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A piperazine series of cyclin-dependent kinase (CDK) inhibitors have been identified. The compounds
exhibit excellent physiochemical properties and a novel binding mode, whereby a bridging interaction
via a water molecule with Asp 86 of CDK2, leads to selectivity for the CDK family of enzymes over other
kinases. Piperazines 2e and 2i were subsequently shown to inhibit tumour growth when dosed orally in a
nude mouse xenograft study. Additional chemical series that exploit this unexpected interaction with Asp
86 are also described.

� 2008 Elsevier Ltd. All rights reserved.
Table 1
Structures and in vitro activity for imidazoles 1 and 2
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Compound X CDK2 IC50 (lM) MCF-7 proliferation
IC50 (lM)

1a CN <0.003 0.07
1b NMe2 0.024 0.068
1c OMe 0.008 —
1d F 0.003 0.100
1e Cl <0.003 —
1f SO2NHCH2CH2OMe <0.003 0.045
2a SO2CH3 0.032 0.072
2b COCH3 <0.003 0.145
In a previous letter,1 we described the development of a series
of novel imidazole-substituted CDK inhibitors. To further explore
SAR within this area, we decided to examine alternative substitu-
ents to the previously described sulfonamides and sulfones at the
4-position of the aniline ring (Table 1).

Whilst these changes led to the identification of a number of po-
tent CDK2 inhibitors (i.e., 1a and 1e), these compounds demon-
strated a number of suboptimal properties during initial
screening. These included cytochrome P450 inhibition, high levels
of serum protein-binding and affinity for the hERG ion channel
(data not shown). Acquired long-QT syndrome causes significant
cardiac side effects and represents a major problem in clinical
studies of drug candidates. One of the reasons for development
of arrhythmias related to long QT is inhibition of the human
ether-a-go-go-related-gene (hERG) potassium channel.2 Therefore,
early identification of hERG affinity is becoming increasingly
important. We thus chose to profile the compounds early in the
cascade using a high-throughput patch-clamp hERG assay.3 In
addition, P450 inhibition by a CDK inhibitor raises the concern of
possible drug interactions resulting from abrogation of the P450
pathway(s) of metabolism, and causing toxicity due to elevated
exposures to other drugs metabolized by these pathways.
All rights reserved.
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Most of the properties described above could be attributed to
the relatively high lipophilicity of these compounds. The less lipo-
philic piperazine series (2), however, appeared to be potent and
devoid of the above issues, and we elected to further explore this
class of inhibitor.
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Scheme 1. Synthesis of piperazine intermediate 8. Reagents and conditions:
(a) K2CO3, NMP, 120 �C, 2 h, 80%; (b) H2 gas, 10% Pd/C, EtOH, 99%; (c) NCNH2,
HCl, Dioxane, EtOH, 90 �C, 30 h, 70%; (d) 2-Methoxyethanol, 110 �C, 75%; (e) concd
HCl, iso-propanol, 28%.

N N
N

N
H

N N
NH

N N
N

N
H

N N
N SO2R

N N
N

N
H

N N
N

O
R

(a), (b)

8 2c R = (CH2)2NMe2

2d R = (CH2)2OMe

2e-2h

(c) or (d)

Scheme 2. Synthesis of piperazine amides and sulfonamides 2. Reagents: (a)
ClSO2CH2CH2Cl, Et3N, CH2Cl2, 31%; (b) NMe2, THF, 80%, or NaOMe, Methanol, 28%;
(c) Carboxylic acid, HATU, DIPEA, DMF, 20–95%; (d) i—chloroacetyl chloride
i-Pr2EtN, CH2Cl2, 87%; ii—amine, THF, 80–90%.
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The piperazines were prepared using a modification to the route
described by us previously1 (Scheme 1).

Thus, 4-fluoro-nitrobenzene (3) was coupled with 1-acetyl-
piperazine (4) under basic conditions. Following reduction of the
nitro group, the resulting aniline 5 was reacted with cyanamide
to produce guanidine 6 as the bicarbonate salt. Cyclisation with
the known aminopropenone 7 followed by hydrolysis gave the
piperazine 8. Further reaction with 2-chloro-1-ethanesulfonyl
chloride followed by in situ elimination gave the vinyl sulfon-
N N
N

NH2

N

N
N S
O O

Br

N
NH

Br

(a)

(b)

7 9

10 11

Scheme 3. Synthesis of piperazine 2a. Reagents and conditions: (a) Guanidine hydrochl
tertbutylphosphino)biphenyl, NaOtBu, 1,4-dioxane, 15%.
amide. This could undergo conjugate addition with both sodium
methoxide and dimethylamine to give 2c and 2d, respectively
(Scheme 2).

