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Introduction

Tyrosine kinases (TKs) are key enzymes in cell signaling path-

ways that are responsible for cell growth, proliferation, adhe-
sion, differentiation, and apoptosis.[1] It has been conclusively

demonstrated that TK alterations (especially hyperactivation,

hyperproduction, or mutations) that lead to disruption of cell
signaling cascades play important roles in several diseases in-

cluding cancer, inflammation, neurological disorders, and dia-
betes.[2] For this reason, TKs have become one of the major

drug targets of the 21st Century. So far, more than 20 small-
molecule TK inhibitors have been approved for the treatment
of various diseases.[3]

c-Src is a cytoplasmic TK belonging to the Src family kinases

(SFKs), which include nine members (c-Src, Fyn, Yes, Fgr, Lck,
Hck, Blk, Lyn, and Frk). Their distribution is not the same in all

tissues and cell types. In fact, Src, Fyn, and Yes are ubiquitously

expressed, whereas the other members are generally localized
in hematopoietic cells. However, SFKs present a conserved

domain organization that includes an N-terminal Src homology
domain (SH4), followed by a “unique region”, two Src homolo-

gy domains (SH2 and SH3), a polyproline type II (PPII) domain,
a catalytic domain (SH1), and a short C-terminal tail. SH2 and

SH3 domains both play a part in protein–protein interactions.

The catalytic domain, responsible for TK activity, is formed by
a bi-lobed structure, like all canonical kinases, with a small N-

terminal lobe and a large C-terminal lobe, which form the ATP-
and substrate-binding site at the inter-lobe cleft. The flexible
chain that connects the N and C lobes is called the hinge
region.[4]

These enzymes can be switched from inactive to active by

control of their phosphorylation state and through protein in-
teractions.[5] c-Src is overexpressed or hyperactivated in many

solid tumors,[6] including colon, breast, liver, and pancreatic
cancer, where its expression correlates with increased tumor

malignancy and poor prognosis.[7] It was recently reported that
c-Src plays important roles in neuroblastoma, which is the

most common extracranial pediatric tumor.[8] Moreover, c-Src

and other SFK members are involved in lymphomas and in leu-
kemias, including chronic myeloid leukemia (CML).[9]

In the last few years, extensive efforts have been devoted to
the identification of small molecules that are able to selectively

target SFKs. The pyrazolopyrimidines PP1 and PP2 (Figure 1)[10]

are the first reported SFK inhibitors. Initially, these compounds

Src family kinases (SFKs) are a family of non-receptor tyrosine
kinases (TKs) implicated in the regulation of many cellular pro-

cesses. The aberrant activity of these TKs has been associated
with the growth and progression of cancer. In particular, c-Src
is overexpressed or hyperactivated in a variety of solid tumors
and is most likely a strong promoting factor for the develop-
ment of metastasis. Herein, the synthesis of new 4-aminoimi-
dazole and 2-aminothiazole derivatives and their in vitro bio-

logical evaluation are described for their potential use as SFK
inhibitors. Initially, 2-aminothiazole analogues of dasatinib and
4-aminoimidazole derivatives were synthesized and tested

against the SFKs Src, Fyn, Lyn, and Yes. Five hits were identified

as the most promising compounds, with Ki values in the range

of 90–480 nm. A combination of molecular docking, homology
modeling, and molecular dynamics were then used to investi-
gate the possible binding mode of such compounds within
the ATP binding site of the SFKs. Finally, the antiproliferative
activities of the best candidates were evaluated against SH-
SY5Y and K562 cell lines. Compound 3 b [2-(4-{2-methyl-6-[(5-

phenylthiazol-2-yl)amino]pyrimidin-4-yl}piperazin-1-yl)ethanol]
was found to be the most active inhibitor.
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were found to be SFK-selective inhibitors in tests with a panel
of 73 kinases,[11] but later a KINOMEscan analysis on 200 kinas-

es indicated that PP2 is not selective for SFKs. Indeed, the com-

pound showed activity on 56 kinases,[12] and a similar behavior
is predicted for PP1.

Based on the co-crystal structure of PP2 bound to c-Src,
Soellner and co-workers hypothesized that PP2 could be modi-

fied to obtain a selective SFK inhibitor, also endowed with c-
Src selectivity.[12] Specifically, a pocket formed by the phos-
phate binding loop (P-loop, also known as the glycine-rich

loop) was identified in c-Src. This pocket is not present in ho-
mologous kinases. Consequently, a series of PP2 analogues
were synthesized and tested, leading to the identification of
KB SRC 4 (Figure 1), which showed a Kd value of 86 nm for c-
Src. Moreover, KB SRC 4 was demonstrated to be selective for
c-Src among the other SFK members, with more than twofold

selectivity over both Lck (160 nm) and Fgr (240 nm), eightfold
selectivity over c-Yes (720 nm), and >40-fold selectivity over
Lyn (3200 nm), Hck (4400 nm), and Fyn (>40 000 nm).[12]

The quinazolines Src-I1[11] and saracatinib[13] (Figure 1), which
are currently undergoing clinical trials for different tumors, are

potent inhibitors of c-Src, with respective IC50 values of 180
and 27 nm, but they also inhibit other SFK members such as

Lck and Yes. Over the years, other compounds have been stud-

ied for their selectivity against SFK members. They include
WH4-0-23 (Figure 1), a potent and selective Lck and Src inhibi-

tor (IC50 values of 2 and 6 nm, respectively),[14] PD166285,
which showed a Ki value of 4.9 nm on c-Src,[15–17] and bosutinib

(IC50 : 1.2 nm for c-Src; Figure 1).[18] However, it is important to
consider that obtaining selectivity across this conserved kinase

family is a very challenging task, with only a handful
of compounds identified that can discriminate be-
tween them.

The most important SFK inhibitor is dasatinib (1;
Figure 2), which has been approved for the treatment
of Philadelphia + (Ph +) CML and acute lymphoblas-

tic leukemia (ALL). It is also in clinical trials for the
treatment of non-Hodgkin’s lymphoma, metastatic

breast cancer, prostate cancer, and other tumors.[19]

This compound also inhibits other TKs, including Bcr-
Abl, Kit, PDGFR, ephrin A receptor kinase, and the Tec
kinase Btk.[20] Regarding dasatinib’s selectivity toward
SFK members, a KINOMEscan analysis published in

2011 by Davis et al.[21] showed that dasatinib possess-
es Kd values of 0.21, 0.3, 0.53, and 0.79 nm toward c-

Src, Yes, Lyn, and Fyn, respectively.

As has been widely reported, kinase inhibitors usu-
ally have heteroaromatic groups capable of interact-

ing with the hinge region, which is located in the
ATP binding pocket of the catalytic domain.[22] The

hinge region is highly conserved in different kinase
families.[23] The synthesis of new hinge-interacting

functionalities is therefore crucial to obtain new mol-

ecules that may be selective for one or few kinases
while being endowed with high inhibitory potency.

This study is focused on the synthesis and biological evalua-
tion of two series of compounds, active as SFKs inhibitors,
bearing heterocyclic moieties that may interact with the hinge
region. The 4-aminoimidazole ring of compounds 2 a–g was

chosen for study because it is underexplored in the TK inhibi-
tor literature. Researchers at AstraZeneca first investigated the
ability of the 4-aminoimidazole moiety to bind the hinge of
Jak2 kinase.[24] The authors compared the 4-aminoimidazole
group with 5-aminopyrazole (a well-known hinge binder in kin-

ases),[25] and they found that the 4-aminoimidazole ring could
be an effective replacement for 5-aminopyrazole. Moreover, we

inserted the 2-aminothiazole moiety, which is present in dasati-

nib, into compounds 3 a–f. Because dasatinib binds c-Src in
the low-nanomolar range,[26, 27] this is a good starting point for

the investigation of other derivatives (Figure 2). The amide
linker between the 2-aminothiazole moiety and the aromatic

ring of dasatinib has been considered as a constraint in terms
of exploring the distance between the hinge region and the

Figure 1. Structures of PP1 and PP2, KB SRC 4, Src I1, saracatinib, WH-4-023, PD166285,
and bosutinib.

Figure 2. Replacement of the amidic linker of dasatinib to obtain com-
pounds 2 a–g and 3 a–f.

ChemMedChem 2015, 10, 2027 – 2041 www.chemmedchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2028

Full Papers

http://www.chemmedchem.org


hydrophobic pocket. This region is occupied by the 2-chloro-6-
methylbenzamide moiety of dasatinib, while its substituted

pyrimidine occupies a hydrophobic cleft created by Leu273
and Gly344.[27] We decided to substitute the amidic linker be-

tween the heterocyclic ring (thiazole or imidazole) and the
phenyl groups with alkyl chains (methyl or ethyl) or to remove

it completely. The space around the hydrophobic pocket was
therefore studied by using various linker lengths on the basis

of structural simplicity and pliability.

Regarding the solubilizing side chain present on the pyrimi-
dine ring, we initially decided to maintain the (2-hydroxyethyl)-

piperazin-1-yl group of dasatinib. We then attached various N-
linked amine, O-linked alcohol, and O-linked amine groups to

the pyrimidine core to investigate the polarity and basicity
necessary in the solvent-exposed area of c-Src kinase[28]

(Table 1). The hits thus obtained were evaluated to identify

promising c-Src inhibitors with good biological activity.

Results and Discussion

Chemistry

We first synthesized compounds 2 a–g, which belong to an un-
derexplored chemical class, in order to verify the capacity of

the 4-aminoimidazole ring to act as a hinge binder for c-Src.
The commercially available 4-nitro-1H-imidazole 4 was regiose-
lectively alkylated with selected alkylating agents to give inter-

mediates 5 a–c in high purity and yield.[29] In particular, we
used iodobenzene, copper(I) iodide, and l-proline to obtain
compound 5 a, and (bromomethyl)benzene or (2-bromoethyl)-
benzene to obtain compounds 5 b and 5 c, respectively.

Palladium-mediated hydrogenation of 5 a–c afforded the
corresponding amino derivatives as free bases, which were im-

mediately converted into hydrochloride salts, as the com-

pounds are unstable as free bases, to yield derivatives 6 a–
c (Scheme 1). At this point the next step of substitution was

performed in two different ways based on the length of the
scaffold previously synthesized.

In detail, compounds 6 b,c were regioselectively coupled
with the commercially available 4,6-dichloro-2-methylpyrimi-

Table 1. Inhibitory activity of compounds 2 a–g and 3 a–f.

