1.34 (s, 9H), 1.44-1.66 (m, 5H),
1.66-1.83 (m, 4H), 2.79 (t, J= 6.1 Hz, 2H), 2.86-3.03 (m, 1H), 3.87 (s, 3H), 4.16 (t, /= 11.8 Hz,
1H), 4.96 (t,J=5.6 Hz, 1H), 6.65 (d, J=7.4 Hz, 1H), 7.07 (d, /= 8.0 Hz, 2H), 7.61 (d, /= 8.1 Hz,
2H), 7.89 (s, 1H), 8.17 (s, 1H). MS m/z 510.4 (M + H)".

Compound 28 was prepared from tert-butyl
(trans-4-(((cyclohexylmethyl)carbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexy
l)carbamate and 6-fluoronicotinonitrile in a similar manner to that described for compound 23
and obtained in 48% yield as a white solid. "H NMR (300 MHz, DMSO-dq) & 0.61-0.82 (m, 2H),
0.95-1.20 (m, 5H), 1.23-1.41 (m, 3H), 1.44-1.67 (m, 5H), 1.79 (d, /= 10.9 Hz, 2H), 1.91 (d, J =
10.3 Hz, 2H), 2.80 (t, J = 6.1 Hz, 2H), 3.49 (brs, 1H), 3.88 (s, 3H), 4.26 (t, J = 11.8 Hz, 1H),
5.00 (t, J=5.7 Hz, 1H), 6.47 (d, J = 8.9 Hz, 1H), 7.10 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 7.8 Hz,
1H), 7.55-7.67 (m, 3H), 7.90 (s, 1H), 8.18 (s, 1H), 8.28 (d, J = 1.9 Hz, 1H). >*C NMR (75 MHz,
DMSO-dg) 6 25.9 (2C), 26.7, 30.7 (2C), 30.8 (2C), 31.8 (2C), 38.3, 46.7,49.1, 53.5, 94.5, 119.6,
121.8, 126.2 (2C), 128.5, 131.9 (2C), 132.7, 136.3, 136.7, 138.9, 153.6, 156.9, 159.7. 2C were
not observed. MS m/z 512.4 (M + H)+. Anal. Caled for C3gH37N-O: C, 70.42; H, 7.29; N, 19.16.
Found: C, 70.42; H, 7.30; N, 19.23.
N-(4-(1-Methyl-1H-pyrazol-4-yl)phenyl)-N-(trans-4-(quinazolin-2-ylamino)cyclohexyl)aceta

mide (29). A mixture of tert-butyl
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(trans-4-(N-(4-(1-methyl-1H-pyrazol-4-yl)phenyl)acetamido)cyclohexyl)carbamate (105 mg,
0.255 mmol) and TFA (1.57 mL, 20.4 mmol) was stirred at room temperature for 15 min. The
mixture was concentrated and azeotroped with toluene. The residue was basified with saturated
aqueous NaHCOj; at room temperature and extracted with EtOAc/2-propanol (4:1). The organic
layer was separated, washed with water and brine, dried over MgSO, and concentrated. A mixture
of the residue, 2-chloroquinazoline (62.8 mg, 0.381 mmol), and DBU (0.114 mL, 0.762 mmol) in
DMF (3 mL) was stirred at 120 °C for 4 h. The mixture was poured into water at room temperature
and extracted with EtOAc. The organic layer was separated, washed with water and brine, dried
over MgSO, and concentrated. The residue was purified by NH silica gel column chromatography
(hexane/EtOAc = 95/5 to 0/100) and solidified with hexane/EtOH to give 29 (41 mg, 37%) as a
white solid. "H NMR (300 MHz, DMSO-dg) & 1.05-1.27 (m, 2H), 1.31-1.54 (m, 2H), 1.67 (s,
3H), 1.83 (d, J=11.6 Hz, 2H), 1.99 (d, J=11.6 Hz, 2H), 3.52-3.72 (m, 1H), 3.89 (s, 3H), 4.46 (t,
J=11.6 Hz, 1H), 7.10-7.29 (m, 4H), 7.38 (d, J = 8.4 Hz, 1H), 7.54-7.70 (m, 3H), 7.74 (d, J =
7.8 Hz, 1H), 7.93 (s, 1H), 8.21 (s, 1H), 9.05 (s, 1H). >C NMR (75 MHz, DMSO-ds) & 23.7, 30.2
(20), 31.7 (2C), 49.0, 53.0, 112.0, 121.6, 122.2, 125.2, 126.1 (2C), 128.3, 128.6, 131.1 (2C),
133.0, 134.4, 136.8, 137.5, 152.1, 159.3, 162.5, 169.1. 1C was not observed. MS m/z 441.2 (M +
H)". Anal. Caled for C,6HxgNO-0.1H,0: C, 70.60; H, 6.43; N, 19.00. Found: C, 70.51; H, 6.23;
N, 18.93.
6-((trans-4-((4-(1-Methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)amino)nicotinonitrile
(30). Compound 30 was prepared from compound 20 and 6-fluoronicotinonitrile in a similar
manner to that described for compound 23 and obtained in 42% yield as a colorless solid. 'H
NMR (300 MHz, DMSO-dg) 6 1.12—1.47 (m, 4H), 2.00 (t, J = 11.7 Hz, 4H), 3.21 (d, J= 7.4 Hz,

