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A novel series of (E)-1-((2-(1-methyl-1H-imidazol-5-yl) quinolin-4-yl) methylene) thiosemicarbazides
was discovered as potent inhibitors of IKKB. In this Letter we document our early efforts at optimization
of the quinoline core, the imidazole and the semithiocarbazone moiety. Most potency gains came from
substitution around the 6- and 7-positions of the quinoline ring. Replacement of the semithiocarbazone

with a semicarbazone decreased potency but led to some measurable exposure.
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The highly homologous IKKB and IKKo are members of a small
class of protein kinases known as IkB Kinases (IKKs).! They have a
distinct role in the regulation of both adaptive and innate immu-
nity and are critical for most aspects of host defense.? IKKp and
IKKo activity are required for the activation of the transcription
factor Nuclear Factor kappa B (NF-kB). NF-xB controls much of
the innate immune system and is instrumental in the induction
of genes leading to a pro-inflammatory response. In the classical
NF-kB pathway, IKKB and IKKo form a heteromeric dimer, which
after activation (cytokine signaling) leads to a larger complex with
the ancillary proteins TRAF2/5, RIP1, TRADD, and IKKYy. Phosphor-
ylation of two key serines in part of the IxB/NF-KB complex causes
the protein to be polyubiquitinated, and degraded. This allows the
unbound NF-kB dimers to translocate to the nucleus, initiate gene
transcription ultimately leading to pro-inflammatory cytokine pro-
duction. In the alternative NF-xB pathway, involved in adaptive
immunity, activation of certain tumor necrosis factor receptor
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(TNFR) family members (e.g., BAFF receptor) leads to the activation
of the kinase NIK, which recruits IKKo and binds to p100, the
NF-kB precursor. NIK phosphorylates IKKa, and IKKa in turn phos-
phorylates p100 leading to its polyubiquitination, partial degrada-
tion and activation. NF-xB then translocates to the nucleus
initiating the transcriptional machinery. IKKB and IKKa clearly play
a central role in activation of NF-kB with IKKB proving indispens-
able for the activation of the classical NF-xB pathway.>

Aberrant activation of the NF-kB pathway has been implicated
in inflammation, autoimmune diseases and cancer.* Thus, drugs®
targeting these kinases are very promising candidates for the treat-
ment of many diseases.® While the role of IKKp is limited to the
activation of NF-kB, IKKa is thought to be involved in other pro-
cesses, including skin development, and the termination of an
inflammatory response,” hence selective inhibitors of IKKp are
highly desirable.

In this Letter, we describe our preliminary efforts to understand
the SAR, pharmacokinetics and pharmacology of a unique class of
molecules that inhibit IKKB. Compound 1 (Fig. 1) was identified
through high throughput screening (HTS). It is ATP competitive,
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Figure 1. Lead compound 1, obtained by high throughput screening.

reversible, potent, and selective over IKKa, (ICsq IKKB =0.25 puM,
IC50 IKKot=9.19 uM). It is also selective (>30 uM) over several
other kinases: JAK3, NIK, IRAK, PKA, PKC, c-Src, Abl, and RIP.
Although 1 represents a promising lead with respect to its inhibi-
tion of IKKB and its selectivity profile, it demonstrated poor aque-
ous solubility (3.1 pg/mL, PBS buffer).

Our initial SAR efforts focused on the identification of the phar-
macophore, optimization of the potency and improvement of the
physico-chemical properties. Compound 1 could be subdivided
into three main regions; a quinoline core, a semithiocarbazone
and a methylimidazole ring. Analogs were prepared via a variety
of synthetic routes.® The main route employed a Pfitzinger conden-
sation between an isatin (A) and an imidazole ketone, such as F.
The resulting carboxylic acid was manipulated by standard meth-
ods to provide an aldehyde (D), which was then condensed with
various nucleophiles to provide a generalized analog E (Scheme 1).

