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Figure 1. Myrexis Mps1 lead structures.
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Mps1, also known as TTK, is a mitotic checkpoint protein kinase that has become a promising new target
of cancer research. In an effort to improve the lead-likeness of our recent Mps1 purine lead compounds, a
scaffold hopping exercise has been undertaken. Structure-based design, principles of conformational
restriction, and subsequent scaffold hopping has led to novel pyrrolopyrimidine and quinazoline Mps1
inhibitors. These new single-digit nanomolar leads provide the basis for developing potent, novel
Mps1 inhibitors with improved drug-like properties.

� 2013 Elsevier Ltd. All rights reserved.
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Mps1, also known as TTK, is a dual specificity protein kinase

that phosphorylates tyrosine, serine or threonine residues with a
critical role during mitosis. Mps1 facilitates chromosomal
alignment during metaphase, as well as proper attachment of the
bipolar microtubules to the kinetochores by eliminating misat-
tachments.1,2 It is also required for the full assembly of the spindle
checkpoint proteins at the kinetochore and activation of this
complex.3

Mps1 is dynamic kinase expressed only in proliferating cells
and activated via phosphorylation during mitosis. It is over
expressed in various human tumors and necessary for cellular pro-
liferation. Mps1 inhibition has been shown to cause premature
mitotic exit and gross aneuploidy, which is ultimately associated
with cell death. It has been hypothesized that mitotic checkpoints
are necessary to sustain cancer cellular proliferation in the pres-
ence of aneuploidy. Thus, Mps1 inhibition has become a promising
new target of cancer research.

We have recently published our efforts developing purine based
lead structures 1a, 1b and 2 as potent, selective, novel inhibitors of
Mps1 (Fig. 1). Purine 1a has been shown to disrupt the spindle
assembly checkpoint, resulting in chromosome segregation defects
and aneuploidy.4,5 Purine 1a also demonstrated cytotoxicity across
a broad panel of tumor cell lines and exhibited antitumor activity
in nude mice bearing human tumor xenografts.4 Since we initiated
our efforts, several promising Mps1 kinase inhibitors have been
published (Fig. 2).6

Due to the high molecular weight (MW) and polar surface area
(TPSA) of these leads (Table 1), a de novo design effort was under-
taken. Herein we report those efforts leading to new pyrrolopyrim-
idine and quinazoline inhibitors of Mps1. These new analogs
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Figure 2. Published Mps1 kinase inhibitors.

Table 1
Structure–activity relationships of pyrimidines
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Compd R1 R2 Mps1a IC50 (nM) HCT116a IC50 (lM) MW TPSA LEb

1a — — 5 0.023 424 100 0.27
2 — — 2 0.011 501 137 0.25
6 H H >100 — 461 108 —
7 H Me 35 2.0 475 99 0.23
8 Me H 28 1.5 475 108 0.23
9 Me Me >100 — 489 99 —

a Values are means of two experiments, standard deviations are ±10%.
b LE = �Log(Mps1 IC50)/# of heavy atoms.

Figure 3. Binding model overlay with 5-methyl pyrimidine structure (pink) and
Mps1 lead structure 2.
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Scheme 1. Reagents and conditions: (a) amine, TEA, THF 50 �C; (b) aniline, cat.
TsOH, dioxane, 170 �C, MW.

Figure 4. Binding model overlay with N-cyclohexyl pyrrolopyrimidine structure
(pink) and Mps1 lead structure 2.
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demonstrate potent Mps1 activity with significantly reduced TPSA
while maintaining their ligand efficiency (LE).7

In an effort to reduce the MW and TPSA of the lead compounds,
a series of pyrimidines were first designed and modeled. The bind-
ing model overlay of the 5-methyl pyrimidine scaffold with purine
lead compound 2 is shown in Figure 3.8

The synthesis of the diaminopyrimidine inhibitors is shown in
Scheme 1.9 The synthesis begins with commercially available
2,4-dichloropyrimidines 3 (R1 = H or Me). Heating cyclohexyl
amine or N-methylcyclohexylamine with 3 and triethylamine in
THF at 50 �C provided compound 4 (R1 = H or Me; (R2 = H or Me).
Reaction of 4 with the desired aniline under catalytic acid condi-
tions in the microwave provided the diaminopyrimidines 5.10