Scaffold R n Compd IC50 [mm]
c-Src Yes Lyn Fyn

1 <0.004[a] <0.009[a] <0.0009[a] <0.003[a]

0 2 a 0.484�0.06[a] NT 0.335�0.02[a] 1.3�0.2[b]

1 2 b 2.0�0.13[b] 2.0�0.08[b] �3[b] NA[b]

2 2 c 0.220�0.03[a] 0.689�0.10[a] 1.3�0.02[a] 0.167�0.03[a]

2 2 d �3[b] NT 1.9�0.09[b] NA[b]

2 2 e 1.5�0.30[b] NT �2[b] NA[b]

2 2 f �3[b] �3[b] �3[b] 0.641�0.10[a]

2 2 g �3[b] �3[b] �3[b] 0.659�0.03[a]

1 3 a 0.093�0.004[a] 0.233�0.02[a] 0.318�0.02[a] 0.252�0.03[a]

0 3 b 0.097�0.01[a] 0.335�0.03[a] 0.433�0.03[a] 0.220�0.02[a]

0 3 c 0.208�0.01[a] NT 0.474�0.05[a] �2[b]

0 3 d �2[b] �2[b] �2[b] 0.661�0.25[a]

0 3 e �2[b] �3[b] �2[b] 1.6�0.3[b]

0 3 f �3[b] �3[b] �3[b] NA[b]

[a] The compound was tested in two independent experiments, and IC50 values are the mean�SD. [b] The compound was tested in a single experiment.
Dasatinb (1) was used as reference; the IC50 values of dasatinib were less than that of enzyme concentrations, which were 4, 9, 0.9, and 3 nm for Src, Fyn,
Lyn A, and Yes 1, respectively (see Experimental Section for details).
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dine at 50 8C in the presence of DIPEA to afford intermediates

7 a,b (Scheme 1). Different amines and alcohols then replaced

the chlorine atom on the pyrimidine core of the intermediates
7 a–b, leading to compounds 2 b–g. The R groups (Table 1)

were chosen with the aim of creating molecules with reasona-
ble solubility profiles.

On the other hand, reaction of 6 a with 2-(4-(6-chloro-2-
methylpyrimidin-4-yl)piperazin-1-yl)ethanol 11 afforded com-

pound 2 a (in which the phenyl ring is linked directly to the

imidazole ring). The building block 11 was in turn prepared
from dichloropyrimidine 12 and

2-(piperazin-1-yl)ethanol follow-
ing a procedure used for dasati-

nib synthesis[30] as shown in
Scheme 2.

In the second part of this

work, thiazole derivatives of da-
satinib were prepared. In these
compounds the amide linker be-
tween the thiazole moiety and

the aromatic ring of dasatinib is
substituted by methylene unit

(compound 3 a) or is removed

altogether (compounds 3 b–f), in
order to investigate the effects

of these changes on biological
activity. (Schemes 3 and 4).

The building block 10, carrying a methylene linker between

the thiazole and the aromatic ring, was synthesized following

a procedure of thiazole synthesis reported by Miller et al.[31]

The commercially available aldehyde 8 was converted into

aminothiazole 10 by reaction with thiourea onto a non-isolat-
ed chloro derivative 9. To obtain the first derivative of this

class 3 a, intermediate 10 was coupled with compound 11 in
a Buchwald reaction (Scheme 3).

Because the final step in the preparation of compound

3 a had a low yield, we preferred to move to the synthesis of

compounds 3 b–f, in which the thiazole moiety is directly
linked to the phenyl ring. For the synthesis of these
compounds, the commercially available 5-phenylthiazol-2-

ylamine 13 was reacted with 12. This led to intermediate 14,
common to the final compounds 3 b–f, which were obtained

by reaction of 14 with the suitable amine or alcohol
(Scheme 4).

Scheme 1. Reagents and conditions : a) C6H5I, copper(I) iodide, l-(¢)-proline, K2CO3, DMSO, 85 8C, overnight (for n = 0); b) R-Br, K2CO3, CH3CN, 60 8C, overnight
(for n = 1, 2); c) H2, Pd/C, EtOH, 5 h, atmospheric pressure; d) HCl in EtOH (2 m), RT, 30 min; e) 2-(4-(6-chloro-2-methylpyrimidin-4-yl)piperazin-1-yl)ethanol 11,
Xantphos, Pd2dba3, CsCO3, dioxane, 95 8C, overnight, then 110 8C for 2 h (for n = 0); f) 4,6-dichloro-2-methylpyrimidine, DIPEA, DMSO, 50 8C, 5 h (for n = 1, 2) ;
g) R2-NH, DIPEA, DMSO, 100 8C, overnight, or R-NH2, diethylene glycol monomethyl ether, 130 8C, overnight; h) ethylene glycol or ethylene glycol monomethyl
ether as solvent, NaH (60 % dispersion in mineral oil), 130 8C, 2 h.

Scheme 2. Reagents and conditions : a) 2-(piperazin-1-yl)ethanol, triethyla-
mine, CH2Cl2, 30 8C, overnight.

Scheme 3. Reagents and conditions : a) NCS, l-proline, CH2Cl2, 0 8C!RT, 12 h; b) thiourea, EtOH, reflux, 5 h; c) Xant-
phos, Pd2dba3, CsCO3, dioxane, 100 8C, 4 h.
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To evaluate the biological responses, all final compound ac-

tivities versus the target kinase were assayed within the Rotta-
pharm in vitro screening department, using a Z’-LYTE technolo-

gy kit.[32] Each compound was tested against four members of
the Src family (c-Src, Yes, Lyn, and Fyn), and the inhibitory ac-

tivities are expressed as IC50 values.

Enzyme activity data showed that the most interesting com-
pounds are present in the thiazole series. Indeed, derivatives

3 a and 3 b inhibit c-Src with IC50 values of 93 and 97 nm, re-
spectively. They are also active on Yes, Lyn, and Fyn, with IC50

values in the range of 220–433 nm. Derivative 3 c is slightly
less active than 3 a and 3 b on Src, possessing an IC50 value of

208 nm. All thiazole derivatives, however, show lower inhibitory

potency than dasatinib, indicating that replacement of the
amidic chain of dasatinib results in a loss—even if accepta-

ble—of activity.
Among the aminoimidazole series (compounds 2 a–g), deriv-

atives 2 a and 2 c also show a certain amount of inhibitory ac-
tivity toward c-Src, with respective IC50 values of 484 and

220 nm. This suggests that the 4-aminoimidazole scaffold,

properly functionalized, could be a viable replacement for 2-
aminothiazole. In both series, the R group conferring the best

inhibitory profile is the (2-hydroxyethyl)-1-piperazinyl group,
present in dasatinib.

Molecular modeling

c-Src is one of the few thoroughly characterized and well-vali-
dated targets in anticancer therapy, and its three-dimensional

structure is well known (Figure 3).[33–36] Molecular docking sim-
ulations have been performed to hypothesize the way by

which the new synthesized inhibitors bind c-Src and to gain in-
sight on the peculiar chemical features that influence their ac-

tivity toward the isolated enzyme (Table 1). To achieve this
goal within a reasonable timeframe, we required a rapid and
robust docking tool.

Docking studies were performed by using Glide[37, 38] soft-
ware. The reliability of the docking protocol was first checked

by simulation of the interactions between dasatinib and c-Src
and comparison of the modeled complexes with the experi-

mental structures. In detail, the X-ray crystal structure of

c-Src in complex with dasatinib was retrieved from the RCSB
Protein Data Bank (PDB ID: 3G5D).[39] Dasatinib was removed

from the crystal structure, and the protein was prepared for
the docking procedure by using the Protein Preparation

Wizard[40] protocol implemented in Maestro.[41] The inhibitor
was drawn, minimized, and finally docked in the ATP binding

site of 3G5D. As a result, the pro-
gram perfectly reproduced the
experimental binding mode of
dasatinib, as demonstrated by
the low root-mean-square
deviation (RMSD) of 0.45 æ (cal-

culated on all the ligand heavy
atoms; Figure 4). The docking

score found for dasatinib was
¢11.434 kcal mol¢1.

Dasatinib adopted an extended conformation within the
ATP binding site of c-Src with the formation of three hydrogen
bonds. A pair of hydrogen bonds was found in the hinge

region of the ATP binding site: between the N3 acceptor of
the aminothiazole ring of dasatinib and the NH donor of

Met341, and between the 4-NH donor of dasatinib and the car-

bonyl oxygen acceptor of Met341. The third hydrogen bond
was formed between the side chain oxygen atom of Thr338

gatekeeper and the amide moiety of the ligand (Figure 4).
Moreover, dasatinib participated in two heteroaromatic CH¢O=

C interactions with the hinge region backbone and in other
contacts that are mainly mediated by van der Waals interac-

Scheme 4. Reagents and conditions : a) Xantphos, Pd2dba3, CsCO3, dioxane, 95 8C, 12 h; b) R2-NH, DIPEA, DMSO,
80 8C, overnight, or R-NH2, diethylene glycol monomethyl ether, 100 8C, overnight; c) ethylene glycol or ethylene
glycol monomethyl ether as solvent, NaH (60 % suspension in mineral oil), 130 8C, 12 h.

Figure 3. a) Reassembled active-like conformation of c-Src kinase, showing
the kinase domain in blue, the activation loop (yellow) with its Tyr416 resi-
due in green, and the C-terminal tail that contains non-phosphorylated
Tyr527 (red). b) Auto-inhibited conformation of c-Src kinase, in which Tyr527
is phosphorylated (the coloring scheme is the same as in panel a).
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tions. Once the reliability of the docking procedure was tested,

the interaction pathway between inhibitors and Src was simu-
lated by applying the same protocol used for dasatinib.

All the aminothiazole and aminoimidazole derivatives were
docked within the ATP binding site of c-Src. Simulations al-

lowed for the identification of two different binding modes re-

lated to the R substituent on the pyrimidine group. Com-
pounds 3 a–f, belonging to the aminothiazole family, showed

an interaction pathway similar to that previously found for da-
satinib with the first binding pose which overlapped the crys-

tallographic ligand (Figure 5 a). In the first docking pose, the
thiazole moiety occupies the same position as in dasatinib,

and the phenylethylene linker establishes contacts with the hy-

drophobic region I (HRI) interacting with Thr338, Lys295,
Val281, Met314, Val323, Ala293, and Phe405. Two hydrogen

bonds were also found with Met341. Because of the absence
of the amide group in the spacer of 3 a–f, no hydrogen bonds

were observed with Thr338. Furthermore, the R substituent on
the pyrimidine ring projected into the solvent-accessible area,

perfectly reproducing the experimental pose of dasatinib. In
the alternate binding mode, the pyrimidine ring was rotated

1808, with the methyl substituent directed toward the hinge
region, and the R group involved in electrostatic interactions

with Asp348, Ala390, Cys345, and Tyr340 (Figure 5 b). In ac-

cordance with the experimental evidence, higher docking
scores were obtained for compounds 3 a–c in the series of

thiazoles. In contrast, compounds 3 d–f, which present a small
and very flexible R group on the pyrimidine ring, were not al-

lowed to stabilize their binding to the enzyme.
Docking studies on compounds 2 a–g, endowed with an

aminoimidazole hinge binder, gave the binding mode shown

in Figure 6. In detail, the nitrogen atom at the 3-position acted
as a hydrogen bond acceptor in the interaction with Met341,

while the exocyclic piperazine of the most active compounds
(2 a and 2 c) was solvent exposed. The phenyl group kept con-

tacts with residues of the HRI through van der Waals interac-
tions. Interestingly, the phenyl group of compound 2 c perfect-

ly overlapped the 2-chloro-6-methylphenyl moiety of dasatinib.