Most of the analogs in Table 1 were prepared by the method of
Scheme 1. To explore the SAR around positions 2 and 4 of the quin-
oline core, Scheme 2 was generally followed. The analogs of Table 2
were prepared by routes 2D, and 2E and Scheme 1. Many of the
analogs in Table 3 were prepared by employing alternative hetero-
cyclic methyl ketones for intermediate F (Scheme 1). Other analogs
in Table 3 were prepared by the chemistry outlined in Scheme 2B
and C. Routes 2A and 2C and variants thereof were used in the syn-
thesis of analogs found in Table 4. The majority of the compounds
in Table 5 followed Scheme 1. Reduction (hydrogenation) of the Ry-
group prior to the final nucleophilic alkylation provided analogs
such as 69 and 70 (step g, Scheme 1).

There were several assays used to develop the SAR in this pro-
gram. Our primary biochemical assay was a chemiluminescent
ELISA assay against IKKp and IKKo..®

Our main cellular assays were an NF-xB activation assay!'®
(gel-shift assay induced with TNF) and a human whole blood
(HWB) assay induced by lipopolysaccharide (LPS).!!
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One initial goal of our SAR efforts was to understand the role of
the semithiocarbazone, which we believed could prove a liability.
A small series of changes to 1 were made to explore the SAR of this
unusual functional group (Table 1). Importantly, replacement of
the sulfur with oxygen (6) was tolerated, while NH (7) was not,
and the terminal amino group proved to be very sensitive to
change. While a single methyl substituent was tolerated (3) a
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Scheme 1. Reagents and conditions: (a) KOH, EtOH, H,0 60%; (b) MeOH, H,SO,, 80%; (c) Te, NaBHy,; (d) Dess-Martin periodinane; (e) AcOH, EtOH, H,0, semi(thio)carbazide,
semicarbazide or nucleophile; (f) PdCly(PPhs),, Cul, DMF-Et3N, methyl propargyl ether, or Pd(PPhs),, EtsN, DMF, acrylonitrile; (g) 10%Pd/C, H,, MeOH.



T. D. Cushing et al./Bioorg. Med. Chem. Lett. 21 (2011) 417-422 419

Table 2
SAR of the quinoline 4-position
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dimethylamine (4) was not tolerated. Interestingly, methylation as
in 2 improved potency twofold but an additional methyl group at
the terminal NH; as 5 was not tolerated. Thus a key element in this
SAR was the terminal amine, which proved critical for binding
potency.

Additional SAR studies were undertaken to modify this poten-
tially problematic moiety (Table 2). Many analogs (10, 15, 16, 17,
22, and 23) were made in an attempt to mimic the length and ori-
entation of the semithiocarbazone, but none proved to be very ac-
tive. Compounds such as 11 and 12, which retained some of the
orientation of the semithiocarbazone moiety, were more potent.

Most efforts to replace or modify the N-methyl imidazole moi-
ety were unsuccessful. Five-membered rings such as thiazoles (25,
26), the N-linked imidazole 43, pyrazole 42, and the des-methyl
analogs 38 and 39 were tolerated when compared to 1 and 6.
The common feature in these analogs was the unhindered 3-aza
nitrogen. Compounds with nearly identical architecture but lack-
ing this 3-aza-nitrogen (24, 40, and 41) were poorly tolerated.

Table 3
SAR of the quinoline 2-position
X
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2 1Csp calculated from measurement at 10 puM.

The potency may be enhanced by the pK, of the 3-aza-heterocy-
cles. For example, the pK, of thiazole is 2.52 versus 0.8 for oxa-
zole,!? the increased potency of 25 and 26 relative to 27 and 28
could be due to the differences in basicity between these analogs.
Methyl substituted analogs that sterically hindered the 3-aza
nitrogen exhibited a potency decline, indicative of a precise bind-
ing orientation or a highly constrained binding pocket. Compare
43 to 29 or 44 and 25 to 46. The weak potency in 32, 33, 35, and
36, which all contain 3-aza nitrogen, imply that steric demands
take precedence over a putative H-bond contact (Table 3).

