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A series of 5-substituted 3-isopropyl-7-[4-(2-pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine
derivatives was synthesized and evaluated for their cyclin-dependent kinase (CDK) inhibition activity.
The most potent compounds contained various hydroxyalkylamines at the 5 position and possessed low
nanomolar IC50 values for CDK2 and CDK5. Preliminary profiling of one of the most active compounds on
a panel of 50 protein kinases revealed its high selectivity for CDKs. The compounds arrested cells in S and
G2/M phases, and induced apoptosis in various cancer cell lines. Significant dephosphorylation of the C-
terminus of RNA polymerase II and focal adhesion kinase (FAK), well-established substrates of CDKs, has
been found in treated cells. Cleavage of PARP-1, down-regulation of Mcl-1 and activation of caspases
correlated well with CDK inhibition and confirmed apoptosis as the primary type of cell death induced in
cancer cells treated with the compounds in vitro. A comparison of known purine-based CDK inhibitor
CR8 with its pyrazolo[4,3-d]pyrimidine bioisosteres confirmed that the novel compounds are more
potent in cellular assays than purines. Therefore, pyrazolo[4,3-d]pyrimidine may emerge as a novel
scaffold in medicinal chemistry and as a source of potent CDK inhibitors.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Deregulation of the cell cycle is a common hallmark of cancers
and, on the molecular level, is tightly linked to cyclin-dependent
kinases (CDKs). Upon binding to regulatory subunits called
cyclins, these enzymes play a key role in the cell cycle, from initi-
ation, through DNA replication, to mitosis [1]. Deregulation of CDKs
is often caused by amplification or overexpression of cyclins, or by
mutation or silencing of the genes encoding natural protein in-
hibitors of CDKs. In principle, however, many various upstream
alterations can hyperactivate CDKs inappropriately and, as a
consequence, promote proliferation of cancer cells despite the lack
of mitogens [2]. Besides that, deregulation of CDKs induces
genomic and chromosomal instability that mediate neoplastic
, focal adhesion kinase.

of).

served.
transformation of cells [2].
Such observations in the vast majority of cancers provided a

rationale for targeting CDKs using pharmacological inhibitors. The
first small molecule CDK inhibitors, such as flavopiridol, roscovi-
tine, and many others, demonstrated anti-proliferative and anti-
cancer activity mediated by suppression of the expected targets.
These targets comprised several CDK-family members including
CDK1, CDK2, CDK4, CDK7, and CDK9 [3,4]. Both roscovitine and
flavopiridol were therefore selected for clinical trials as anti-cancer
drugs with a novel mechanism of action. However, both drugs
exhibited toxicity and low efficacy. More potent compounds were
developed soon afterward, and several were investigated in Phase
II-III clinical trials [2].

Despite high sequence similarity within the CDK family, several
truly monospecific CDK inhibitors were also identified, including
CDK4-specific palbociclib [5], CDK7-specific irreversible binder
THZ-1 [6], and CDK9-specific LDC000067 [7] (Fig. 1). Although it
has proven necessary to inhibit several CDKs to produce anti-
cancer activity in certain models, the abovementioned
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Fig. 1. Examples of known CDK inhibitors with varying selectivities.
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palbociclib, with its higher selectivity for CDK4 and CDK6 than
other CDKs, received accelerated FDA approval as the first com-
pound in its class [8]. Palbociclib has shown efficacy in the treat-
ment of certain breast cancers [9,10], but it becomes clear that other
cancers will require different CDK selectivity patterns. Therefore,
there is still a need for the development of new inhibitors.

We recently focused on the skeleton of pyrazolo[4,3-d]pyrimi-
dine, an isostere of purine, and prepared a series of compounds
substituted analogous to the purine-based roscovitine. To date,
several other CDK inhibitors built on heterocycles isosteric to pu-
rine have been described (reviewed by Ref. [11]), but among them,
only pyrazolo[1,5-a]pyrimidines, pyrazolo[1,5-a]-1,3,5-triazines,
and pyrazolo[4,3-d]pyrimidines exceed the activity of corre-
sponding purines. Compounds based on the latter group, the pyr-
azolo[4,3-d]pyrimidines, display anti-cancer activity [12,13]. In
addition, some derivatives suppress abnormal proliferation related
to the pathogenesis of restenosis in vascular smooth muscle cells
[14] and tumor angiogenesis [15], all by inhibiting CDKs and aurora
A kinase [13].