1H), 3.70-3.90 (m, 4H), 5.37 (d, J = 8.2 Hz, 1H), 6.47-6.63 (m, 3H), 7.24 (d, J = 8.3 Hz, 2H),
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7.53 (d, J=17.2 Hz, 1H), 7.59-7.71 (m, 2H), 7.85 (s, 1H), 8.38 (d, J = 1.8 Hz, 1H). *C NMR (75
MHz, DMSO-dy) 6 31.4 (2C), 31.7 (2C), 39.0, 49.5, 50.8, 94.5, 113.2 (2C), 119.7, 120.4, 123.2,
126.4 (2C), 126.5, 135.5, 138.9, 146.9, 153.7, 159.8. 1C was not observed. MS m/z 373.2 (M +
H)". Anal. Calcd for C»yH,4Ng: C, 70.94; H, 6.49; N, 22.56. Found: C, 70.74; H, 6.32; N, 22.71.
tert-Butyl (cis-4-((4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate (32).
tert-Butyl (cis-4-((4-bromophenyl)amino)cyclohexyl)carbamate was prepared from 31 and
1-bromo-4-iodobenzene in a similar manner to that described for compound 19 and obtained in
26% yield as a white solid. "H NMR (300 MHz, CDCl3) & 1.45 (s, 9H), 1.57-1.66 (m, 4H), 1.69—
1.88 (m, 4H), 3.40 (brs, 1H), 3.54-3.76 (m, 2H), 4.54 (brs, 1H), 6.46 (d, /= 8.7 Hz, 2H), 7.23 (d,
J=8.7Hz, 2H). MS m/z 369.1,371.1 (M + H)".

Compound 32 was prepared from tert-butyl
(cis-4-((4-bromophenyl)amino)cyclohexyl)carbamate and
1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-/ H-pyrazole in a similar manner to
that described for compound 20 and obtained in 96% yield as a white solid. "H NMR (300 MHz,
CDCl3) 6 1.45 (s, 9H), 1.59-1.68 (m, 4H), 1.70-1.89 (m, 4H), 3.47 (brs, 1H), 3.55-3.74 (m, 2H),
3.91 (s, 3H), 4.45-4.69 (m, 1H), 6.59 (d, J = 8.3 Hz, 2H), 7.22-7.30 (m, 2H), 7.47 (s, 1H), 7.65
(s, 1H). MS m/z 3712 M + H)".
N-(cis-4-((5-Cyanopyridin-2-yl)amino)cyclohexyl)-NV-(4-(1-methyl-1H-pyrazol-4-yl)phenyl)a
cetamide (33). tert-Butyl
(cis-4-(acetyl(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate was prepared
from compound 32 and acetyl chloride in a similar manner to that described for compound 21
and obtained in 89% yield as a white solid. 'H NMR (300 MHz, CDCls) & 1.13-1.32 (m, 2H),

1.39 (s, 9H), 1.63—1.87 (m, 9H), 3.78 (brs, 1H), 3.98 (s, 3H), 4.40-4.69 (m, 2H), 7.08 (d, J = 7.8

ACS Paragon Plus Environment

50



oNOYTULT D WN =

Journal of Medicinal Chemistry

Hz, 2H), 7.52 (d, J = 8.1 Hz, 2H), 7.66 (s, 1H), 7.79 (s, 1H). MS m/z 313.2 (M — Boc + H)".
Compound 33 was prepared from tert-butyl
(cis-4-(acetyl(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate and
6-fluoronicotinonitrile in a similar manner to that described for compound 23 and obtained in
82% vyield as a white solid. '"H NMR (300 MHz, DMSO-dg) & 1.25-1.45 (m, 2H), 1.54-1.73 (m,
7H), 1.89 (d, J=13.4 Hz, 2H), 3.88 (s, 3H), 3.94 (brs, 1H), 4.45 (t, J=11.5 Hz, 1H), 6.54 (d, J =
8.9 Hz, 1H), 7.19 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 5.5 Hz, 1H), 7.56 (dd, J = 9.0, 1.2 Hz, 1H),
7.63 (d, J= 8.0 Hz, 2H), 7.91 (s, 1H), 8.19 (s, 1H), 8.33 (d, J= 1.7 Hz, 1H). >C NMR (151 MHz,
DMSO-dg) 6 23.1, 25.8 (2C), 28.8 (2C), 38.6, 44.4, 53.1, 94.1, 108.9, 119.0, 121.0, 125.6 (2C),
128.0, 130.5 (2C), 132.4, 136.1, 137.2, 138.0, 152.8, 159.3, 168.5. MS m/z 415.2 (M + H)". Anal.
Calcd for Co4HysNgO: C, 69.54; H, 6.32; N, 20.27. Found: C, 69.36; H, 6.42; N, 19.98.
3-Benzyl-1-(cis-4-((S5-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(1-methyl-1H-pyrazol-4-yl)
phenyl)urea (34). tert-Butyl
(cis-4-((benzylcarbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate
was prepared from compound 32 and benzyl isocyanate in a similar manner to that described for
compound 27 and obtained in 68% yield as a white solid. "H NMR (300 MHz, DMSO-dj) & 1.32
(s, 9H), 1.34-1.58 (m, 6H), 1.71 (d, J = 13.5 Hz, 2H), 3.46 (brs, 1H), 3.87 (s, 3H), 4.10-4.27 (m,
3H), 5.67 (t, J= 6.0 Hz, 1H), 6.63 (brs, 1H), 7.10-7.20 (m, 5H), 7.22-7.31 (m, 2H), 7.62 (d, J =
8.3 Hz, 2H), 7.89 (s, 1H), 8.16 (s, 1H). MS m/z 526.2 (M + Na)".