On the other hand, compound 2 a did not completely fill the
HRI because of the absence of a linker long enough to enable

the phenyl ring to deeply interact with the hydrophobic
pocket. In agreement with in vitro data (IC50 = 0.4 mm), com-

pound 2 a has a smaller docking score (DGbind =¢9.097 kcal
mol¢1) than its analogue 2 c (DGbind =¢10.028 kcal mol¢1).

In conclusion, molecular docking studies allowed us to iden-

tify a possible and rational binding mode for synthesized com-
pounds within the ATP binding site of c-Src. Furthermore, it

was demonstrated that the imidazole ring could replace the
thiazole moiety, being able to establish the same crucial con-

tacts with the most important residues belong to the hinge
region.

Figure 5. Superimposition of the a) first (green) and b) second (yellow) dock-
ing poses of compound 3 a onto the X-ray crystal structure of dasatinib (ma-
genta). Hydrogen bonds are shown as yellow dashes.

Figure 6. Compounds 2 a (cyan) and 2 c (orange) docked into the ATP bind-
ing site of c-Src. The X-ray structure of dasatinib (magenta) is shown as ref-
erence. For clarity, only residues involved in the most important interactions
are highlighted. Hydrogen bonds are shown as yellow dashes. Met341 is the
common residue of the hinge with which all three structures form a hydro-
gen bond.

Figure 4. Docking pose of dasatinib (gray structure) in the ATP binding site
of c-Src. The X-ray structure is overlaid for reference (magenta). For clarity,
only a few active site residues are shown (gray). Hydrogen bonds are shown
as yellow dashes.
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Homology modeling

The results of the primary set of compounds tested in vitro
(Table 1) displayed a different activity among Src family mem-

bers tested (Src, Fyn, Yes, and Lyn). Compounds 3 a–c showed
certain selectivity, being twofold more selective for c-Src with

respect to the other three kinases. With the aim of explaining
the differences in terms of enzyme inhibitory activity, all com-

pounds were docked within the ATP binding site of Fyn, Yes,

and Lyn. To obtain comparable results and to avoid differences
in protein conformations derived from adaptation to the co-

crystallized ligands, the X-ray structures of the Src family mem-
bers in complex with dasatinib were retrieved from the PDB. In

particular, the structure of PDB ID 2ZVA[42] was used to assess
the docking protocol on Lyn kinase. On the other hand, no

structures were found for Yes in the PDB, and only one X-ray

crystal structure of Fyn in complex with staurosporine (PDB ID:
2DQ7)[43] was available.

A homology modeling approach[44, 45] (see Experimental Sec-
tion below for details) was then applied by using the crystal

structure of the human c-Src catalytic domain in complex with
dasatinib, and the FASTA sequences of Fyn and Yes as query.

The sequence identity between the kinase domains of Fyn and

Yes versus Src was ~70 %. The homology models were con-
structed by including residues 257–533 as shown in Figure 7.

The derived protein structures were minimized and then used
as the starting point for docking simulations. Compounds 3 a–f
and 2 a–g were all docked together with dasatinib, used as
standard, to assess the protocol. As expected, docking poses

of dasatinib obtained in all the 3D structures reproduced the

experimental binding mode observed in c-Src, showing the
same two points of interaction with Met341 and Thr338 in all

kinases.
For all three kinases, an overall agreement was found be-

tween the docking scores and their enzymatic activities. Fur-
thermore, the contribution to binding was calculated for each

residue belonging to the active site. Eight amino acids were

found to be dissimilar between Fyn kinase and c-Src, both in
energy and in residue type. These differences were not so dis-

criminating for the binding mode. On the other hand, Tyr340
in the c-Src sequence was found to be substituted in Yes and
Lyn, with a Phe at positions 340 and 321, respectively. This mu-
tation had significant consequences in our docking simula-

tions: the OH group of the tyrosine residue on c-Src was able
to contact the solvent-exposed side chain of the ligands, creat-
ing coulombic interactions that are absent in Yes and Lyn due

to the lack of this polar group (Figure 8). This feature could
partially explain the higher potency of 3 b against c-Src rather

than Lyn and Yes.

Molecular dynamics

To assess the stability of the complexes and to gain further in-

sight into the ligand–protein interactions, molecular dynamics
(MD) simulations were carried out by starting from the geome-

try obtained by docking. Four compounds (dasatinib, 2 c, 2 g,
and 3 b) in complex with c-Src were selected. Each simulation

was carried out for a total of 50 ns. Figure 9 shows the time
evolution of the RMSD calculated on all heavy atoms during

the time of simulation with respect to the starting structures.

For each analyzed complex we observed an initial increase due
to equilibration of the system, followed by stabilization of the

RMSD values. The most RMSD-stable regions of all simulations
were regarded as stable and used to extract 200 evenly distrib-
uted snapshots from each trajectory.

Molecular mechanics Poisson–Boltzmann/generalized Born
surface area (MM-GBSA) approaches were then applied to esti-

mate the free energy of binding between protein and ligands.
The computed values are listed in Table 2. A better correlation

Figure 7. Sequence alignment of Fyn, Yes, Lyn, and Src. Residues that are uniquely conserved in the Src family are highlighted in red. The a-helices are repre-
sented with red cylinders, b-strands as cyan arrows, and loops as black lines.

Figure 8. a) Binding mode of compound 3 b docked to Yes (yellow) and c-
Src (cyan). b) Binding free energies (DGbind) of Tyr340 at c-Src and Phe340
and Phe321 at Yes and Lyn, respectively.
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between the computed binding free energies and inhibitory
activities of the selected compounds was observed (Table 2).

Indeed, the most potent compound in the enzyme assay
showed the lower free binding energy value, whereas the inac-

tive compound 2 g displayed the higher one. Residue decom-

positions were also analyzed and are summarized in Table 3.
Compounds 2 c and 3 b showed the same residue profile as

that of dasatinib. Interestingly, Thr338 interacts with both dasa-
tinib and compound 2 c in two different ways. The amidic

linker on dasatinib engages in a hydrogen bond with Thr338
(DGele =¢1.26 kcal mol¢1), whereas compound 2 c establishes
only van der Waals interactions with the same residue (DGvdW =

¢1.28 kcal mol¢1). Crucial interactions with Val283 and Thr338
emerged as a hot spot for the ligand–protein binding stabiliza-
tion of dasatinib and the most active compound in the amino-
imidazole series 2 c.

Cell-based assays

With the aim of getting further
insight into the biological profile
of the synthesized compounds,
the biological effect of 2 a, 2 c,

3 a, 3 b, and 3 c was evaluated
on two human tumor cell lines:

the neuroblastoma cell line SH-
SY5Y, and the leukemia cell line
K562, which have been previous-

ly described as being dependent
on SFKs for their prolifera-

tion.[46, 47] Dasatinib was also
tested as reference compound.

Cell lines were treated with various dilutions of the com-

pounds, and cell viability and proliferation was measured by
counting viable cells after 72 h of incubation (Figure 10). Com-

pound 3 b was not tested at 10 mm, citing solubility problems.
The compounds effected dose-dependent inhibition of cell

proliferation in both cell lines, with the best antiproliferative
profile associated with 3 b, which showed IC50 values of 3.6

and 0.5 mm on SH-SY5Y and on K562 cell lines, respectively.

The antitumor effect of 3 b was also evaluated by cell-cycle
analysis (Figure 11). SH-SY5Y and K562 cells were treated with

increasing concentrations of the compound (0.01–1 mm), and
the percentage of cells in each phase of the cell cycle was

Figure 9. Time evolution of RMSD values (calculated on a-carbon atoms) of all complexes analyzed by MD simula-
tions: dasatinib (black), 3 b (blue), 2 g (green), and 2 c (red).

Table 2. Binding free energies calculated by MM-GBSA for the ligands
under study.

Compd DGbind [kcal mol¢1]

dasatinib ¢51.92
3 b ¢44.37
2 g ¢32.42
2 c ¢42.53

Table 3. Hot spots in ligand–protein interaction identified for all simula-
tions.[a]

Residue Total DGbind [kcal mol¢1]
dasatinib 2 c 2 g 3 b

Leu273 ¢2.45 ¢2.35 ¢2.93 ¢2.22
Val281 ¢1.26 ¢1.87 ¢1.17 ¢1.52
Lys295 – – – ¢1.14
Val323 ¢1.06 ¢1.05 – –
Thr338 ¢2.81 ¢1.36 – –
Tyr340 ¢2.49 ¢3.01 ¢3.22 ¢2.82
Met341 ¢3.36 ¢3.07 ¢3.21 ¢3.26
Gly344 ¢1.33 ¢1.06 ¢1.40 ¢1.38
Leu393 ¢2.10 ¢2.04 ¢1.96 ¢1.68

[a] Only residues with an energy less than ¢1 kcal mol¢1 are reported.

Figure 10. Proliferation analyses of a) SH-SY5Y and b) K562 cells were per-
formed in the presence of 2 a, 2 c, 3 a, 3 b, 3 c, and dasatinib (reference com-
pound) at increasing concentrations. The number of vital cells was measured
after culture for 72 h. Values are the mean�SD of three independent experi-
ments.
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evaluated by cytofluorimetric analysis of DNA content. Com-

pound 3 b caused a significant and dose-dependent accumula-
tion of both cell lines in the G1 phase, starting from 0.1 mm. In

parallel we observed a significant accumulation of apoptotic
cells only for the K562 line at higher concentrations of 3 b.

As expected, cell-based assay data reflect the behavior ob-

served in enzyme-based tests. Dasatinib consistently showed
higher antiproliferative activity than that of our compounds
toward both SH-SY5Y and K562 cell lines. However, the differ-
ence in activity between 3 b and dasatinib at 1 mm on SH-SY5Y

cells is lower than that on with K562 cells at the same concen-
tration. This can be explained by the expression of the Bcr-Abl

TK in these cells which is potently inhibited by dasatinib.