N

N

HN

Cl

R1

N

N

HN

Cl

R1

Br

N

N

Cl

Cl

Br a b

10 11 12

N

N

N
H

N

R2

X

N

N

Cl

c d or e

13a : R1 = H
13b : R1 = cyclohexyl

14

EtO

N
R1

N
R1

Scheme 2. Reagents and conditions: (a) ammonia, THF or cyclohexylamine, THF,
50 �C (b) B(OH)2CHCHOEt, NaHCO3, Pd(PPh3)4, DME, reflux; (c) AcOH, 120 �C; (d) (i)
Ar/HetArBr, CuI, K3PO4, (±)-trans-1,2-diaminocyclohexane, 90 �C; (ii) aniline, Cs2-

CO3, Pd(OAc)2, BINAP, toluene, reflux; (e) aniline, Cs2CO3, Pd(OAc)2, BINAP, toluene,
reflux.

Figure 5. Binding model overlay with quinazoline structure (pink) and Mps1 lead
structure 1b.
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Kinase inhibition activity was determined as previously
described using full-length Mps1 enzyme at 2xKm ATP concentra-
tions. Cellular proliferation activity was determined by monitoring
cell growth densities in HCT116 cell cultures.4

The importance of combined R1, R2 substituents was immedi-
ately evident. The unsubstituted compound (6: R1, R2 = H) was
shown to be inactive, but substitution of an R2 methyl group (7)
provided a potent starting point (IC50 = 35 nM). Incorporating an
R1 methyl group on the pyrimidine ring with an unsubstituted R2

group (8) provided a slightly more potent analog (IC50 = 28 nM).
While 7 and 8 are not as potent as purine 2, these analogs possess
reduced MW, reduced TPSA, and only slightly reduced LE as com-
pared with purine lead 2. Interestingly, the disubstituted com-
pound (9: R1, R2 = Me) was shown to be inactive, presumably due
to a unproductively biased conformation.

Encouraged by the diaminopyrimidine results, and realizing the
potential for conformational restriction, a series of pyrrolopyrimi-
dines were designed and modeled. The binding model overlay of
the N-cyclohexyl pyrrolopyrimidine scaffold with purine lead com-
pound 2 is shown in Figure 4.8

The synthesis of the pyrrolopyrimidine inhibitors9 (Scheme 2)
begins with reaction of commercially available 5-bromo-2,4-
dichloropyrimidine 10 with either ammonia or cyclohexylamine
to provide 11. Suzuki reaction with the vinyl ether borane reagent
provided the pyrrolopyrimidine precursor 12.11 Cyclization under
acidic conditions afforded both 13a and 13b. Conversion of 13a
Table 2
Structure–activity relationships of pyrrolopyrimidines

N

N

N
H R

N
R1

Compd R1 R2 X Mps1a IC50

15 Cyclohexyl OMe O 46
16 Cyclohexyl Me O 22
17 Cyclohexyl OMe NSO2Me 20
18 Phenyl OMe NSO2Me >100
19 2-Pyridyl OMe NSO2Me 32
20 3-Pyridyl OMe NSO2Me >100

a Values are means of two experiments, standard deviations are ±10%.
b LE = �Log(Mps1 IC50)/# of heavy atoms.
(R1 = H) into 14 required an initial Buchwald reaction to function-
alize the indole NH and introduce the R1 substituent followed by a
second Buchwald–Hartwig reaction to incorporate the desired ani-
line.12,13 Conversion of 13b (R1 = cyclohexyl) into 14 required the
same Buchwald–Hartwig reaction to install the desired aniline.13

In the case of the pyrrolopyrimidines (Table 2) all the R1 = cyclo-
hexyl analogs (15–17) were shown to be potent Mps1 inhibitors.
The 2-methyl-morpholine analog 16 (R2 = Me, X = O) provided an
attractive starting point (IC50 = 22 nM) with a MW under 400, TPSA
N