The objective of this work was to synthesize novel potent CDK
inhibitors with a pyrazolo[4,3-d]pyrimidine scaffold bearing N6-
biaryl substituents. N6-biaryl substituents were proven most ad-
vantageous for the activities of analogous purines, such as CR8,
BP14, and others [16e19]. As we expected, the newly prepared
derivatives displayed nanomolar potency against CDKs and cancer
cell lines. The most potent derivative was over 7 times more active
against CDK2 than CR8, and was comparable to another bioisostere
of roscovitine, dinaciclib [20].
2. Results and discussion

2.1. Synthesis

The pyrazolo[4,3-d]pyrimidine substitutions were based on
studies of structure-activity relationships for related purine and
pyrazolo [1,5-a]pyrimidine CDK inhibitors, and included one of the
most beneficial biarylamino substituents at position 7, i.e. [(2-
pyridyl)benzyl]amine. Position 5 was modified using various side
chains in order to understand the importance of each chain for
activity. Products of position 5modifications were also compared to
the disubstituted derivative 3-isopropyl-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d]pyrimidine (6) that was prepared by
reacting 7-chloro-3-isopropyl-1(2)H-pyrazolo[4,3-d]pyrimidine
[21] with 1-[4-(pyridin-2-yl)phenyl]methanamine. Another simple
derivative, 3-isopropyl-5-methylsulfanyl-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d]pyrimidine (2a) was prepared from 7-
chloro-3-isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-d]pyrim-
idine (2) by reaction with 1-[4-(pyridin-2-yl)phenyl]methanamine.

The synthesis of 5-substituted 3-isopropyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidines (Scheme 1) was
based on two subsequent nucleophilic substitutions. This synthesis
is analogous to the synthesis of the pyrazolo[4,3-d]pyrimidine
bioisostere of roscovitine [12]. However, contrary to the synthesis
of the roscovitine analog, oxidation of the methylsulfanyl group of
compound 2must be performed before nucleophilic substitution of
the chloro atom at position 7 in order to prevent oxidation of the
pyridylbenzylamine part of the desired product. Substitution of the
chloro atom of compound 3 proceeds under gentle conditions (60
�C/1 h) in a high yield. Subsequent substitution of the methyl-
sulfonyl group of compound 4 needs severe conditions (125d150
�C/5d30 h) producing approximately 20% yield of derivatives 5,
which must be isolated by chromatography.

The structures of all newly-synthesized compounds were veri-
fied using NMR spectroscopy, ESI mass spectrometry, and
elemental analysis. The purity of each synthesized compound was
checked by HPLC-DAD analysis. Detailed information about syn-
thesis and characterization of all compounds is described in the
experimental and supporting information sections of this
manuscript.
2.2. CDK inhibitory activity of novel pyrazolo [4,3-d]pyrimidines

The presence of a heterobiaryl substituent at position 6 of the
purine molecule was proven crucial for CDK inhibitory activity,
compared to monoaryl substituted derivatives like roscovitine
[16,18,19]. This was clearly demonstrated by compound CR8 which
showed a 3-fold lower IC50 for CDK2, and >200-fold higher potency
in cells than roscovitine [16].

We synthesized a collection of 3,5,7-trisubstituted pyrazolo[4,3-
d]pyrimidines with the same substitutions at positions 3 and 7 as
CDK inhibitor CR8 and a different substitution at position 5. All
novel derivatives were tested for CDK2/CDK5 kinase inhibition
according to established protocols (see details in the Experimental
section) and the data obtained are presented in Table 1.