Conclusions

This study is focused on the identification and synthesis of two

series of compounds which are active as c-Src inhibitors and
which bear heterocyclic moieties (the 4-aminoimidazole and 2-

aminothiazole rings), which may interact with the c-Src hinge

region. In vitro evaluation against recombinant c-Src showed
the inhibitory activity of five hits identified in this work, and

highlighted the possibility of using the 4-aminoimidazole ring
as a new hinge binder for Src kinase. In vitro assays performed

on two cancer cell lines confirmed a significant antiproliferative
activity for representative compounds. In addition, the model-

ing studies identify a possible and rational binding mode of
synthesized compounds within the ATP binding site of c-Src.

Hot spots were also identified in our compounds, which could
partially explain the different activities observed on various

SFK members. Furthermore, it was demonstrated that the imi-
dazole core could establish the same crucial contacts as the

thiazole core, with the most important residues belonging to
the hinge region. This suggests that the aminoimidazole scaf-

fold, properly functionalized, is a good replacement for the

aminothiazole scaffold. To conclude, these findings warrant fur-
ther investigation of aminoimidazoles in more advanced stud-

ies to fully understand their potential as effective anticancer
agents.

Experimental Section

Chemistry

Reagents used in the following examples were commercially avail-
able from various suppliers (e.g. , Sigma–Aldrich, Fluorochem,
Apollo Scientific) and were used without further purification. Anhy-
drous solvents over molecular sieves were used where indicated.
Anhydrous reactions were run under a positive pressure of dry N2.
1H NMR spectra were recorded on a Bruker 400 MHz NMR spec-
trometer using [D6]DMSO or CDCl3. Chemical shifts (d) are reported
in ppm using residual solvent as internal standard. Splitting pat-
terns describe apparent multiplicities and are designated as s (sin-
glet), d (doublet), dd (doublet of doublets), ddd (doublet of dou-
blet doublets), t (triplet), q (quartet), m (multiplet), and br s (broad
singlet). IR spectra were recorded on a PerkinElmer Spectrum 100
FT-IR spectrometer. Mass spectra were acquired on an Ion Trap
Thermo LCQ classic spectrometer, operating in positive (ES +) and
negative (ES¢) ionization modes. UPLC was performed on a Waters
Acquity UPLC-SQD instrument using an Acquity UPLC-BEH C18

column (1.7 mm, 50 Õ 2.1 mm) eluting with a gradient of H2O/
HCOOH (0.1 %)!CH3CN/HCOOH (0.1 %) or 10 mm (NH4)HCO3

(pH 9) and CH3CN. Flash silica gel chromatography was performed
on Biotage automatic flash chromatography systems (Isolera or
SP1) using Biotage SNAP HP silica cartridges or Biotage SNAP KP-
NH cartridges. Reversed-phase chromatography was performed on
a Biotage automatic flash chromatography system (Isolera) using
Redisep Gold C18Aq cartridges. Reactions were monitored by thin-
layer chromatography on 0.25 mm E. Merck silica gel plates
(60 F254), visualized with UV light. Melting points (mp) were deter-
mined with a Bìchi B-540 apparatus. The following abbreviations
are used herein: AcOH: acetic acid; CV: column volume; CyHex: cy-
clohexane; DIPEA: N,N-diisopropylethylamine; DMSO: dimethyl
sulfoxide; EtOAc: ethyl acetate; EtOH: ethanol; MeOH: methanol;
NCS: N-chlorosuccinimide; RT: room temperature.

4-Nitro-1-phenyl-1H-imidazole (5 a): A solution of 4-nitro-1H-imi-
dazole (400 mg, 3.54 mmol), C6H5I (722 mg, 3.54 mmol), K2CO3

(978 mg, 7.07 mmol), copper(I) iodide (101 mg, 0.531 mmol), and l-
(¢)-proline (61.1 mg, 0.53 mmol) in dry DMSO (2.5 mL) was heated
at 85 8C overnight. The mixture was diluted with EtOAc (20 mL),
and the solids were filtered out. The filtrate was washed with
brine, dried over Na2SO4 and concentrated under vacuum. The
crude was dissolved in a minimal volume of DMSO and acidified
with AcOH (1 mL). The resulting solution was loaded onto a
RediSep C18Aq (50 g) column primed with H2O + 0.1 % AcOH. The
column was then eluted with 2 CV of H2O + 0.1 % AcOH and then
the eluent was gradually changed to CH3CN + 0.1 % AcOH over

Figure 11. Analysis of the cell-cycle distribution of a) SH-SY5Y and b) K562
cells after treatment with increasing concentrations of 3 b. The cell-cycle
status was investigated by cytofluorimetric analysis of DNA content, and re-
sults are expressed as a percentage of cells in each phase of the cell cycle
with respect to total viable cells. Apoptosis was evaluated by determining
the number of hypodiploid cells, and is expressed as the percentage of
apoptotic cells with respect to total (viable and dead) cells. Results are the
mean�SD of three independent experiments; *p<0.01 with respect to the
value of untreated cells.
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10 CV. The fractions containing the desired product were pooled
and stripped of solvent under vacuum to provide, on drying under
high vacuum, a yellow solid (5 a, 288 mg, 43 %); mp: 95 8C. 1H NMR
(400 MHz, [D6]DMSO): d= 7.51 (d, J = 7.34 Hz, 1 H), 7.55–7.64 (m,
2 H), 7.81 (d, J = 7.83 Hz, 2 H), 8.48 (d, J = 1.47 Hz, 1 H), 9.00 ppm (d,
J = 1.47 Hz, 1 H); IR: ñ= 1375 cm¢1 (NO); MS (ESI +) m/z : 190.1 [M +
H]+ (C9H7N3O2).

General procedure for the preparation of intermediates 5 b–c :
Corresponding alkylating agents (commercially available;
1.1 mmol) were added to a solution of 4-nitro-1H-imidazole (5 g,
44.2 mmol) in CH3CN (50 mL) and K2CO3 (9.17 g, 66.3 mmol). The
resulting mixture was heated at 60 8C overnight. The reaction mix-
ture was then filtered, and the filtrate was concentrated under
vacuum, leaving a yellow solid. The desired product was recovered
from this residue by normal-phase column chromatography on
a Cartridge Biotage HP-SiO2 (100 g) column primed with CH2Cl2

only. The column was then run for 4 CV with CH2Cl2 and then
changed to CH2Cl2/MeOH 9:1 over 5 CV.

1-Benzyl-4-nitro-1H-imidazole (5 b): 1-Benzyl-4-nitro-1H-imidazole
5 b was prepared starting from (bromomethyl)benzene (5.79 mL,
44.60 mmol). Pale-yellow solid (5 g, 55.6 %); mp: 103 8C. 1H NMR
(400 MHz, [D6]DMSO): d= 5.31 (s, 2 H), 7.31–7.46 (m, 5 H), 8.00 (s,
1 H), 8.48 ppm (d, J = 1.47 Hz, 1 H); IR: ñ= 1370 cm¢1 (NO); MS
(ESI +) m/z : 204.1 [M + H]+ (C10H9N3O2).

4-Nitro-1-phenethyl-1H-imidazole (5 c): 4-Nitro-1-phenethyl-1H-
imidazole 5 c was prepared starting from (2-bromoethyl)benzene
(7.27 mL, 53.1 mmol). Yellow solid (7.87 g, 82 %); mp: 99 8C. 1H NMR
(400 MHz, [D6]DMSO): d= 3.12 (t, J = 7.34 Hz, 2 H), 4.34 (t, J =
7.34 Hz, 2 H), 7.16–7.26 (m, 3 H), 7.26–7.34 (m, 2 H), 7.74 (d, J =
0.98 Hz, 1 H), 8.38 ppm (d, J = 1.47 Hz, 1 H); IR: ñ= 1365 cm¢1 (NO);
MS (ESI +) m/z : 218.1 [M + H]+ (C11H11N3O2).

General procedure for the preparation of intermediates 6 a–c :
Intermediates described above (5 a–c) were dissolved in EtOH and
Pd/C was added. The mixture was subjected to hydrogenation at
atmospheric pressure for 5 h at RT. The mixture was filtered to
remove the catalyst, and then an excess of 1.25 m HCl in EtOH was
added. The resulting solution was stirred for 30 min and concen-
trated under reduced pressure to give compounds 6 a–c.

1-Phenyl-1H-imidazol-4-amine hydrochloride salt (6 a): 1-Phenyl-
1H-imidazol-4-amine hydrochloride salt 6 c was prepared starting
from 4-nitro-1-phenyl-1H-imidazole 5 a (288 mg, 1.52 mmol) and
Pd/C (10 wt %, 68 mg, 0.064 mmol) providing a white solid
(232 mg, 78 %); mp: 98 8C. The compound appeared unstable as
a salt as well, and so NMR and MS data were acquired immediately
after synthesis. 1H NMR (400 MHz, [D6]DMSO): d= 7.27 (br s, 1 H),
7.48–7.54 (m, 1 H), 7.57–7.63 (m, 2 H), 7.73 (d, J = 7.83 Hz, 2 H),
8.90 ppm (br s, 1 H), (2H under solvent peak); MS (ESI +) m/z : 160.1
[M + H]+ (C9H10ClN3).

1-Benzyl-1H-imidazol-4-amine hydrochloride salt (6 b): 1-Benzyl-
1H-imidazol-4-amine hydrochloride salt 6 b was prepared from 1-
benzyl-4-nitro-1H-imidazole 5 b (2.82 g, 13.88 mmol) and Pd/C
(5 wt %, 1.24 g, 0.58 mmol), providing a yellow solid (2.56 g, 88 %);
mp: 167 8C (dec.). 1H NMR (400 MHz, [D6]DMSO): d= 5.26 (s, 2 H),
6.62 (d, J = 1.96 Hz, 1 H), 7.32–7.44 (m, 5 H), 8.65 ppm (d, J =
1.47 Hz, 1 H), (2H under solvent peak); MS (ESI +) m/z : 174.1 [M +
H]+ (C10H12ClN3).

1-Phenethyl-1H-imidazol-4-amine hydrochloride salt (6 c): 1-Phe-
nethyl-1H-imidazol-4-amine hydrochloride salt 6 c was prepared
starting from 4-nitro-1-phenethyl-1H-imidazole 5 c (6.26 g,
28.80 mmol) and Pd/C (5 wt %, 2.58 g, 1.21 mmol), providing

a yellow solid (6 g, 93 %); mp: 148 8C (dec.). 1H NMR (400 MHz,
[D6]DMSO): d= 3.08 (t, J = 7.34 Hz, 2 H), 4.28 (t, J = 7.09 Hz, 2 H),
6.66 (d, J = 1.96 Hz, 1 H), 7.19–7.34 (m, 5 H), 8.34 ppm (d, J =
1.47 Hz, 1 H), (2H under solvent peak); MS (ESI +) m/z : 188.1 [M +
H]+ (C11H14ClN3).