Methyl sulfonamide 2a was prepared in a slightly different way
as shown in Scheme 3. Reaction of guanidine with aminoprope-
none 7 gave the amino pyrimidine 9. Buchwald coupling4 with bro-
mo compound 11 (derived from sulfonylation of commercial
piperazine 10) then provided the required compound 2a.

Although the piperazine sulfonamides displayed good cell and
enzyme potency6 (Table 2), the aqueous solubility of the neutral
sulfonamides was less than 20 lM, possibly driven by their moder-
ate lipophilicity (LogD between 2 and 3), and we elected to explore
the piperazinyl amide series to see if this property could be
modulated.

Mindful of the solubility properties of the sulfonamides, a
number of basic and hydrophilic amides were targeted. The lat-
ter were prepared by coupling with activated carboxylic acids
(e.g., glycolic acid or S-lactic acid) leading to amides 2e5 and
2f (Scheme 2).

Basic amides (2g and 2h) were accessed by reaction with
chloro-acetyl chloride followed by displacement with dimethyl-
amine or diethylamine. We were pleased to observe that once
more the compounds displayed good levels of enzyme and cell po-
tency (Table 2), and in general manifested acceptable physical
properties.

Clearly, a reduction in LogD benefits aqueous solubility (cf. 2a
and 2e) although in the case of 2e (LogD = 1.7 and solubility = 160)
and 2f (LogD = 2.2 and solubility = 370), we anticipate that the
presence of the chiral methyl group assists solubility (despite the
lipophilicity increase), due to disruption of crystal packing. Moving
from sulfonamide to amide derivatives also enhanced the hERG
properties of the compounds (again, cf. 2a, 2c and 2e). This finding
was in accordance with the general trend for the piperazine series,
that increased LogD led to a greater affinity for the hERG ion chan-
nel (Fig. 1).

Whilst introduction of a basic side chain in the amide series sig-
nificantly increased solubility (cf. 2e and 2g), the compounds dem-
onstrated low levels of exposure following oral dosing in rats and
were not pursued further. In a related series of basic inhibitors, ef-
flux had been shown to be the cause (data not shown). In contrast,
the hydroxylated amides showed low levels of serum protein bind-
ing, and excellent oral exposure. To more fully understand the rea-
sons behind the observed enzyme potency, we undertook
structural studies to investigate the binding mode of the pipera-
zines when bound to CDK2. The crystal structure of CDK2 com-
plexed with 2e is shown in Figure 2.

The hydrogen bonding interactions in the hinge region of CDK2
between Leu83 NH and the pyrimidine N, and between Leu 83 O
and the aniline NH are preserved. However, a number of additional
key features are visible. The tertiary amine nitrogen of the pipera-
zine overlays on the sulfur atom of the corresponding sulfonamide
analogues,1 and interacts via a water molecule with the backbone
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Table 2
Structures and in vitro activity for piperazines 2 and morpholines 12
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Compound X Y CDK2 IC50 (lM) MCF-7 IC50 (lM) % Free (Rat) hERG Mean
IC50 (lM)

Solubility pH
7.4 (lM)

LogD pH 7.4 Oral DMPK AUC
(lM h)18

2a SO2Me H <0.003 0.145 8 5.5 9 2.6 0.08
2c SO2(CH2)2NMe2 H 0.003 <0.039 — 18 — 2.5 —
2d SO2(CH2)2OMe H <0.003 0.093 — 8.4 14 2.8 —
2e COCH2OH H 0.017 0.17 22 >24 160 1.7 0.4
2f COCH(S-CH3)OH H 0.017 0.22 — >24 370 2.2 0.16
2g COCH2NMe2 H 0.016 <0.027 40 >32 >3400 3.3 —
2h COCH2NEt2 H - <0.022 — — >3700 — 0.0
2i COCH2OH F 0.006 0.075 — 18 160 2.2 0.17
12a — H 0.009 0.29 — — 56 2.9 0.16
12b — F 0.008 0.11 — 11 120 3.0 0.19
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Scheme 4. Synthesis of 5-fluoro piperazines and morpholines 2i and 12b. Reagents
and conditions: (a) Selectfluor, MeCN, 52%; (b) 2-methoxyethanol, 110 �C, 85%;
(c) i—2-methoxyethanol, 110 �C, 83%; ii—IPA, concd HCl, 85 �C, 91%; iii—acetoxy-
acetyl chloride, Et3N, CH2Cl2, RT, then 20% NH3 in MeOH, RT, O/N 81% over two
steps.