Compound 34 was prepared from tert-butyl
(cis-4-((benzylcarbamoyl)(4-(1-methyl-1H-pyrazol-4-yl)phenyl)amino)cyclohexyl)carbamate

and 6-fluoronicotinonitrile in a similar manner to that described for compound 23 and obtained

in 52% yield as a white solid. 'H NMR (300 MHz, DMSO-dg) & 1.27-1.46 (m, 2H), 1.52—1.72 (m,
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4H), 1.89 (d, J=12.1 Hz, 2H), 3.87 (s, 3H), 3.93 (brs, 1H), 4.15 (d, J= 6.1 Hz, 2H), 4.27 (t,J =
11.7 Hz, 1H), 5.71 (t, J= 5.9 Hz, 1H), 6.54 (d, J= 8.9 Hz, 1H), 7.11-7.21 (m, 5H), 7.22-7.37 (m,
3H), 7.56 (dd, J=8.8,2.2 Hz, 1H), 7.63 (d, J= 8.3 Hz, 2H), 7.89 (s, 1H), 8.17 (s, 1H), 8.33 (d, /=
2.2 Hz, 1H). *C NMR (151 MHz, DMSO-ds) & 26.5 (2C), 29.0 (2C), 38.6, 43.4, 44.4, 54.0, 94.0,
108.8, 119.0, 121.3, 125.8 (2C), 126.1, 126.6 (2C), 127.8, 127.9 (2C), 131.4 (2C), 132.1, 135.9,
136.1, 138.0, 141.2, 152.8, 156.4, 159.3. MS m/z 5062 (M + H)". Anal. Calcd for
C30H31N70-0.5C4H30,: C, 69.92; H, 6.42; N, 17.84. Found: C, 69.59; H, 6.70; N, 17.80. Purity
98.1% (HPLC).

tert-Butyl (trans-4-((benzylcarbamoyl)(4-bromophenyl)amino)cyclohexyl)carbamate (35).
Compound 35 was prepared from compound 19 and benzyl isocyanate in a similar manner to
that described for compound 27 and obtained in 93% yield as a white solid. "H NMR (300 MHz,
DMSO-dg) 6 0.88—1.12 (m, 2H), 1.14-1.31 (m, 2H), 1.34 (s, 9H), 1.67-1.82 (m, 4H), 2.85-3.04
(m, 1H), 4.07-4.24 (m, 3H), 5.98 (t,J=5.8 Hz, 1H), 6.66 (d, J = 7.5 Hz, 1H), 7.07-7.20 (m, 5SH),
7.23-7.31 (m, 2H), 7.62 (d, J = 8.3 Hz, 2H). MS m/z 502.2, 504.2 (M + H)".

tert-Butyl (trans-4-((benzylcarbamoyl)(phenyl)amino)cyclohexyl)carbamate (36). A mixture
of 35 (157 mg, 0.312 mmol), Et;N (0.065 mL, 0.468 mmol), and 10% Pd/C (33.3 mg, 0.0312
mmol) in EtOH (3 mL) and THF (3 mL) was purged with H,. The mixture was stirred at room
temperature under H, for 3 h. The catalyst was removed by filtration, and the filtrate was
concentrated. The residue was purified by NH silica gel column chromatography (hexane/EtOAc
= 95/5 to 20/80) and solidified with hexane/EtOAc to give 36 (133 mg, quantitative) as a white
solid. "H NMR (300 MHz, DMSO-de) 5 0.85-1.28 (m, 4H), 1.34 (s, 9H), 1.74 (d, J = 10.5 Hz, 4H),
2.90 (brs, 1H), 4.10-4.24 (m, 3H), 5.65 (t, /= 6.0 Hz, 1H), 6.67 (d, /= 8.2 Hz, 1H), 7.04-7.32 (m,