N-(1-Benzyl-1H-imidazol-4-yl)-6-chloro-2-methylpyrimidin-4-
amine (7 a): 1-Benzyl-1H-imidazol-4-amine hydrochloride salt 6 b
(150 mg, 0.71 mmol) was dissolved in dry DMSO (2.5 mL). 4,6-Di-
chloro-2-methylpyrimidine (128 mg, 0.79 mmol) and DIPEA
(0.498 mL, 2.86 mmol) were added, and the mixture was heated at
50 8C for 5 h. Once the reaction was determined to be complete,
DIPEA was evaporated, AcOH (0.5 mL) was added, and the result-
ing solution was loaded onto a RediSep C18Aq column (50 g)
column primed with H2O + 0.1 % AcOH. The column was then
eluted with 2 CV of H2O + 0.1 % AcOH and then the eluent was
gradually changed to CH3CN + 0.1 % AcOH over 10 CV. The frac-
tions were then combined and evaporated to obtain an orange
solid. This solid was then loaded onto a Cartridge Biotage KP-SiO2
column (25 g) primed with CyHex/EtOAc 1:1. The column was then
run for 2 CV with CyHex/EtOAc 1:1 and then changed to EtOAc
only over 6 CV. The fractions containing the desired product were
pooled and stripped of solvent under vacuum to provide, upon
drying under high vacuum, a pale-yellow solid. N-(1-benzyl-1H-imi-
dazol-4-yl)-6-chloro-2-methylpyrimidin-4-amine (7 a) (64 mg, 30 %);
mp: 170–172 8C; 1H NMR (400 MHz, [D6]DMSO): d= 2.40 (s, 3 H),
5.20 (s, 2 H), 6.57–6.86 (m, 1 H), 7.26–7.42 (m, 6 H), 7.64 (s, 1 H),
9.92–10.21 ppm (m, 1 H); IR: ñ= 3260 cm¢1 (NH); MS (ESI +) m/z :
300.1 [M + H]+ (C15H14ClN5).

6-Chloro-2-methyl-N-(1-phenethyl-1H-imidazol-4-yl)pyrimidin-4-
amine (7 b): To 1-phenethyl-1H-imidazol-4-amine hydrochloride salt
6 c (150 mg, 0.67 mmol) in dry DMSO (2.5 mL) 4,6-dichloro-2-meth-
ylpyrimidine (120 mg, 0.74 mmol) and DIPEA (0.467 mL, 2.68 mmol)
were added. The reaction was heated at 50 8C for 3 h. Once the re-
action was determined to be complete, DIPEA was evaporated,
AcOH (0.5 mL) was added and the resulting solution was loaded
onto a RediSep C18Aq column (50 g) column primed with H2O +
0.1 % AcOH. The column was then eluted with 2 CV of H2O + 0.1 %
AcOH and then the eluent was gradually changed to CH3CN +
0.1 % AcOH over 10 CV. The fractions were then combined and
evaporated to obtain an orange solid. This solid was then loaded
onto a Cartridge Biotage KP-SiO2 column (25 g) primed with
CyHex/EtOAc 1:1. The column was then run for 2 CV with CyHex/
EtOAc 1:1 and then changed to EtOAc only over 6 CV. On pooling
and removal of solvent under vacuum, a pale-yellow solid was re-
covered. 6-Chloro-2-methyl-N-(1-phenethyl-1H-imidazol-4-yl)pyrimi-
din-4-amine 7 b (57 mg, 27 %); mp: 161–163 8C; 1H NMR (400 MHz,
[D6]DMSO): d= 2.43 (s, 3 H), 3.05 (t, J = 7.09 Hz, 2 H), 4.22 (t, J =
7.34 Hz, 2 H), 6.56–6.84 (m, 1 H), 7.19–7.33 (m, 6 H), 7.35–7.39 (m,
1 H), 9.87–10.10 ppm (m, 1 H); IR: ñ= 3262 cm¢1 (NH); MS (ESI +)
m/z : 314.1 [M + H]+ (C16H16ClN5).

2-(4-(2-Methyl-6-((1-phenyl-1H-imidazol-4-yl)amino)pyrimidin-4-
yl)piperazin-1-yl)ethanol (2 a): To 4,5-Bis(diphenylphosphino)-9,9-
dimethylxanthene (29.6 mg, 0.051 mmol), tris(dibenzylideneaceto-
ne)dipalladium (14.04 mg, 0.015 mmol), 1-phenyl-1H-imidazol-4-
amine hydrochloride salt 6 a (100 mg, 0.51 mmol) and 2-(4-(6-
chloro-2-methylpyrimidin-4-yl)piperazin-1-yl)ethanol 11 (144 mg,
0.56 mmol) was added dry dioxane (5 mL). The mixture was evacu-
ated and backfilled with N2 (this sequence was carried out a total
of three times). The reaction was heated at 95 8C overnight and at
110 8C for 2 h. The reaction was cooled to RT and then stripped of
dioxane. EtOAc (20 mL) was then added, and the resulting mixture
was filtered through a pad of Celite. The filtrate was concentrated
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to give a brown residue. This residue, dissolved in a minimal
amount of DMSO and AcOH, was then loaded onto a RediSep
C18Aq (30 g) column primed with H2O + 0.1 % AcOH. The column
was then eluted with 2 CV of H2O + 0.1 % AcOH and then the
eluent was gradually changed to CH3CN + 0.1 % AcOH over 10 CV.
The fractions containing the desired product were pooled and
stripped of solvent under vacuum to provide a yellow solid (2 a,
55 mg, 28 %); mp: 126–128 8C; 1H NMR (400 MHz, [D6]DMSO): d=
2.33 (s, 3 H), 2.39–2.49 (m, 5 H), 3.44 (m, J = 4.40 Hz, 4 H), 3.53 (br s,
2 H), 4.36–4.47 (m, 1 H), 6.00 (s, 1 H), 7.31–7.39 (m, 1 H), 7.53 (t, J =
7.83 Hz, 2 H), 7.62 (d, J = 7.83 Hz, 2 H), 7.68 (s, 1 H) 8.08 (d, J =
1.47 Hz, 1 H), 9.17–9.24 (m, 1 H); IR: ñ= 3580–2827 cm¢1 (NH + OH);
MS (ESI +) m/z : 380.4 [M + H]+ (C20H25N7O).

2-(4-(6-((1-Benzyl-1H-imidazol-4-yl)amino)-2-methylpyrimidin-4-
yl)piperazin-1-yl)ethanol (2 b): To N-(1-benzyl-1H-imidazol-4-yl)-6-
chloro-2-methylpyrimidin-4-amine 7 a (60 mg, 0.20 mmol) in dry
DMSO (1 mL), 2-(piperazin-1-yl)ethanol (0.037 mL, 0.30 mmol) and
DIPEA (0.070 mL, 0.40 mmol) were added. The resulting mixture
was heated at 100 8C overnight. DIPEA was then evaporated, AcOH
(0.5 mL) was added, and the resulting solution was loaded onto
a RediSep C18Aq (30 g) column primed with H2O + 0.1 % AcOH. The
column was then eluted with 2 CV of H2O + 0.1 % AcOH and then
the eluent was gradually changed to CH3CN + 0.1 % AcOH over
10 CV. The fractions containing the desired product were pooled
and stripped of solvent under vacuum to give a brown solid. This
solid was then loaded onto a Biotage KP-NH column (11 g) primed
with CH2Cl2 only. The column was then run for 2 CV with CH2Cl2

only and then changed to CH2Cl2/MeOH 8:2 over 3 CV. The frac-
tions containing the desired product were pooled and stripped of
solvent under vacuum to provide, on drying under high vacuum,
a yellow solid. 2-(4-(6-((1-Benzyl-1H-imidazol-4-yl)amino)-2-methyl-
pyrimidin-4-yl)piperazin-1-yl)ethanol 2 b (31 mg, 40 %); mp: 173–
176 8C; 1H NMR (400 MHz, [D6]DMSO): d= 2.24 (s, 3 H), 2.38–2.48
(m, 6 H), 3.36–3.45 (m, 4 H), 3.49–3.56 (m, 2 H), 4.41 (t, J = 5.38 Hz,
1 H), 5.15 (s, 2 H), 5.96 (s, 1 H), 7.14 (s, 1 H), 7.26–7.40 (m, 5 H), 7.55
(d, J = 1.47 Hz, 1 H), 8.97 ppm (s, 1 H); IR: ñ= 3440–2827 cm¢1

(NH + OH); MS (ESI +) m/z : 394.4 [M + H]+ (C21H27N7O).

2-(4-(2-Methyl-6-((1-phenethyl-1H-imidazol-4-yl)amino)pyrimi-
din-4-yl)piperazin-1-yl)ethanol (2 c): 6-Chloro-2-methyl-N-(1-phe-
nethyl-1H-imidazol-4-yl)pyrimidin-4-amine 7 b (50 mg, 0.16 mmol),
2-(piperazin-1-yl)ethanol (0.029 mL, 0.30 mmol), and DIPEA
(0.070 mL 0.40 mmol) were reacted in dry DMSO (1 mL) using the
same procedure as described for the synthesis of 2 b, providing 2 c
as a brown solid (16 mg, 25 %); mp: 167–169 8C; 1H NMR (400 MHz,
[D6]DMSO): d= 2.27 (s, 3 H), 2.39–2.48 (m, 6 H), 3.04 (t, J = 7.34 Hz,
2 H), 3.37–3.45 (m, 4 H), 3.49–3.57 (m, 2 H), 4.17 (t, J = 7.09 Hz, 2 H),
4.41 (t, J = 5.38 Hz, 1 H), 5.93 (s, 1 H), 7.14 (s, 1 H), 7.19–7.32 (m, 6 H),
8.89 ppm (s, 1 H); IR: ñ= 3363–2838 cm¢1 (NH + OH); MS (ESI +)
m/z : 408.4 [M + H]+ (C22H29N7O).

2-((2-Methyl-6-((1-phenethyl-1H-imidazol-4-yl)amino)pyrimidin-
4-yl)amino)ethanol (2 d): To 6-chloro-2-methyl-N-(1-phenethyl-1H-
imidazol-4-yl)pyrimidin-4-amine 7 b (80 mg, 0.255 mmol) was
added ethanolamine (0.020 mL, 0.33 mmol) followed by diethylene
glycol monomethyl ether (2 mL). The mixture was heated at 130 8C
overnight and then cooled to RT. H2O (0.25 mL) and AcOH
(0.25 mL) were added. The solution was then loaded onto a
RediSep C18Aq column (50 g) primed with H2O + 0.1 % AcOH. The
column was then eluted with 2 CV of H2O + 0.1 % AcOH and then
the eluent was gradually changed to CH3CN + 0.1 % AcOH over
10 CV. The fractions containing the desired product were pooled
and stripped of solvent under vacuum to give, on drying under
high vacuum, a yellow solid 2 d (49 mg, 57 %); mp: 163–165 8C;

1H NMR (400 MHz, [D6]DMSO): d= 2.23 (s, 3 H), 3.03 (t, J = 7.34 Hz,
2 H), 3.16–3.26 (m, 2 H), 3.48 (t, J = 5.62 Hz, 2 H), 4.16 (t, J = 7.34 Hz,
2 H), 4.75 (br s, 1 H), 5.73 (s, 1 H), 6.47 (br s, 1 H), 7.09 (s, 1 H), 7.19–
7.32 (m, 6 H), 8.73 ppm (br s, 1 H); IR: ñ= 3360–2838 cm¢1 (NH +
OH); MS (ESI +) m/z : 339.3 [M + H]+ (C18H22N6O).