Figure 2. Crystal structure of CDK2 complexed with 2e.7 Selected nearby protein
residues are shown. Hydrogen bonding interactions with the protein are indicated
as dashed red lines. The figure was prepared using Bobscript and Raster3D.8,9
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Figure 1. LogD versus IonWorks hERG pIC50; red, piperazine amides, blue,
piperazine sulfonamides.
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and side chain of Asp 86. This same interaction was observed in the
crystal structure of an analogous imidazole sulfonamide com-
plexed with CDK2, and helps to rationalise the selectivity that
the piperazine series displays for this enzyme compared to other
kinases. This is in accord with our previous observations that inter-
actions with Asp86 confer an increase in CDK selectivity, and has
been supported by selectivity testing in kinase screens (data not
shown).16 To explore further the nature and generality of this
water-mediated contact, we elected to prepare further analogues
that could potentially exploit a similar binding mode. Towards this
goal, we targeted the morpholine 12a (Table 2), prepared in an
analogous fashion to intermediate 8. Morpholine 12a displayed cell
activity and good physiochemical properties, in combination with
higher in vivo clearance, higher lipophilicity and lower CDK po-
tency than displayed by the piperazinyl amides. In an attempt to
further investigate the SAR of the piperazinyl series, we next
looked at substitution at the 5-position of the central pyrimidine
ring. Whilst some substituents (not shown) proved beneficial from
a potency and DMPK point of view, the effect on physical proper-
ties was, on the whole, significant with a reduction of aqueous sol-
ubility and an increase in plasma protein binding due to increased



Table 3
Structures and in vitro activity for azetidine 14, pyrrolidine 15 and proline amide 16
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Compound CDK2 IC50 (lM) MCF-7 IC50 (lM) % Free (Rat) Solubility (lM) pH 7.4 LogD pH 7.4

14 0.0005 — 5 120 2.8
15 >0.0003 0.14 — 9 3.3
16 0.046 — — — —

Table 4
Structures and DMPK properties for piperazines 2e, 2i and morpholine 12b
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Compound Rat Vdss (L/Kg) Rat Clp (ml/min/kg) Rat bioavailability (%) Dog Vdss (L/Kg) Dog Clp (ml/min/Kg) Dog bioavailability (%)

2e 2.5 15 59 3.4 19 79
2i 1.0 16 67 3.5 24 31
12b 1.3 26 34 2.9 140 3
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Figure 3. Inhibition of SW620 tumour xenografts in the nude mouse for
compounds 2e and 2i. Compounds were dosed orally once a day for 28 days.
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LogD. Fluorination, in contrast, provides excellent gains in potency
without the impact displayed by more lipophilic moieties. Fluori-
nation of aminopropenone 7 was achieved using SelectFluor17 in
acetonitrile ( Scheme 4) to give the product 13 as a golden crystal-
line solid.

Cyclisation as described above with a suitable guanidine deliv-
ered the fluorinated pyrimidine that could be further elaborated in
an analogous fashion to the hydrogen pyrimidines (vide supra).
The beneficial potency effect of the fluorinated compounds can
be rationalised by the electronegative fluorine atom acidifying
the aniline NH, and thereby increasing its hydrogen-bond donor
strength to the hinge region of the protein. Gratifyingly, applica-
tion of this SAR learning to the morpholine scaffold 12a also led
to noticeably more potent CDK inhibitors (e.g., 12b, Table 2). A
crystal structure of 12b in complex with CDK2 confirmed the bind-
ing mode (data not shown), including retention of the water med-
iated contact. The results obtained for azetidine (14), pyrrolidine
(15) and proline amide (16) templates (Table 3) are also consistent
with the fluoro SAR leading to increased potency, and the water-
mediated nitrogen contact giving CDK selectivity.

Encouraged by the evidence of oral exposure from rat cassette
work, pleasing anti-proliferative cell potency and good physical
properties of compounds 2e, 2i and 12b, we next elected to under-
take discrete rat and dog PK studies with these compounds. The re-
sults from this work are shown below in Table 4.

Whilst the two piperazine compounds 2e and 2i showed oral
exposure in both rat and dog, it was apparent that the bioavailabil-
ity of morpholine compound 12b in the dog was limited by in-
creased clearance relative to the rat. In view of these data,
compounds 2e and 2i were subsequently evaluated for their ability
to inhibit the growth of human SW620 xenografts in nude mice.
Pleasingly, both compounds were shown to be active in this dis-
ease model with 2e showing 80% tumour growth inhibition when
dosed orally once a day at 7.5 mg/kg for 28 days. Compound 2i
showed 89% tumour growth inhibition when dosed orally once a
day at 12.5 mg/kg for 28 days ( Fig. 3).
In summary, we have described a series of CDK inhibitors with a
novel binding mode that exploits an unexpected interaction with
Asp86, in an analogous but subtly different way to that displayed
by the previously described sulfonamides. Two of these com-
pounds have also been shown to inhibit in vivo tumour growth
in clinically relevant disease models.
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