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Abstract—The evolution of 2,4-diaryl-2,5-dihydropyrroles as inhibitors of KSP is described. Introduction of basic amide and urea
moieties to the dihydropyrrole nucleus enhanced potency and aqueous solubility, simultaneously, and provided compounds that
caused mitotic arrest of A2780 human ovarian carcinoma cells with EC50s < 10 nM. Ancillary hERG activity was evaluated for this
series of inhibitors.
� 2006 Elsevier Ltd. All rights reserved.
Mitotic kinesins are microtubule-associated motor pro-
teins that utilize the energy from ATP hydrolysis for
bipolar spindle assembly, maintenance and elongation,
chromosome alignment and segregation, and microtu-
bule depolymerization, among other functions during
cell division.1 KSP (kinesin spindle protein, HsEg5) is
a mitotic kinesin that causes centrosome separation, a
process required for bipolar spindle formation and
maintenance.2 Inhibition of KSP with small molecules
results in collapse of bipolar spindles and gives rise to
monopolar spindle arrays, referred to as monoasters.3

Importantly, this phenotype is accompanied by cell cycle
arrest in mitosis, and prolonged mitotic arrest in tumor
cells leads to apoptosis.4,5 KSP inhibitors therefore have
potential as general antiproliferative agents useful for
the treatment of cancer. Additionally, KSP inhibition
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represents a novel and specific mechanism to target the
mitotic spindle that may be devoid of the neuropathy-
associated, mechanism-based side effects common to
the taxanes and other natural products that target
microtubules. KSP inhibitors may also offer advantages
over these agents with regard to formulation and tumor
resistance. Efforts to establish proof-of-concept with
ispinesib (SB-715992), a KSP inhibitor of the quinazoli-
none class,6 in Phase II clinical trials are currently ongo-
ing. In this communication, we describe the design,
synthesis, and evaluation of 2,4-diaryl-2,5-dihydropyr-
roles as inhibitors of KSP.

We recently reported the development of 3,5-diaryl-4,5-
dihydropyrazoles as potent and cell-active KSP inhibi-
tors.7 These compounds demonstrated high selectivity
forKSP versus other kinesins, a consequence of their allo-
steric mode of binding. Part of our efforts to expand the
scope of this series centered on modifications to the core
structure designed to improve reactivity in amide bond-
forming reactions and to preserve the orientation of the
two aryl groups to maintain potency. We rationalized
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Table 1. KSP inhibitory activity of compounds 2–7

N

F F

OR

N
N

F F

OR

core A core B

Compound Core R KSP IC50 (nM)

2 (+/�) A Me 4000

3 (+/�) B Me 94

4 (+/�) A t-Bu 85

5 (+/�) B t-Bu 113

6 (�, S) A NMe2 38

7 (+/�) B NMe2 84
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that a 2,5-dihydropyrrole nucleus might serve as a viable
replacement for the 4,5-dihydropyrazole core in that the
hybridization of the aryl-bearing carbon atoms would
be maintained, allowing for a similar presentation of the
diaryl array (Fig. 1). To test this hypothesis, a synthetic
route to racemic 1 was developed based on sequential
Heck coupling reactions of aryl diazonium intermediates
reported by Carpes and Correia (Fig. 2).8 The substitu-
tion pattern selected for the diaryl rings of 1 was found
to be optimal for the dihydropyrazole series, and thus
was maintained for our exploratory studies in this new
series.

Acylation of (+/�)-1 with acetyl, pivaloyl or dimethyl-
carbamyl chloride provided dihydropyrrole amides 2
and 4 and urea 6 (following resolution by chiral chroma-
tography), respectively.9 The KSP inhibitory activity10

of this initial set of compounds was compared to the
corresponding series of dihydropyrazoles, 3, 5, and 7
(Table 1). While compound 2 showed lower potency rel-
ative to 3, compounds 4 and 6 compared favorably to
their counterparts 5 and 7, suggesting that branched acyl
groups were necessary for potency in the dihydropyrrole
series. In addition, the S configuration of 6 was deter-
mined to be a critical feature of potency,11 an observa-
tion consistent with the stereochemical requirement for
potency in the dihydropyrazole series. Having estab-
lished the dihydropyrrole ring system as a suitable alter-
native to the dihydropyrazole core, we next devised an
N

F F

RO

N
N
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Figure 1. Design strategy: maintain hybridization of aryl-substituted

carbon atoms.
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Figure 2. Synthesis of (+/�)-1.
asymmetric sequence to (S)-1 to support our optimiza-
tion efforts.

As illustrated in Figure 3, the route began with a one-
pot preparation of alcohol 9 from nitrile 812 by the
method of Maeda et al.13 Swern oxidation of 9 followed
by regioselective enolization of ketone 10 with NaH-
MDS14 and trapping of the resultant enolate with
PhNTf2 furnished enol triflate 11. Suzuki cross-coupling
reaction of 11 with 2,5-difluorophenylboronic acid pro-
ceeded smoothly to afford 12, and removal of the Boc
group then provided (S)-1.
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Figure 3. Synthesis of (S)-1.