N-4-(2-Methoxyethyl)-2-methyl-N6-(1-phenethyl-1H-imidazol-4-
yl)pyrimidine-4,6-diamine (2 e): 6-Chloro-2-methyl-N-(1-phenethyl-
1H-imidazol-4-yl)pyrimidin-4-amine 7 b (80 mg, 0.25 mmol) and 2-
methoxyethanamine (0.029 mL, 0.33 mmol) were reacted in diethy-
lene glycol monomethyl ether (2 mL) using the same procedure as
described for the synthesis of 2 d, providing 2 e as a yellow solid
(46 mg, 51 %); mp: 129–131 8C; 1H NMR (400 MHz, [D6]DMSO): d=
2.23 (s, 3 H), 3.03 (s, 2 H), 3.26 (s, 3 H), 3.39–3.46 (m, 2 H), 4.16 (t, J =
7.34 Hz, 2 H), 5.74 (s, 1 H), 6.54 (br s, 1 H), 7.08 (s, 1 H), 7.19–7.32 (m,
6 H), 8.71 ppm (br s, 1 H), (2H under solvent peak); IR: ñ=
3231 cm¢1 (NH); MS (ESI +) m/z : 353.3 [M + H]+ (C19H24N6O).

2-((2-Methyl-6-((1-phenethyl-1H-imidazol-4-yl)amino)pyrimidin-
4-yl)oxy)ethanol (2 f): To 6-Chloro-2-methyl-N-(1-phenethyl-1H-imi-
dazol-4-yl)pyrimidin-4-amine 7 b (80 mg, 0.255 mmol) was added
ethylene glycol (2 mL, 0.255 mmol) followed by NaH 60 % disper-
sion in mineral oil (30.6 mg, 1.275 mmol). Once gas evolution had
stopped, the mixture was heated at 130 8C for 2 h. The mixture
was then cooled to RT. H2O (0.25 mL) and AcOH (0.25 mL) were
added. The solution was then loaded onto RediSep C18Aq column
(50 g) primed with H2O + 0.1 % AcOH. The column was then eluted
with 2 CV of H2O + 0.1 % AcOH and then the eluent was gradually
changed to CH3CN + 0.1 % AcOH over 10 CV. The fractions contain-
ing the desired product were pooled and stripped of solvent
under vacuum to give, on drying under high vacuum, 2-((2-methyl-
6-((1-phenethyl-1H-imidazol-4-yl)amino)pyrimidin-4-yl)oxy)ethanol
2 f as a white solid (65 mg, 75 %); mp: 154–157 8C; 1H NMR
(400 MHz, [D6]DMSO): d= 2.36 (s, 3 H), 3.04 (t, J = 7.34 Hz, 2 H), 3.66
(q, J = 5.38 Hz, 2 H), 4.16–4.24 (m, 4 H), 4.80 (t, J = 5.62 Hz, 1 H), 6.04
(br s, 1 H), 7.12–7.35 (m, 7 H), 9.22–9.35 ppm (m, 1 H); IR: ñ= 3370–
2860 cm¢1 (NH + OH); MS (ESI +) m/z : 340.6 [M + H]+ (C18H21N5O2).

6-(2-Ethoxyethoxy)-2-methyl-N-(1-phenethyl-1H-imidazol-4-yl)-
pyrimidin-4-amine (2 g): 6-Chloro-2-methyl-N-(1-phenethyl-1H-imi-
dazol-4-yl)pyrimidin-4-amine (80 mg, 0.255 mmol) and NaH 60 %
dispersion in mineral oil (30.6 mg, 1.27 mmol) were reacted in eth-
ylene glycol monoethyl ether (2 mL, 0.255 mmol) using the same
procedure as described for the synthesis of 2 f, providing 2 g as
a brown solid (60 mg, 60 %); mp: 118–121 8C; 1H NMR (400 MHz,
[D6]DMSO): d= 1.12 (t, J = 6.85 Hz, 3 H), 2.36 (s, 3 H), 3.04 (t, J =
7.09 Hz, 2 H), 3.48 (d, J = 6.85 Hz, 2 H), 3.61–3.67 (m, 2 H), 4.19 (t, J =
7.34 Hz, 2 H), 4.28–433 (m, 2 H), 6.02 (br s, 1 H), 7.12–7.33 (m, 7 H),
9.22–9.37 ppm (m, 1 H); IR: ñ= 3283 cm¢1 (NH); MS (ESI +) m/z :
368.3 [M + H]+ (C20H25N5O2).

2-Chloro-3-phenylpropanal (9): l-(¢)-proline (8.58 mg,
0.075 mmol) was added to a stirred solution of 3-phenylpropanal
(0.099 mL, 0.745 mmol) in dry CH2Cl2 (2 mL). The solution was
cooled to 0 8C in an ice bath and then N-chlorosuccinimide
(129 mg, 0.969 mmol) was added. The ice bath was removed and
the mixture allowed to warm to RT overnight. CH2Cl2 was then
evaporated to give 2-chloro-3-phenylpropanal 9, which was used
directly in the next step without further purification. 1H NMR
(400 MHz, CDCl3): d= 3.10 (dd, J = 14.43, 8.07 Hz, 1 H), 3.40 (dd, J =
14.67, 5.87 Hz, 1 H), 4.41 (ddd, J = 8.07, 5.87, 2.20 Hz, 1 H), 7.22–7.39
(m, 5 H), 9.56 ppm (d, J = 1.96 Hz, 1 H).

5-Benzylthiazol-2-amine (10): 2-Chloro-3-phenylpropanal 9
(50 mg, 0.296 mol) was dissolved in EtOH (2 mL). Thiourea (113 mg,
1.491 mol) was added, and the mixture was heated at reflux for
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5 h. The solvent was evaporated to dryness, and the residue was
dissolved in CH2Cl2 (4 mL) and then washed with NaOH (10 % aq,
3 mL) and H2O (1.5 mL). The organic layer was extracted with HCl
(5 % aq, 3 Õ 6 mL). The combined aqueous layers were brought to
pH 10 with a 10 % aqueous solution of NaOH (9 mL) and then ex-
tracted with CH2Cl2 (3 Õ 15 mL). The organic solution was dried
with Na2SO4 and evaporated to give an orange oil. The oil was
loaded onto a Cartridge Biotage KP-NH column (55 g) primed with
CyHex/EtOAc 8:2. The column was then run for 3 CV with CyHex/
EtOAc 8:2 and then changed to CyHex/EtOAc 1:1 over 5 CV. The
fractions containing the desired product were pooled and stripped
of solvent under vacuum to obtain 5-benzylthiazol-2-amine 10 as
a yellow oil (23 mg, 16 %). MS (ESI +) m/z : 190.9 [M + H]+

(C10H10N2S).

2-(4-(6-Chloro-2-methylpyrimidin-4-yl)piperazin-1-yl)ethanol
(11): 4,6-Dichloro-2-methylpyrimidine (5 g, 30.7 mmol) and 2-(pi-
perazin-1-yl)ethanol (7.99 g, 61.30 mmol) were mixed in CH2Cl2

(40 mL) and stirred at 30 8C overnight. After vacuum filtration, the
filtrate was vacuum dried. n-Hexane (20 mL) was then added. The
suspension so obtained was filtered, and the solid was dried at
45 8C under vacuum to give 2-(4-(6-chloro-2-methylpyrimidin-4-yl)-
piperazin-1-yl)ethanol 11 as a white solid (7.91 g, 100 %); mp: 70–
72 8C; 1H NMR (400 MHz, CDCl3): d= 2.50 (s, 3 H), 2.60–2.68 (m, 6 H),
3.72 (t, J = 5.38 Hz, 6 H), 6.35 ppm (s, 1 H); IR: ñ= 3589–2827 cm¢1

(OH); MS (ESI +) m/z : 257.1 [M + H]+ (C11H17ClN4O).

2-(4-(6-((5-Benzylthiazol-2-yl)amino)-2-methylpyrimidin-4-yl)pi-
perazin-1-yl)ethanol (3 a): To 4,5-Bis(diphenylphosphino)-9,9-dime-
thylxanthene (6.99 mg, 0.012 mmol), tris(dibenzylideneacetone)di-
palladium(0) (3.32 mg, 3.63 mmol), 5-benzylthiazol-2-amine (23 mg,
0.121 mmol) and 2-(4-(6-chloro-2-methylpyrimidin-4-yl)piperazin-1-
yl)ethanol (34.1 mg, 0.133 mmol), dry dioxane (3 mL) was added.
The reaction was heated at 100 8C for 4 h. The reaction was cooled
to RT, volatiles were evaporated off, and the crude was treated
with CH2Cl2 (15 mL) and H2O (20 mL). The organic phase was dried
with Na2SO4, filtered and evaporated under reduced pressure. The
crude so obtained was dissolved in DMSO (1 mL) and acidified
with AcOH (0.4 mL). The resulting solution was loaded onto a Re-
diSep C18Aq column (30 g) primed with H2O + 0.1 % AcOH. The
column was then eluted with 2 CV of H2O + 0.1 % AcOH, and then
the eluent was gradually changed to CH3CN + 0.1 % AcOH over
10 CV. The fractions containing the desired product were pooled
and stripped of solvent under vacuum to obtain, on drying under
high vacuum, a brown solid 3 a (20 mg, 40 %); mp: 208–210 8C;
1H NMR (400 MHz, [D6]DMSO): d= 2.31 (s, 3 H), 2.39–2.48 (m, 6 H),
3.47 (br s, 4 H), 3.53 (q, J = 5.71 Hz, 2 H), 4.05 (s, 2 H), 4.41 (br s, 1 H),
6.03 (s, 1 H), 7.11 (s, 1 H), 7.23–7.35 (m, 5 H), 10.84–10.92 ppm (m,
1 H); IR: ñ= 3603–2827 cm¢1 (NH + OH); MS (ESI +) m/z : 411 [M +
H]+ (C21H26N6OS).