TH), 7.36-7.52 (m, 3H). MS m/z 4242 (M + H)".
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tert-Butyl (trans-4-((benzylcarbamoyl)(4-(pyridin-3-yl)phenyl)amino)cyclohexyl)carbamate
(37). Compound 37 was prepared from compound 35 and 3-pyridinylboronic acid in a similar
manner to that described for compound 20 and obtained in 95% yield as a white solid. 'H NMR
(300 MHz, DMSO-d) 6 0.96-1.37 (m, 4H), 1.34 (s, 9H), 1.66—1.90 (m, 4H), 2.95 (d, J = 6.5 Hz,
1H), 4.09-4.35 (m, 3H), 5.91 (t,J = 6.0 Hz, 1H), 6.58-6.76 (m, 1H), 7.09-7.21 (m, 3H), 7.22-7.37
(m, 4H), 7.50 (dd, J=7.9, 4.8 Hz, 1H), 7.83 (d, J = 8.2 Hz, 2H), 8.13 (d, J = 8.0 Hz, 1H), 8.59 (d,
J=4.7Hz, 1H), 8.94 (d, J= 1.8 Hz, 1H). MS m/z 501.3 (M + H)".
3-Benzyl-1-(4-bromophenyl)-1-(trans-4-((S-cyanopyridin-2-yl)amino)cyclohexyl)urea (38).
Compound 38 was prepared from compound 35 and 6-fluoronicotinonitrile in a similar manner
to that described for compound 23 and obtained in 80% yield as a white solid. "H NMR (300
MHz, DMSO-dg) 6 0.93-1.19 (m, 2H), 1.24-1.42 (m, 2H), 1.79 (d, /= 11.6 Hz, 2H), 1.91 (d, /=
10.5 Hz, 2H), 3.49 (brs, 1H), 4.14 (d, J= 5.8 Hz, 2H), 4.27 (t, /= 12.0 Hz, 1H), 6.02 (t,J=5.9 Hz,
1H), 6.47 (d, J= 8.9 Hz, 1H), 7.11-7.21 (m, 5H), 7.23-7.31 (m, 2H), 7.46 (d, /= 7.2 Hz, 1H),
7.57-7.67 (m, 3H), 8.30 (d, J = 2.0 Hz, 1H). MS m/z 504.2, 506.1 (M + H)".
3-Benzyl-1-(trans-4-((5-cyanopyridin-2-yl)amino)cyclohexyl)-1-phenylurea (39). Compound
39 was prepared from compound 36 and 6-fluoronicotinonitrile in a similar manner to that
described for compound 23 and obtained in 71% yield as a white solid. '"H NMR (300 MHz,
DMSO-dg) 6 1.01-1.19 (m, 2H), 1.23-1.42 (m, 2H), 1.81 (d, /= 11.3 Hz, 2H), 1.91 (d, /= 10.8
Hz, 2H), 3.48 (brs, 1H), 4.16 (d, J = 5.9 Hz, 2H), 4.28 (t, /= 12.0 Hz, 1H), 5.69 (t, J = 6.0 Hz,
1H), 6.47 (d, J = 8.9 Hz, 1H), 7.18 (t, J = 8.2 Hz, 5H), 7.23-7.32 (m, 2H), 7.37-7.52 (m, 4H),
7.60 (dd, J = 8.8, 2.0 Hz, 1H), 8.29 (d, J = 2.1 Hz, 1H). *C NMR (151 MHz, DMSO-ds) & 30.1
(2C), 31.2 (2C), 43.4, 48.5, 53.1, 93.9, 108.8, 119.0, 126.2, 126.6 (2C), 127.9, 127.9 (2C), 129.3

(2C), 131.0 (2C), 138.0, 138.4, 141.1, 153.0, 156.3, 159.2. MS m/z 426.2 (M + H)". Anal. Calcd
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for C,sH,7NsO: C, 73.39; H, 6.40; N, 16.46. Found: C, 73.73; H, 6.44; N, 16.61.
3-Benzyl-1-(trans-4-((5-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(pyridin-3-yl)phenyl)urea
(40). Compound 40 was prepared from compound 37 and 6-fluoronicotinonitrile in a similar
manner to that described for compound 23 and obtained in 53% yield as a white solid. 'H NMR
(300 MHz, DMSO-dg) 6 1.08-1.25 (m, 2H), 1.26-1.42 (m, 2H), 1.79-1.98 (m, 4H), 3.43-3.58
(m, 1H), 4.17 (d, J = 5.9 Hz, 2H), 4.26-4.38 (m, 1H), 5.94 (t,J = 6.1 Hz, 1H), 6.47 (d, J = 8.9 Hz,
1H), 7.14-7.23 (m, 3H), 7.27 (d, J = 6.9 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.44-7.54 (m, 2H),
7.60 (dd, J= 8.8, 1.9 Hz, 1H), 7.84 (d, J = 8.2 Hz, 2H), 8.13 (d, /= 8.2 Hz, 1H), 8.29 (d, /= 2.0
Hz, 1H), 8.59 (d, J = 4.7 Hz, 1H), 8.95 (d, J = 1.8 Hz, 1H). *C NMR (151 MHz, DMSO-ds) &
30.2 (2C), 31.3 (2C), 43.5, 48.5, 53.3, 93.9, 108.9, 119.0, 123.8, 126.2, 126.7 (2C), 127.7, 127.9
(2C), 131.8 (2C), 134.0 (2C), 134.7, 136.4, 138.1, 138.3, 141.2, 147.6, 148.6, 153.0, 156.3, 159.2.
MS m/z 503.3 (M + H)". Anal. Calcd for C3;H30N40-0.2 C4HgO,: C, 73.42; H, 6.12; N, 16.15.
Found: C, 73.25; H, 5.97; N, 16.07. Purity 99.7% (HPLC).
3-Benzyl-1-(trans-4-((5-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(1-methyl-2-o0xo0-1,2-dihy
dropyridin-3-yl)phenyl)urea (44). Compound 44 was prepared from compound 38 and
I-methyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-2(1 H)-one (42) in a similar
manner to that described for compound 2 and obtained in 69% yield as a white solid. '"H NMR
(600 MHz, DMSO-ds) 6 1.10-1.21 (m, 2H), 1.28-1.38 (m, 2H), 1.83 (d, J = 11.4 Hz, 2H), 1.92
(d, J=11.7 Hz, 2H), 3.43-3.60 (m, 4H), 4.18 (d, /= 5.9 Hz, 2H), 4.30 (tt, /= 12.0, 3.6 Hz, 1H),
5.79 (t, J= 5.9 Hz, 1H), 6.34 (t, J = 6.8 Hz, 1H), 6.47 (d, J = 8.8 Hz, 1H), 7.15-7.22 (m, 5H),
7.24-7.30 (m, 2H), 7.46 (d, J = 6.2 Hz, 1H), 7.60 (dd, /= 9.0, 2.0 Hz, 1H), 7.69 (dd, J=7.0, 2.2
Hz, 1H), 7.76 (dd, J = 6.8, 2.0 Hz, 1H), 7.82 (d, J = 8.8 Hz, 2H), 8.29 (d, J = 1.8 Hz, 1H). °C