2

X

(nM) HCT116a IC50 (lM) MW TPSA LEb

7.5 408 64 0.24
8.6 392 55 0.26
0.75 485 101 0.23
— 479 101 —
10 480 114 0.22
— 480 114 —



Table 3
Structure–activity relationships of quinazolines
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II: Y = O
III: Y = NMSO2Me

R1
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Compd Scaffold R1 Mps1a IC50 (nM) HCT116a IC50 (lM) MW TPSA LEb

26 I Phenyl >100 — 412 60 —
27 I N-Cyclohexyl >100 — 434 72 —
28 II Phenyl 12 0.85 412 60 0.26
29 II N-Cyclohexyl 9 6.32 434 72 0.25
30 III Phenyl 5 1.74 490 96 0.25
31 III 3-Pyridyl 8 1.58 491 109 0.24
32 III N-Cyclohexyl 2 0.81 511 108 0.25

a Values are means of two experiments, standard deviations are ±10%.
b LE = �Log(Mps1 IC50)/# of heavy atoms.
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of 55, and a LE slightly better than purine lead 2 (LE = 0.26 vs 0.25).
The 2-methoxy-4-sulfonamide analog 17 (R2 = Me, X = NSO2Me)
also provided a potent starting point (IC50 = 20 nM) demonstrating
submicromolar cellular toxicity, reduced MW and TPSA compared
to purine 2 (TPSA = 101 vs 137). In the case of the R1 = aryl or het-
eroaryl groups (18–20), both the phenyl and 3-pyridyl analogs
were shown to be substantially less active. The 2-pyridyl analog
19 was shown to be slightly less active against Mps1 than the
cyclohexyl analog (compare 17 vs 19), but maintained acceptable
TPSA and LE values, while the phenyl and 3-pyridyl analogs dem-
onstrated IC50s >100 nM.

Based on the encouraging results with the pyrrolopyrimidines, a
series of quinazolines were designed and modeled. The binding
model overlay of the phenyl quinazoline scaffold with purine lead
compound 1b is shown in Figure 5.8

The synthesis of the quinazolines inhibitors9 (Scheme 3) begins
with commercially available halo-nitrophenyl aldehydes 21 (X = 6-
Br or 5-Cl). Iron reduction of the nitro group of 21 and subsequent
cyclization with urea provided intermediate 22. Treatment of 22
with POCl3 afforded the chloroquinazoline 23. Displacement of
the pyrimidinyl chloride with desired aniline under acidic condi-
tions provided compound 24.10 Finally, a Buchwald reaction12 to
install an R1 amine substituent or Suzuki reaction to incorporate
an R1 aryl or heteroaryl group provided the desired quinazoline
inhibitors 25.

While scaffold I analogs (26 and 27) were shown to be inactive,
the regioisomeric scaffold II and III analogs were much more prom-
ising (Table 3). The R1 = phenyl analog 28 provided a potent start-
ing point (IC50 = 12 nM) with submicromolar cellular toxicity,
reduced MW and TPSA (TPSA = 60 vs 137), and similar LE com-
pared to purine lead compound 1b. The R1 = N-cyclohexyl analog
29 provided a further boost in biochemical potency (IC50 = 9 nM)
with a slightly increased MW, reduced TPSA, and similar LE
compared to purine lead compound 1b. All three of the scaffold
III compounds possessing the aniline sulfonamide substituent
(30–32) showed single digit nanomolar Mps1 potency with slightly
decreased or similar MW, reduced TPSA, and similar LE compared
to purine lead compound 2. Compound 32 also demonstrated
submicromolar cellular toxicity.

In conclusion, we have presented a series of novel Mps1 inhib-
itors identified via de novo design efforts on a purine-based lead
scaffold. Structure design using molecular modeling, followed by
conformational restriction and scaffold hopping led to new pyrrol-
opyrimidine and quinazoline inhibitors. These new scaffolds have
been shown to be potent Mps1 inhibitor starting points with low-
ered MW, TPSA, and good ligand efficiencies compared to the pur-
ine leads. Some of the analogs also possess submicromolar cellular
cytotoxicity. These new leads provide the basis for developing
more potent, novel inhibitors of Mps1 with drug-like properties.
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