Table 2. Properties of dihydropyrroles 13–22

N

F F

H

OR

Compound R KSP IC50

(nM)

Cell EC50

(nM)

HERG

IC50 (nM)

13 N

HN

Me

2.6 6.8 1300

14 N

AcN

Me

50 69 >10,000

15
N
MeHN

16 44 1300

16
Me
Me

NH2

5.2 11 2200

17 Me

Me

NH2
(S)

3.6 12 2400

18 Me

Me

NH2(R)
3100 ND ND

19
NH2

2.0 8.6 3500

20

NH2

Me

Me Me
2.7 7.1 1500

21 HN
Me

Me Me

O

O

OH

7.4 13 25,000

22
OH

11 20 11,000
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With (S)-A in hand, a wide range of branched basic
amides and ureas were prepared with the goal of identi-
fying compounds with improved potency and aqueous
solubility, important for iv formulation, over leads 4
and 6. The KSP inhibitory profiles of a select set of com-
pounds, 13–22, prepared by the methods illustrated in
Figure 4, are presented in Table 2.15 Included are the
EC50 values for mitotic arrest (Cell EC50)

16 in A2780
human ovarian carcinoma cells and binding data against
the IKr potassium channel hERG (human Ether-a-go-go
Related Gene).17 We closely monitored hERG binding
in that blockade of this ion channel has been implicated
in drug-induced prolongation of the heart-rate corrected
QT interval of the ECG, a side effect that can potentiate
cardiac arrhythmia and lead to torsades de pointes or
even sudden death in extreme cases.18

In general, the data for this select set of compounds indi-
cated that incorporation of basic unsymmetrical ureas
or branched a- or b-amino amides provided low molec-
ular weight inhibitors with excellent potency and solu-
bility properties. Specifically, in the urea series, the
4-piperidinyl group of urea 13 proved optimal in terms
of potency, cellular activity, and aqueous solubility
(>10 mg/mL, pH 5). However, the basicity of 13 con-
ferred binding affinity to hERG, as determined by com-
parison to the non-basic acylated derivative 14. In the
amide series, a number of highly potent and water solu-
ble inhibitors were identified. Interestingly, in the case of
the a-amino amides, only the S configuration of the
a-stereocenter imparted a high level of potency (com-
pare diastereomers 17 and 18). These basic amides, like
the basic ureas, demonstrated moderate levels of hERG
binding. The hERG IC50 value for 19 was corroborated
by cellular electrophysiology using a standard whole-cell
voltage clamp assay in CHO cells that stably expressed
hERG (IC50 = 6500 nM). As a partial solution to this
potential liability, we found that neutral acyl groups,
such as those incorporated in 21 and 22, ameliorated
hERG activity without major loss of potency, but at
the expense of aqueous solubility. The following paper
details strategies to solubilize charge-neutral inhibitors
from this series.
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Figure 4. Synthesis of 13 and 19 from (S)-1.

ND, not determined.
Comparative analysis of the X-ray crystal structures of
compounds 13 and 19 with 6 provided possible explana-
tions for their differences in KSP inhibitory activity
(Fig. 5).19 In the structure of 13, the piperidinyl group
projects away from the hydrophobic regions of the allo-
steric pocket to place the basic nitrogen at the polar sol-
vent front, minimizing the energy cost of desolvation.
Interestingly, this preference gives rise to a rotamer con-
formation for the urea moiety that is transposed relative
to urea 6. Adoption of this rotamer conformation di-
rects the methyl group of 13 into a hydrophobic region
just below the plane of the dihydropyrrole core, further
increasing the binding energy.20 Similarly with 19, posi-
tioning of the primary amino group at the solvent
interface has the effect of directing the lipophilic
cyclopropyl sidechain into this hydrophobic region,
and thus offers an explanation for the requirement of



Table 3. Pharmacokinetic profile of 19 following iv dosing to animals

N

FF

H

O
NH2 19

Species Dose

(mg/kg)

Cl

(mL/min/kg)

Vdss

(L/kg)

t1/2
(h)

Rat (n = 4) 1.0 40 ± 5.8 4.4 ± 1.5 1.4 ± 0.4

Dog (4) 0.4 23 ± 4.5 3.8 ± 0.3 2.3 ± 0.3

Monkey (3) 0.4 21 ± 2.5 7.4 ± 0.8 4.5 ± 0.8

Figure 5. Crystal structures of 6, 13 and 19 bound to the allosteric site of KSP. Protein shown in solid ribbon. Green patch indicates location of a

hydrophobic region in the binding site.
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the S stereochemical configuration of the a-amino
amides for optimal potency.

The pharmacokinetic profile of compound 19 in rat, dog,
and monkey following iv administration is presented in
Table 3 andwas representative of the series. Plasma clear-
ance was moderate in these species with half-lives ranging
from 1 to 4 h, respectively.

In summary, we have described the development of
dihydropyrroles as novel and potent KSP inhibitors
through core modification of dihydropyrazole-based
lead structures. Potency and aqueous solubility were
gained simultaneously through the introduction of basic
amides and ureas, a key finding from our optimization
efforts. In addition, it was discovered that the moderate
level of hERG binding demonstrated by the basic inhib-
itors could be attenuated through the use of charge-
neutral acyl groups.
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