NMR (151 MHz, DMSO-dg) ¢ 30.2 (2C), 31.2 (2C), 37.4, 43.4, 48.5, 53.3, 93.9, 105.1, 108.8,

ACS Paragon Plus Environment

54



oNOYTULT D WN =

Journal of Medicinal Chemistry

119.0, 126.2, 126.6 (2C), 127.9 (2C), 128.1, 129.0 (2C), 130.4 (2C), 136.3, 137.0, 137.9, 138.3,
139.4, 141.1, 153.0, 156.4, 159.2, 160.7. MS m/z 5332 (M + H)". Anal. Caled for
C3H3N6O,-C4HgOs: C, 69.66; H, 6.50; N, 13.54. Found: C, 69.54; H, 6.81; N, 13.80. Purity
99.6% (HPLC).
3-Benzyl-1-(trans-4-((S-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(4,4,5,5-tetramethyl-1,3,2
-dioxaborolan-2-yl)phenyl)urea (45). A mixture of 38 (2.40 g, 4.76 mmol), potassium acetate
(1.87 g, 19.0 mmol), 43 (2.42 g, 9.52 mmol), and Pd(dppf)Cl, (0.696 g, 0.95 mmol) in DMSO
(40 mL) was degassed and purged with N, three times. The mixture was stirred at 80 °C under
N for 2.5 h. The mixture was poured into water at room temperature and extracted with EtOAc.
The organic layer was separated, washed with water and brine, dried over MgSQO,, and
concentrated. The residue was purified by silica gel column chromatography (hexane/EtOAc =
90/10 to 20/80), and the resultant product was washed with hexane and collected by filtration to
give 45 (2.31 g, 88%) as a white solid. 'H NMR (300 MHz, DMSO-d;) § 1.08-1.43 (m, 16H),
1.71-1.85 (m, 2H), 1.86—1.98 (m, 2H), 3.41-3.55 (m, 1H), 4.13 (d, J = 5.9 Hz, 2H), 4.29 (t, J =
11.7 Hz, 1H), 5.81 (t, J= 6.2 Hz, 1H), 6.46 (d, J = 8.9 Hz, 1H), 7.10-7.22 (m, 5H), 7.23-7.32 (m,
2H), 7.46 (d, J= 7.6 Hz, 1H), 7.60 (dd, /= 8.9, 2.4 Hz, 1H), 7.76 (d, J = 8.2 Hz, 2H), 8.28 (d, J
=1.9 Hz, 1H). MS m/z 552.3 (M + H)".
3-Benzyl-1-(trans-4-((S-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(1-methyl-6-oxo-1,6-dihy
dropyridin-2-yl)phenyl)urea (46). Compound 46 was prepared from compound 45 and
6-bromo-1-methylpyridin-2(/H)-one in a similar manner to that described for compound 20 and
obtained in 44% yield as a white solid. 'H NMR (600 MHz, DMSO-dg) & 1.13-1.23 (m, 2H),
1.30-1.40 (m, 2H), 1.85 (d, /= 11.4 Hz, 2H), 1.94 (d, J = 11.0 Hz, 2H), 3.32 (s, 3H), 3.48-3.61

(m, 1H), 4.20 (d, J = 5.9 Hz, 2H), 4.32 (tt, J = 12.1, 3.5 Hz, 1H), 5.98 (t, J = 6.1 Hz, 1H), 6.19
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(dd, J=6.8, 1.3 Hz, 1H), 6.45 (dd, J=9.0, 1.3 Hz, 1H), 6.48 (d, J = 8.8 Hz, 1H), 7.16-7.22 (m,
3H), 7.27-7.32 (m, 4H), 7.43-7.51 (m, 2H), 7.56 (d, J = 8.1 Hz, 2H), 7.61 (d, J = 7.7 Hz, 1H),
8.30 (d, J = 2.2 Hz, 1H). C NMR (151 MHz, DMSO-ds) & 30.1 (2C), 31.3 (2C), 34.1, 43 .4,
48.4, 53.4, 94.0, 107.0, 108.9, 117.9, 119.0, 126.2, 126.5 (2C), 128.0 (2C), 129.5 (2C), 131.2
(2C), 134.5, 138.3, 138.8, 138.9, 141.1, 149.6, 153.0, 156.3, 159.1, 162.3. MS m/z 533.2 (M +
H)". Anal. Calcd for C3,H3,N¢O,-0.5H,0: C, 70.96; H, 6.14; N, 15.52. Found: C, 71.10; H, 6.01;
N, 15.52.
3-Benzyl-1-(trans-4-((S-cyanopyridin-2-yl)amino)cyclohexyl)-1-(4-(1-methyl-2-oxo-1,2-dihy
dropyridin-4-yl)phenyl)urea (47). Compound 47 was prepared from compound 45 and
4-bromo-1-methylpyridin-2(1H)-one in a similar manner to that described for compound 20 and
obtained in 48% yield as a white solid. 'H NMR (600 MHz, CDCls) 6 1.28-1.36 (m, 2H), 1.39-
1.48 (m, 2H), 2.00 (d, J = 11.7 Hz, 2H), 2.12 (d, J = 11.7 Hz, 2H), 3.56 (brs, 1H), 3.60 (s, 3H),
4.28-4.35 (m, 1H), 4.38 (d, J = 5.5 Hz, 2H), 4.62 (tt, J = 12.1, 3.5 Hz, 1H), 5.10 (d, J = 7.7 Hz,
1H), 6.28 (d, J = 8.8 Hz, 1H), 6.40 (dd, J= 7.0, 1.8 Hz, 1H), 6.79 (d, /= 1.8 Hz, 1H), 7.18 (d, J
=7.3 Hz, 2H), 7.20-7.24 (m, 1H), 7.25-7.30 (m, 4H), 7.38 (d, /= 7.3 Hz, 1H), 7.42 (dd, J = 9.0,
2.0 Hz, 1H), 7.62 (d, J = 8.4 Hz, 2H), 8.27 (d, J = 1.8 Hz, 1H). >C NMR (151 MHz, CDCl;) &
30.5 (2C), 32.2 (2C), 37.4, 44.7, 49.4, 53.7, 96.5, 105.1, 107.6, 117.4, 118.7, 127.1 (2C), 127.2,
128.2 (2C), 128.6 (2C), 131.8 (2C), 138.0, 138.5, 138.9, 139.2, 139.5, 150.4, 153.2, 156.7, 159.0,
163.1. MS m/z 533.2 (M + H)". Anal. Calcd for C3,H3,NO,-0.4H,0: C, 71.20; H, 6.12; N, 15.57.