N-(6-Chloro-2-methylpyrimidin-4-yl)-5-phenylthiazol-2-amine
(14): To 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene (98 mg,
0.170 mmol) and tris(dibenzylideneacetone)dipalladium(0)
(46.8 mg, 0.051 mmol), 5-phenylthiazol-2-amine (300 mg,
1.702 mmol) and 4,6-dichloro-2-methylpyrimidine (277 mg,
1.702 mmol), dry dioxane (8 mL) was added. The mixture was
heated at 95 8C overnight. The reaction was cooled to RT, volatiles
were evaporated off, and the crude was treated with CH2Cl2

(10 mL) and filtered through a pad of Celite. The filtrate was
evaporated under reduced pressure and then loaded onto a Biot-
age HP-SiO2 (100 g) column primed with CyHex/EtOAc 8:2. The
column was then run for 2 CV with CyHex/EtOAc 8:2 and then
changed to EtOAc over 10 CV. The fractions containing the desired
product were pooled and stripped of solvent to give, on drying

under vacuum, N-(6-chloro-2-methylpyrimidin-4-yl)-5-phenylthiazol-
2-amine 14 as a yellow solid (390 mg, 76 %). 1H NMR (400 MHz,
[D6]DMSO): d= 2.39 (s, 3 H), 6.90 (s, 1 H), 7.35–7.41 (m, 1 H), 7.45 (t,
J = 7.58 Hz, 2 H), 7.88 (d, J = 1.47 Hz, 2 H), 7.64 (s, 1 H), 9.47 ppm
(br s, 1 H); MS (ESI +) m/z : 303.1 [M + H]+ (C14H11ClN4S).

2-(4-(2-Methyl-6-((5-phenylthiazol-2-yl)amino)pyrimidin-4-yl)pi-
perazin-1-yl)ethanol (3 b): To a solution of N-(6-chloro-2-methyl-
pyrimidin-4-yl)-5-phenylthiazol-2-amine 14 (60 mg, 0.198 mmol) in
dry DMSO (1.5 mL), 2-(piperazin-1-yl)ethanol (38.7 mg, 0.297 mmol)
followed by DIPEA (0.104 mL, 0.594 mmol) were added. The result-
ing mixture was heated at 80 8C for 18 h. The reaction was cooled
to RT, and then the DIPEA was removed under vacuum. To the re-
maining solution AcOH (0.5 mL) was added and then it was loaded
onto RediSep C18Aq column (30 g) primed with H2O + 0.1 % AcOH.
The column was then eluted with 2 CV of H2O + 0.1 % AcOH and
then the eluent was gradually changed to CH3CN + 0.1 % AcOH
over 10 CV. The fractions containing the desired product were
pooled and stripped of solvent under vacuum to obtain, on drying
under high vacuum, a white solid. 2-(4-(2-Methyl-6-((5-phenylthia-
zol-2-yl)amino)pyrimidin-4-yl)piperazin-1-yl)ethanol (3 b ; 60 mg,
76 %); mp: 258–260 8C; 1H NMR (400 MHz, [D6]DMSO): d= 2.40–2.49
(m, 8 H), 3.46–3.58 (m, 6 H), 4.43 (t, J = 5.38 Hz, 1 H), 6.06 (s, 1 H),
7.27 (s, 1 H) 7.40 (t, J = 7.58 Hz, 2 H), 7.59 (dd, J = 8.07, 1.22 Hz, 2 H),
7.76 (s, 1 H), 11.07–11.21 ppm (m, 1 H), (1H under the solvent peak);
IR: ñ= 3605–2800 cm¢1 (NH + OH); MS (ESI +) m/z : 397.3 [M + H]+

(C20H24N6OS).

2-((2-Methyl-6-((5-phenylthiazol-2-yl)amino)pyrimidin-4-yl)ami-
no)ethanol (3 c): To N-(6-chloro-2-methylpyrimidin-4-yl)-5-phenyl-
thiazol-2-amine 14 (80 mg, 0.264 mmol), ethanolamine (96 mL,
1.585 mmol) was added. Then diethylene glycol monomethyl ether
(2 mL) was added. The reaction was heated at 100 8C overnight.
The mixture was cooled to RT and then H2O (0.30 mL) and AcOH
(0.30 mL) were added. The solution was then loaded onto a RediS-
ep C18Aq column (30 g) primed with H2O + 0.1 % AcOH. The
column was then eluted with 2 CV of H2O + 0.1 % AcOH and then
the eluent was gradually changed to CH3CN + 0.1 % AcOH over
10 CV. The fractions containing the desired product were pooled
and stripped of solvent under vacuum to provide, on drying under
high vacuum, 2-((2-methyl-6-((5-phenylthiazol-2-yl)amino)pyrimi-
din-4-yl)amino)ethanol 3 c as a white solid (13 mg, 15.03 %); mp:
251–253 8C; 1H NMR (400 MHz, [D6]DMSO): d= 2.38 (s, 3 H), 3.51 (q,
J = 5.87 Hz, 2 H), 4.72 (t, J = 5.38 Hz, 1 H), 5.90 (br s, 1 H), 6.97–7.09
(m, 1 H), 7.26 (s, 1 H), 7.40 (t, J = 7.83 Hz, 2 H), 7.58 (d, J = 7.83 Hz,
2 H), 7.74 (s, 1 H), 11.01–11.11 ppm (m, 1 H), (2H under the solvent
peak); IR: ñ= 3605–2700 cm¢1 (NH + OH); MS (ESI +) m/z : 327.9
[M + H]+ (C16H17N5OS).

N-4-(2-Methoxyethyl)-2-methyl-N6-(5-phenylthiazol-2-yl)pyrimi-
dine-4,6-diamine (3 d): N-(6-chloro-2-methylpyrimidin-4-yl)-5-phe-
nylthiazol-2-amine 14 (80 mg, 0.264 mmol) and 2-methoxyethana-
mine (138 mL, 1.585 mmol) were reacted followed the same proce-
dure of 3 c to provide N-4-(2-methoxyethyl)-2-methyl-N6-(5-phenyl-
thiazol-2-yl)pyrimidine-4,6-diamine 3 d (22 mg, 24.39 %) as a yellow
solid; mp: 225–227 8C; 1H NMR (400 MHz, [D6]DMSO): d= 2.39 (s,
3 H), 3.28 (s, 3 H), 3.36–3.4 (m, 4 H), 5.91 (s, 1 H), 7.12 (br s, 1 H),
7.23–7.29 (m, 1 H), 7.40 (t, J = 7.83 Hz, 2 H), 7.58 (d, J = 7.34 Hz, 2 H),
7.74 (s, 1 H), 11.05 ppm (s, 1 H); IR: ñ= 3234 cm¢1 (NH); MS (ESI +)
m/z : 342.2 [M + H]+ (C17H19N5OS).

2-((2-Methyl-6-((5-phenylthiazol-2-yl)amino)pyrimidin-4-yl)oxy)-
ethanol (3 e): To N-(6-chloro-2-methylpyrimidin-4-yl)-5-phenyl-
thiazol-2-amine 14 (94 mg, 0.310 mmol) ethylene glycol (2 mL,
0.310 mmol) was added. Then a NaH 60 % dispersion in mineral oil

ChemMedChem 2015, 10, 2027 – 2041 www.chemmedchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2038

Full Papers

http://www.chemmedchem.org


(37.3 mg, 1.552 mmol) was added. Once gas evolution had
stopped, the mixture was heated at 130 8C overnight. The mixture
was cooled to RT and then H2O (0.30 mL) and AcOH (0.30 mL) were
added. This mixture was then loaded onto RediSep C18Aq column
(50 g) primed with H2O + 0.1 % AcOH. The column was then eluted
with 2 CV of H2O + 0.1 % AcOH and then the eluent was gradually
changed to CH3CN + 0.1 % AcOH over 10 CV. The fractions contain-
ing the desired product were pooled and stripped of solvent
under vacuum to obtain, on drying under high vacuum, 2-((2-
methyl-6-((5-phenylthiazol-2-yl)amino)pyrimidin-4-yl)oxy)ethanol
3 e (15 mg, 14.71 %) as a white solid; mp: 239–241 8C; 1H NMR
(400 MHz, [D6]DMSO): d= 2.53 (s, 3 H), 3.70 (t, J = 5.14 Hz, 2 H), 4.30
(t, J = 5.14 Hz, 2 H), 4.85 (br s, 1 H), 6.25 (s, 1 H), 7.26–7.32 (m, 1 H),
7.42 (t, J = 7.58 Hz, 2 H), 7.61 (d, J = 7.34 Hz, 2 H), 7.81 (s, 1 H),
11.48 ppm (s, 1 H); IR: ñ= 3600–2780 cm¢1 (NH + OH); MS (ESI +)
m/z : 329.2 [M + H]+ (C16H16N4O2S).

N-(6-(2-Ethoxyethoxy)-2-methylpyrimidin-4-yl)-5-phenylthiazol-
2-amine (3 f): N-(6-chloro-2-methylpyrimidin-4-yl)-5-phenylthiazol-
2-amine 14 (94 mg, 0.310 mmol), ethylene glycol monoethyl ether
(2 mL, 0.310 mmol) and NaH 60 % dispersion in mineral oil
(37.3 mg, 1.552 mmol) were reacted following the same procedure
of 3 e to provide N-(6-(2-ethoxyethoxy)-2-methylpyrimidin-4-yl)-5-
phenylthiazol-2-amine 3 f (13 mg, 11.75 %) as a white solid; mp:
202-203.5 8C; 1H NMR (400 MHz, [D6]DMSO): d= 1.13 (t, J = 7.09 Hz,
3 H), 2.53 (s, 3 H), 3.46–3.53 (m, 2 H), 3.69 (d, J = 4.40 Hz, 2 H), 4.38–
4.42 (m, 2 H), 6.24 (s, 1 H), 7.29 (s, 1 H), 7.39–7.44 (m, 2 H), 7.61 (d,
J = 7.34 Hz, 2 H), 7.81 (s, 1 H), 11.49 ppm (s, 1 H); IR: ñ= 3274 cm¢1

(NH); MS (ESI +) m/z : 357.3 [M + H]+ (C18H20N4O2S).