Based on the SAR generated around the 2- and 4-quinoline
substituent it appeared that both the semithiocarbazone and the
N-methylimidazole were playing crucial roles in the energetics of en-
zyme binding. In the absence of enzyme-inhibitor crystallographic
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Scheme 2. Reagents and conditions: (a) n-BuLi, THF, diethyl oxalate; (b) KOH, R'-COMe EtOH, H,0; (c) Mel, K,CO5;, DMF; (d) POBrs, (POCl3) toluene; (e) R?-stannane,
Pd,(dba)s, triphenylarsine, Cul, DMF; (f) MeMgCl, ZnBr,, THF; (g) Pd(PPhs),, R3-stannane, Cul, DMF; (h) SeO,, dioxane; (i) Pd(PPhs),, Cul, 1-methy-5-tributylstannylimidazole,
DMEF 60 °C 3 h; (j) R*RNH,, 120 °C sealed tube; (k) SOCl,, reflux, then DIPEA DCM, NHR®; (1) R’-stannane, Pd,(dba)s, triphenylarsine, Cul, DMF.
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SAR around the quinoline core structure
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data we speculate that these moieties were making key contacts to
the hinge region of the protein. A model of these inhibitors bound
to IKKB was constructed that had the NH; of the semithiocarbazone
acting as a H-bond donor to the hinge carbonyl of GIn-100 of IKKp in
the ATP binding domain and the 3-N of the methylimidazole acting as
an H-bond acceptor to the -NH of the adjacent Cys-99. All subse-
quent SAR development was undertaken with this model in mind.

Attempts were made to optimize the core quinoline moiety (Ta-
ble 4). A pyridine ring (49) was not tolerated but a naphthalene
core (50) had some modest activity. Various other nitrogen con-
taining cores were prepared, with substitutions at the 3-, 6-, 7-,
and 8-positions. The 8-aza (52) and the 3-aza analog 54 had weak
activity. Molecular modeling indicated that the lone pair on the 3-
aza analog 54 could have a repulsive interaction with the adjacent
nitrogen lone pair of the semithiocarbazone (Fig. 2).

It was intriguing to find that 6-aza (51) and 7-aza (53) both had
a level of potency similar to 1. This observation led us to explore
further substitutions at the 6- and 7-positions. We found that the
6- and 7-methyl analogs, 55 and 57 were more potent than 3-
methyl (56) and 8-methyl (58) (Table 5). Generally, small lipophilic
and electron-withdrawing groups (EWG) at the quinoline 7-posi-
tion were found to improve activity. For example, 7-Me (57), 7-
CF; (64), (65), 7-Br (72), 7-CN (73), and 7-Et (78) displayed
improved IKKB potency compared to 1 or 6, and 72 had sub-micro-
molar cellular activity. However, the activity dropped off with
bulkier groups substituted at the 7-position such as t-butyl (66),
n-propyl (74), and phenyl (75).

At the 6-position small groups seemed to have little effect, as
can be seen by 55 and 63 compared to 1, and EWG containing ana-
logs like 62 and 63 were either neutral or detrimental for potency.
Additionally, strongly electron donating groups (EDG) like 61 were
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Table 5
SAR of the quinoline 6- and 7-positions