Found: C, 71.36; H, 6.10; N, 15.40.
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Evaluation of solubility. Small volumes of compound solution dissolved in DMSO were added

to the aqueous buffer solution (pH 6.8). After incubation, precipitates were separated by filtration.

The solubility was determined by UV absorbance of each filtrate.

Parallel artificial membrane permeability assay (PAMPA). The donor wells were filled with
200 pL of PRISMA HT buffer (pH 7.4, pION inc.) containing 10 umol/L test compound. The
filter on the bottom of each acceptor well was coated with 4 pL of a GIT-0 Lipid Solution (pION
Inc.) and filled with 200 pL of Acceptor Sink Buffer (pION inc.). The acceptor filter plate was
put on the donor plate and incubated for 3 h at room temperature. After the incubation, the

amount of test compound in both the donor and acceptor wells was measured by LC/MS/MS.

Evaluation of LogD. LogD7.4, which is a partition coefficient between 1-octanol and aqueous
buffer pH 7.4, of the compounds was measured on the chromatographic procedure whose

condition was developed based on a published method.**°

Biology

Reagents. Human GST-tagged CDK2/CCNA2 (04-103), GST-tagged CDK7/CycH/MATI
(04-108), GST-tagged CDKS8/CycC (04-109), and GST-tagged CDK9/CycT1 (04-110) were
obtained from Carna Biosciences (Kobe, Japan). LANCE detection buffer,
ULight-4E-BP1(Thr37/Thr46) substrate peptide, and Eu-labeled anti-phospho-elF4E-binding

protein 1 (Thr37/46) antibody were purchased from PerkinElmer (Waltham, MA).

Preparation of human full-length CDK12. Human full-length CDK12 was prepared in-house
by a baculovirus expression system. Human CDKI2 (residues 1-1490 aa, full, Genbank

Accession No. NM 016507) was co-expressed with human CycK (residues 1-580 aa, full,
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Genbank Accession No. NM_001099402) in S9 cells by using a baculovirus expression system.
CDK12 and CycK were expressed as a fusion protein with a FLAG-tag and a His-tag at the
N-terminus, respectively. Sf9 cells were cultured at 27 °C for 72 h post infection. The cells were
harvested by centrifugation and stored at —80 °C until use. The frozen Sf9 cells expressing
FLAG-tagged hCDK12 and His-tagged hCycK were suspended in lysis buffer (50 mM Tris (pH
8.0), 300 mM NaCl, 10% (v/v) glycerol, 0.05% Brij-35, 1 mM dithiothreitol (DTT), 5 U/mL
benzonase) and centrifuged at 14,000 x g for 30 min. The supernatant was mixed with) 10 mL
pre-equilibrated FLAG resin (MBL) for 2 h with rotating at 4 °C. The FLAG resin was washed
with affinity buffer (50 mM Tris (pH 8.0), 300 mM NaCl, 10% (v/v) glycerol, 0.05% Brij 35, 1
mM DTT) and eluted with 0.2 mg/mL FLAG peptide in affinity buffer. The eluate was loaded
onto a HiLoad 26/60 Superdex 200 pg column (GE Healthcare) using SDX buffer (50 mM Tris
(pH 8.0), 150 mM NaCl, 10% (v/v) glycerol, 0.05% Brij 35, 1 mM DTT). The purified
FLAG-tagged hCDK12/His-tagged hCycK complex was concentrated with Amicon Ultral5
[MWCO:100 k] (Merck Millipore). Protein concentration was determined by using Coomassie

Plus (Bradford) Assay Reagent (Thermo Scientific) with bovine serum albumin as the standard.