Enzyme assays

Assays to determine the kinase inhibitory activity of test com-
pounds were performed using an automatic liquid-handling device
(Microlab STAR Hamilton) and Z’-LYTE Kinase Assay Platform, a fluo-
rescence resonance energy transfer (FRET)-based assay platform
compatible with high-throughput screening (HTS) applications. The
assay has a fluorescence-based, coupled-enzyme format and uses
the differential sensitivities of phosphorylated and non-phosphory-
lated peptides toward proteolytic cleavage. The assay procedure
was carried out according to the supplier’s indications. Test com-
pounds were evaluated in a primary screen against active human
recombinant Src (62.3 kDa), followed by an off-target profiling
assay toward a selected panel of Src family kinases (Fyn, Lyn A and
Yes 1, all human recombinant full-length proteins). The final
enzyme concentrations were 4, 9, 0.9, and 3 nm for Src, Fyn, Lyn 6A
and Yes 1, respectively. The desired enzyme was incubated in
a 384-well low-volume microplate with a synthetic peptide sub-
strate, ATP, and various final inhibitor concentrations, ranging from
10¢10 m to 10¢5 m (8–10 data points in duplicate for each curve).
Samples representing 0 % inhibition (or total enzymatic activity)
were run in the presence of compound diluent (1 % DMSO, final) in
reaction buffer (50 mm HEPES, 10 mm MgCl2, 1 mm EGTA, 0.01 %
Brij-35, pH 7.5). Near-KM ATP concentrations for each kinase and an
optimal enzyme concentration that phosphorylates 20–40 % of the
Z’-LYTE Tyr 2 peptide in a 1 h incubation were selected. All reagents
were diluted in reaction buffer, and the kinase reaction was carried
out in a total volume of 10 mL for 60 min at 25 8C. No (0 %) phos-
phorylation (i.e. , no ATP) and full (100 %) phosphorylation (i.e. , syn-
thetically phosphorylated peptide supplied) assay controls, includ-
ed in each plate, allowed the calculation of the percent phosphory-
lation achieved in a given specific reaction well. The 0 % inhibition
and 0 % phosphorylation (i.e. , 100 % inhibition) controls define the
dynamic range in the screen. At the end of kinase reaction, a secon-

dary reaction (development reaction) was started by adding 5 mL
of development reagent, containing a site-specific protease that
recognizes and cleaves non-phosphorylated peptides, and was in-
terrupted after 60 min with stop reagent (5 mL per sample). Mea-
surement of coumarin (lex 400 nm, lem 460 nm) and fluorescein
(lex 400 nm, lem 535 nm) signals was performed with a fluorescence
plate reader (Envision, PerkinElmer). Final results are expressed as
percent inhibition, and IC50 values were calculated by nonlinear
curve fitting using GraphPad Prism software (version 6 for Win-
dows). The inter-experimental variability of IC50 values is within ac-
cepted limits of �0.5 log units.

Molecular modeling

Protein preparation : Crystal structures of c-Src and Lyn in complex
with dasatinib (PDB IDs: 3G5D[40] and 2ZVA,[42] respectively), Fyn in
complex with staurosporine (PDB ID: 2DQ7),[43] and c-Src in com-
plex with AP23464 (PDB ID: 2BDJ2BDJ) and CGP77675 (PDB ID:
1YOL) were retrieved from the RCSB Protein Data Bank. After re-
moval of bound ligands, the proteins were prepared by using the
Protein Preparation Wizard[40] workflow (Schrçdinger). In particular,
all water molecules were deleted, hydrogen atoms were added,
and partial charges were assigned. In addition, the ionization and
tautomeric states of His, Asp, Glu, Arg, and Lys were adjusted to
match pH 7.4. Next, optimization of the hydrogen bonding net-
work was obtained by reorienting hydroxy and thiol groups, amide
groups of Asn and Gln, and the His imidazole ring. Finally, the
system was refined by running a restrained minimization
(OPLS2005 force field) which was stopped when the RMSD of
heavy atoms reached 0.30 æ, the default specified limit.

Ligand preparation : All compounds were drawn and minimized
using Maestro 9.2[41] and MacroModel[48] (Schrçdinger), respectively.
Furthermore, LigPrep[49] was used to predict ionization and tauto-
meric states for the ligands using pH 7�0.5.

Homology modeling : The FASTA sequences of Fyn and Yes were
used in turn as queries, the coordinates of c-Src crystal structure
bound by dasatinib and the missing residues were built by using
the program Prime.[40] For each structure, the serial loop sampling
approach was applied by choosing “Extended” as level of accuracy
(recommended for loop length between 6 and 11 residues), and
the lowest-energy conformation was saved for the next analysis.
The maximum number of structures to return was set to 10. An
energy cutoff of 10 kcal mol¢1 was applied. Loop conformations
were clustered, and representatives of each cluster were selected.
The best-scoring loop structure was finally selected.

Docking studies : Docking simulations were performed using the
Glide program[37, 38] within the ATP binding sites of Src, Lyn, Fyn,
and Yes. The prepared protein systems were used to generate the
receptor grids, and no scaling was done for van der Waals (vdW)
radii of nonpolar receptor atoms. A grid box of default size was
centered on the X-ray ligand. No constraints were included during
grid generation while rotation of the hydroxy groups was allowed.
After grid preparation, compounds were flexibly docked and
scored using the Glide standard-precision (SP) mode, treating the
proteins as rigid. Docking experiments were performed using 0.80
factor to scale vdW radii of the nonpolar ligand atoms with a partial
atomic charge of <0.15.

Molecular dynamics : MD simulations were performed by starting
from the best docking poses of selected compounds within the
ATP binding site of Src according to a previously reported proce-
dure.[50] Standard AMBER12 ff99SB force field for bioorganic sys-
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tems was used to describe the protein parameters. Each complex
was placed in a cubic box of TIP3P water molecules, and an appro-
priate number of counterions (nine Na+ ions) were added. The dis-
tance between the box walls and the protein was set to 13 æ.
Before MD simulations, two steps of energy minimization were per-
formed to remove bad contacts. In the first stage, the protein was
kept fixed with a constraint of 500 kcal mol¢1, and only the water
molecules were minimized. In the second stage, the entire system
was minimized applying a constraint of 10 kcal mol¢1 on the a-
carbon. The two minimization stages consisted of 5000 steps in
which the first 1000 were steepest descent and the last were con-
jugate gradient. MD trajectories were run using the minimized
structures as a starting point. Constant-volume simulations were
performed for 500 ps, during which the temperature was raised
from 0 to 300 K using the Langevin dynamics method. Then
1500 ps of constant-pressure MD simulations were performed at
300 K in three steps of 500 ps each. During these steps a decreasing
harmonic force constraint of 10, 5, and 1 kcal mol¢1 æ¢1 was applied
respectively. Finally, 50 ns MD simulations for ligands without re-
straints were run at constant temperature (300 K) and constant
pressure (1 atm). During the simulations, the particle mesh Ewald
method was used to calculate long-range electrostatic interactions.
A 10 æ cutoff value was used for the non-bonded interactions, and
a time step of 2 fs was used for the simulations.

Analysis of MD trajectories : The module Ptraj implemented in
AMBER12 was used to analyze trajectories. In particular, root-mean-
square deviation (RMSD) and root-mean-square fluctuation (RMSF)
were calculated for the a-carbons of each residue on the produc-
tion stage. During the simulation, the hydrogen bonds between
the ligands and receptor were detected when the acceptor–donor
atom distance was <3.5 æ and the occupancy was >10 % in the
investigated time period.

MM/GBSA analysis : The MM/GBSA approach was used to evaluate
the binding free energy between the preferred poses of ligands
and the protein. This method estimates the DGbind as the difference
in free energy between the complex (PL), the ligand (L) and the re-
ceptor (P) Eq. (1).

DGbind ¼ GðPLÞ¢GðPÞ¢GðLÞ ð1Þ

Each binding free energy term in Eq. (1) was estimated from the
following Eq. (2):

DG ¼ DGMM þ DGsolv¢TDS ð2Þ

in which DGMM (molecular mechanics) is the gas-phase energy, cal-
culated by Eq. (3) as the sum of electrostatic and van der Waals in-
teraction energies; DGsolv is the solvation free energy and was cal-
culated with Eq. (4), whereas the final term is the absolute temper-
ature multiplied by the estimated entropy. The entropy term was
considered negligible and was therefore not calculated in this
work, thus sparing the high computational expenses.

DGMM ¼ DGele þ DGvdW ð3Þ

The solvation free energy was composed of polar and nonpolar
contributions:

DGsolv ¼ DGele,solv þ DGnonpol,solv ð4Þ

for which the polar part DGele,solv was calculated by solving the
Poisson–Boltzmann (PB)[51] equation in the case of the MM/PBSA
method or the generalized Born (GB)[52] model with MM/GBSA. The

nonpolar solvation was estimated with Eq. (5) by calculating the
solvent accessible surface area (SASA) with the AMBER11 molsurf
module:

Gnonpol ¼ g  SASAþ b ð5Þ

In detail, SASA was determined by recursively approximating
a sphere around each atom, starting from icosahedra (ICOSA
method). The radius of the probe sphere used to calculate the
SASA was set at 0.0. The surface tension proportionality constant
g, and the free energy of nonpolar solvation for a point solute
b were set at 0.0072 kcal mol¢1 æ¢2 and 0.00 kcal mol¢1, respectively.
Binding free energies were calculated on systems in which water
molecules used during the simulation were stripped off, with the
exception of selected water molecules involved in interactions
with the ligands. Only the complex PL was simulated, and the free
energies of P and L were obtained from the same simulation by
simply deleting the coordinates of the other species, as well as
generally made. The final 6 ns of our simulations were regarded as
stable and were used to extract 150 snapshots from each trajecto-
ry. The ligand–protein binding free energy (DGbind) for each snap-
shot was then estimated using Eq. (1).

Cell proliferation analysis : In vitro experiments were carried out
using the human neuroblastoma cell line SH-SY5Y and leukemia
cell line K562. Cells were purchased from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA) and were cultured in
DMEM supplemented with 10 % fetal bovine serum. To determine
the antiproliferative effect of drugs, tumor cells were seeded at
a density of 2 Õ 105 cells per mL and treated with compounds at in-
creasing concentrations from 0.01 to 10 mm. The cultures were
maintained at 37 8C in 5 % v/v CO2 for 72 h. Cell number and vitali-
ty were evaluated using an automated cell counter (NucleoCount-
er, Chemometec, Denmark). Results from the NucleoCounter repre-
sented either total or nonviable cell concentration, depending on
the sample preparation indicated by the manufacturer.

Cell-cycle analysis : Cells in exponential growth were treated with
selected inhibitors at a density of 1 Õ 106 cells per mL for 48 h. At
the endpoint, at least 5 Õ 106 cells were harvested, washed with
phosphate-buffered saline (PBS) and fixed overnight with 70 %
EtOH. The EtOH was then removed by centrifugation (600 g, 5 min,
4 8C), and the cells were resuspended in PBS, stained with
50 mg mL¢1 propidium iodide (PI) at 4 8C for 30 min in the dark.
Stained cells were analyzed by Tali image-based cytometer (Life
Technologies, Carlsbad, CA, USA) counting 20 fields for each
sample, and exported .fcs raw data files were elaborated by Flow-
ing software (version 2.5.0, Perttu Terho, University of Turku, Fin-
land).
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