Compds X R IKKB ICs (LM) IKKot ICs (M) NF-KB ICso (M) HWB ICsq (M)
6 o] 6,7-H 1.1 259 5.9 26
55 S 6-Me 0.23 18.2 - -
56 o] 3-Me 3.0 - - -
57 S 7-Me 0.12 1.9 >30 -
58 S 8-Me >30 - - -
59 S 8-Ph >30 - - _
60 0 6-Ph >30 - >30 -
61 0 6-OMe 2.95 - >30 -
62 0 6-CN 3.07 - >30 -
63 S 6-F 0.26 - 1.0 -
64 S 7-CF3 0.09 17.2 1.0 -
65 0 7-CF3 0.7 25.2 1.8 14
66 S 7-t-Bu 2.8 >30 >30 -
67 o] 7-t-Bu 12.6 - - -
68 S 6-(Pyridin-3-(yl)) 0.32 - 3.0 -
69 S 6-CH,CH,CN 0.010 1.6 0.5 2.5
70 0 6-CH,CH,CN 0.10 - 10 9.4
71 S 6-CCCH,0H 0.9 >30 30 -
72 S 7-Br 0.06 2.3 0.4 -
73 S 7-CN 0.06 10.6 1 -
74 S 7-Propyl 0.24 0.88 2.5 —
75 S 7-Ph 2.0 20 >30 -
76 S 7-Cyclopropyl 0.13 — 10 —
77 [0} 7-Cyclopropyl 0.6 — 8 30
78 S 7-Et 0.13 225 1.0 -
79 0 7-CH=CH, 0.6 >30 1.0 31
Table 7
S PK parameters
J‘J\ Compds Rat? Dog®
HN™ “NH, P ¢
H. - N Cl (L/h/kg) Vaiss(L) %F Cl (L/h/kg) %F
~ 2 1.9 0.8 54— -
S r:‘_“ 6 16 12 4 15408 75+30
65 1.7 0.9 2 - -
2 79 1.3 1.1 2 - -
N “°N
54 N-Z/ 2 Males 1 mg/kg iv, 5 mg/kg po.
g b Female beagles 1 mg/kg iv, 5 mg/kg po.
Figure 2. Putative repulsive interactions.
70. Compound 69 was also potent in cells (0.5 UM in the NF-«xB
gel-shift assay) although the corresponding semicarbazone (70)
Table 6 was 10-fold less active toward IKKp and had limited cellular activ-
Physicochemical and PKDM parameters ity. In all cases, there was a 4-10-fold biochemical potency differ-
Compds AqSoln  Solubility 10% FBS _ Permeabiliy’ _ Intrinsic ence between.thg semithiocarbazones and the semicarbazones. For
2 g/ in PBS buffer” (ug/  PAPP clearance® example, semithiocarbazones 64, 66, and 76 are more potent than
mL) mL) (10~ cm/s) (mL/min/kg) the corresponding semicarbazones 65, 67, and 77, respectively (Ta-
2 026 163 712 9 ble 5). . - -
6 8.3 >29 15.1 5 Because of their poor solubility, we were unable to obtain reli-
65 4.8 10.1 - able PK; many of the semithiocarbazones could not be formulated
7 0.15 139 - for iv/po administration. However, the semicarbazones proved
2 pH 6.5. somewhat more soluble and we were able to measure the expo-
" Turbidity assay. sure in rat and dog. These values were compared with in vitro
¢ CaCoO-2 cells.

4 Rat microsomes.

also disfavored. Larger groups were more tolerated, including pyri-
din-3-yl (68) and propynol (71), but a real improvement in potency
was found with the flexible cyanoethyl containing analogs 69 and

parameters such as permeability and microsomal clearance (Tables
6 and 7).

Although 2 and 6 had reasonable intrinsic clearance as mea-
sured by rat microsomes, the in vivo clearance was considerably
higher approaching 50% liver blood flow. In general, the oral
exposure was low (2-4%), with a corresponding low CaCo-2 cell
permeability (PAPP: 10-15 x 10~®cm/s) for 6, 65, and 79. The
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N-methyl semithiocarbazone (2) had a PAPP value nearly fivefold
higher (71.2 x 107® cm/s) with a marked improvement in oral bio-
availability (54%). Dog PK was obtained for 6 and found to have an
oral bioavailability that was acceptable, but the clearance was 80%
liver blood flow, indicating some degree of enterohepatic re-circu-
lation (Table 7).

Initial SAR was developed around the HTS lead 1. Few changes
were tolerated except substitution at the quinoline 6- and 7-posi-
tions. There were a few examples of submicromolar activity in
cells, notably 69, which had low micromolar potency in a HWB as-
say. In general, semithiocarbazones were found to have increased
potency relative to the semicarbazones but suffered from poor
PK characteristics compared to the semicarbazones. Additional ef-
forts on the further refinement of these analogs are described in
part II, which follows this manuscript.
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