Preparation of human full-length CDK13. Human full-length CDK13 was prepared in-house
with a baculovirus expression system. Human CDKI13 (residues 1-1512 aa, full, Genbank
Accession No. NM_003718) was co-expressed with human CycK (residues 1-580 aa, full,
Genbank Accession No. NM_001099402) in Sf9 cells by using baculovirus expression system.
CDK13 and CycK were expressed as a fusion protein with a FLAG-tag and a His-tag at the
N-terminus, respectively. The methods for the production and purification were the same as

described for FLAG-tagged hCDK 12 and His-tagged hCycK proteins.
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Human CDK9, CDK12, and CDK13 enzyme inhibition assay using the LANCE system. The
inhibitory activity of the test compounds was assessed by the LANCE Ultra assay, which detects
the ATP-dependent phosphorylation of an ULight-4E-BP1 (Thr37/Thr46) substrate peptide (150
nM). Briefly, the enzyme reaction was run in reaction buffer (25 mM HEPES (pH 7.5), 10 mM
MgCl,, 0.01% BSA, 0.01% Tween 20, 1 mM DTT). The assay was performed in 384-well plate
(6 pL) format. The end concentration of the ATP substrate was 10 uM, and that of the
ULight-4E-BP1 (Thr37/Thr46) substrate peptide was 150 nM. The end concentration of CDK9,
CDK12 or CDK13 was 0.3 nM, 30 nM, or 30 nM, respectively. Pre-incubation of the compounds
and enzyme was performed for 60 min at room temperature. After 15, 60, or 90 min incubation
at room temperature, the reaction was terminated by the addition of 10 mM EDTA and 0.15 nM
Eu-labeled anti-phospho-elF4E-binding protein 1 (Thr37/46) antibody in LANCE detection
buffer. Time-resolved fluorescence (excitation, 320 nm; emission donor, 615 nm; emission
acceptor, 665 nm) was monitored by using an EnVision spectrophotomer (PerkinElmer). The
readout was calculated as (acceptor counts/donor counts) x 1000. The ICsy values were derived
by fitting a sigmoidal dose-response curve to a plot of assay readout over inhibitor concentration.

All fits were computed with the program Prism 5.03 (GraphPad Software, San Diego, CA).

Human CDK?7 and CDKS binding assay using a Kinase Tracer. The inhibitory activity of test
compounds was assessed by using a binding assay in which Kinase Tracer 236 (an ATP
competitive inhibitor) was used as a probe against GST-tagged CDK7 or GST-tagged CDKS.
The bound to the CDK7 or CDK8 was detected by time-resolved fluorescence resonance energy
transfer (TR-FRET) between a Europium-labelled antibody and Kinase Tracer 236; the
displacement of the probe was detected by a decrease in the FRET signal. Briefly, the enzyme

reaction was performed in reaction buffer (25 mM HEPES (pH 7.5), 10 mM MgCl,, 0.01% BSA,
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0.01% Tween 20, 2 mM DTT). The assay was performed in a 384-well plate (6 pL) format. Two
microliters of different concentrations of the test compounds were added to the plate, after which
2 uL of the antibody/kinase tracer 236 mix (800-fold diluted Europium-labelled anti-GST
antibody/kinase tracer 236) was added. A Kinase Tracer 236 concentration of 30 nM or 20 nM
was used for CDK7 or CDKS, respectively. After the plate was incubated at room temperature
for 5 min, 2 pL of 0.5 nM CDK7 or 0.2 nM CDKS in reaction buffer was added, and the
incubation was continued for a further 60 min before the plate was measured and evaluated.
Time-resolved fluorescence was monitored as in the section “Human CDKI12, CDK13 and
CDKO9 enzyme inhibition assay by using the LANCE system”. The binding displacement curves

were fitted to a variable-slope sigmoidal dose-response curve by using GraphPad Prism.

Human CDK2/CCNA2 enzyme inhibition with radiometric assay. The assays for
CDK2/CCNA2 using radiolabeled [y->P] ATP (GE Healthcare, Piscataway, NJ) were performed
in 96-well plates. The enzyme reaction was run in reaction buffer (25 mM HEPES, pH 7.5, with
10 mM magnesium acetate, | mM DTT) in a total volume of 50 puL. The final concentrations of
substrate Histone H1 and ATP was 1 pg/well and 500 nM, respectively. The final concentration
of CDK2/CCNA2 was 1.8 mU/well. Prior to the kinase reaction, the compound and enzyme
were incubated for 5 min at room temperature. The kinase reactions were initiated by the
addition of ATP. After incubation for 20 min at room temperature, the reaction was terminated
by the addition of 10% trichloroacetic acid (final concentration). The [y->"P]-phosphorylated
proteins were filtered in a Harvest Plate (Millipore Corp.) with a Cell Harvester (PerkinElmer)
and then free [y-"P] ATP was washed out with 3% phosphoric acid. The plates were dried and
40 uL of MicroScint0 (PerkinElmer) was added. The radioactivity was counted by a TopCount

scintillation counter (PerkinElmer).
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Cellular HTRF CTD pSer2 detection assay in human breast cancer SK-BR-3 cells. Human
breast cancer SK-BR-3 cells were maintained in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS) at 37°C in a humidified 5% CO, incubator. All reagents were supplied in
the HTRF Phospho-RNA Pol II (Ser2) Assay System (63ADKO000U, CisBio). The cells were
inoculated in a 96-well plate (Coster 3585) (100,000 cells per well; 100 puL per well) or a
384-well poly-D-lysine Cellware plate (BD 356640) (5,000 cells per well; 20 uL per well) and
incubated at 37 °C in a humidified 5% CO; incubator. Cells were treated with compound per
well at 37 °C for 4 h in a humidified 5% CO, incubator. The cells were washed with PBS(-) and
were lysed with 50 uL or 25 pL of diluted 4-fold lysis buffer contained in the Phospho-RNA Pol
IT (Ser2) Assay System. Lysis was conducted at room temperature for 10 min with gentle
shaking. The cell lysate was transferred to a 384-well plate (16 uL per well; Greiner 784075). A
50-fold dilution of antibody detection buffer (each 2 uL) was added to the lysed cells. The plate
was incubated overnight at room temperature. The plates were analyzed on an EnVision
(excitation, 320 nm; emission donor, 615 nm; emission acceptor, 665 nm). The inhibition rate
was calculated based on 0% control wells (DMSO-treated cell lysates) and 100% control wells
(lysis buffer). The data analysis was performed with GraphPad Prism statistical analysis software

using a nonlinear regression equation for a sigmoidal dose-response with a variable slope.

Cell viability assay in human breast cancer SK-BR-3 cells. The SK-BR-3 human breast
cancer cell lines were maintained in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA). The
cells were purchased from American Type Culture Collection (Manassas, VA). The media were
supplemented with 10% FBS (JRH), penicillin (10,000 U/mL; Thermo Fisher Scientific), and
streptomycin (10,000 pg/mL; Thermo Fisher Scientific). The cells were seeded and subcultured

in 100-mm diameter dishes every 3 days. The cells (3 x 10°) were seeded into 96-well plates and
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incubated overnight in 50 pL of culture medium. Subsequently, 50 uL of each compound diluted
in the culture medium was added to the wells. After incubation for 72 h, viability was determined
by using the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI) in
accordance with the manufacturer’s instructions. The Glso values were calculated by using

GraphPad Prism 5 software with a sigmoidal dose-response curve.
Computational Chemistry

Molecular docking model of compound 1 with CDK12. Modeling and docking calculations
were performed by using the Schrodinger software suite (Release 2013-2). The crystal structure
of the human CDK12-CycK complex (PDB ID:4CXA) includes two CDK12 molecules (chain A
and chain C). Chain C was used as a template for docking because the ATP binding site was
more open than chain A, in which the ATP site is occluded by the C-terminal segment.9 The
missing side chains of the crystal structure were modeled by using Prime. All water molecules
were removed before docking. The compound structure was prepared for docking by using
LigPrep module and docked using Glide in SP mode with torsional constraints by SMARTS
patterns: [#1][N-0X3][c-0X3][n-0X2] = 0.0 and [#1][C-0X4][N-0X3][#1] = 145.8. The docked
pose was then minimized using the local optimization feature using Molecular Operating

Environment (MOE) 2013.08.

Molecular docking model of compound 1 with CDK2. The docking calculations were
performed using the Schrodinger software suite (Release 2014-3). The crystal structure of human
CDK2 with a diaminopyrimidine inhibitor (PDB ID:2FVD) was used. The compound structure
used was the same as that used for the CDK12 docking study above and docked by using Glide

in SP mode with core constraints determined by the SMARTS pattern
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S(=0)(=O)N(CC1)CCCINc2ncccc2, which was consistent with the conformation of the
diaminopyrimidine inhibitor in 2FVD. The docked pose was then minimized using the local

optimization feature using MOE 2013.08.

Molecular docking of compound 27 with CDK12. The X-ray structure of CDKI12 kinase
domain in complex with 29 was used for docking studies. The ligand 27 and protein were
prepared in accordance with the standard protocol using Maestro 2015-03 (Schrodinger
software). Twenty docking modes were output in Glide SP mode, which were further refined
using Glide XP mode. All docking calculations were performed using default settings. The
obtained 20 modes were rescored by the in-house MMGBSA calculation tool based on
AMBER®' and the pose with the best score was selected as the presumed binding pose. The
common partial structure of the predicted pose of 27 well overlapped with that of 29, which

supports that this docking pose is reasonable.
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acid; HTRF, homogeneous time resolved fluorescence; LANCE, lanthanide chelate excitation;
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Pd(dppf)Cl,, [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(II);

Pd(dppf)Cl,-CH,Cl,, [1,1"-bis(diphenylphosphino)ferrocene]dichloropalladium(II)
dichloromethane adduct; Pd,(dba)s, tris(dibenzylideneacetone)dipalladium(0);

PdCl,(Amphos);: bis(di-tert-butyl(4-dimethylaminophenyl)phosphine)dichloropalladium(II);
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RPMI 1640, Roswell park memorial institute medium 1640; Sf9, Spodoptera frugiperda clone 9;
SMARTS, SMILES (simplified molecular input line entry specification) arbitrary target
specification; STK39, serine threonine kinase 39; TAOKI, thousand and one amino acid protein
kinase 1; TR-FRET, time-resolved fluorescence energy transfer; Xantphos,

4,5-bis(diphenylphosphino)-9,9-dimethylxanthene.
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CDK12 ICgy: 0.052 pM
CDK2 IC4: >100 uM (> x1923)
CDK9 ICgq: 16 puM  (x308)

CDK8 ICgq: >10uM (> x192)
CDK7 ICgq: >10uM (> x192)

Cellular assay (SK-BR-3)
CTD pSer2 ICg,: 0.195 pM
Glgo: 0.80 uM

v Structural novelty
v Excellent kinase selectivity
v Cellular activity
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