The results demonstrate that most of the new compounds
display significantly higher potency for inhibiting CDK2/CDK5 than
the reference purine compound CR8, with IC50 values well below
100 nM. The 3,7-disubstituted pyrazolo[4,3-d]pyrimidine 6, lacking
substitution at position 5, was slightly more active than CR8, sug-
gesting that the biaryl function at 7 markedly increases affinity of
the skeleton to a CDK. Addition of a suitable substitution at position
5 further increased potency. A small increase in potency of inhibi-
tion of either CDK2 or CDK5 (IC50 values in a high nanomolar range)
was observed when the scaffold was substituted, at position 5, with
small sulphur-containing functions (2a, 4). However the structures
of most beneficial pyrazolo[4,3-d]pyrimidines with 5-substitutions,
in terms of CDK inhibition, shared a hydroxyalkylamine or an
aminoalkylamine motif (5aee). This finding corresponds to earlier
observations performed with analogous purine and pyrazolo[1,5-a]
triazine inhibitors [18,19,22e24]. The most potent derivative, 5c,
showed IC50 values for CDK2 and CDK5 of 9 nM and 1 nM,
respectively. The activity of 5c is comparable to clinically developed



Scheme 1. Preparation of 3,5,7-trisubstituted pyrazolo[4,3-d]pyrimidines.
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dinaciclib [20]. Only two newly-prepared derivatives, 5p and 5q,
with aromatic chains at position 5, showed insufficient activity
(IC50> 1 mM). One study shows that the aromatic substitution at 5 is
detrimental for the activity of related purine inhibitors [23].

We also compared one of the most active compounds, 5b, with
several other known CDK inhibitors: pan-selective dinaciclib,
CDK7-specific BS-181, and CDK4-specific palbociclib (Table 2).
Compound 5b displayed a similar profile and potency to those of
dinaciclib, with a slightly lower potency against CDK1. Preliminary
selectivity profiling of 5b was then performed using a panel of 50
additional protein kinases. The compound was assayed at a single
concentration of 1 mM. As shown in the Supplementary Table S1,
residual activity of other tested kinases reached values of approx-
imately 50% (for CAMKKb) or 60% (for DYRK1A, CK1d, AMPK, PAK4),
which clearly confirmed 5b selectivity (intrapolated residual ac-
tivities of CDK2 and CDK5 are <10%). It was not surprising that 5b
also inhibited PAK4 or CK1d because these kinases are sensitive to
previously described pyrazolo[4,3-d]pyrimidines [13,14] and
structurally related purines [16,25].

2.3. Activity in cancer cell lines

All novel derivatives were tested for cytotoxicity on four cancer
cell lines (Table 1). Our data showed that the presence of sub-
stituents at position 5 rapidly increased cellular potency to nano-
molar activities, compared to 3,7-disubstituted derivative 6. While
compound 6 displayed an IC50 of approximately 1 mM for all cancer
cell lines, other derivatives showed mid-level (5f-h, 5j-k, 5m-o) or
low (5a-e, 5l) nanomolar IC50 values. These activities clearly
correspond with anti-CDK activity. All derivatives with high cyto-
toxicity also displayed high affinity for CDK2 and vice versa,
whereas derivatives 5p and 5qwere significantly less active in both
assays. Surprisingly, replacing hydroxyalkylamines with cyclic
amines usually weakens cellular potency (IC50 values of 5f-h, 5j, 5n,
5o > 100 nM), although CDK inhibition in biochemical assays still
occurred at a low nanomolar range. The most potent pyrazolo[4,3-
d]pyrimidines, 5a-c and 5l, each showed an IC50 that was at least
10-fold lower than that of CR8.

Next, the activity of 5b, one of the most potent inhibitors in the
series of compounds, was studied in detail in a colon carcinoma cell
line, HCT-116. As shown in Fig. 2A, treatment with 125 nM and
higher concentrations of 5b substantially decreased the S-phase
population (BrdU-positive cells) of cells, increased the subG1
population (apoptotic cells), and arrested cells in late S and G2/M
phases. In addition, similar effects were observed in breast
adenocarcinoma cells, MCF-7, treated with 5b and other pyrazolo
[4,3-d]pyrimidines, compared to cells treated with CR8 (the con-
trol; Fig. S1). These results indicate that the compounds block DNA
replication and proliferation in a dose-dependent manner, an effect
attributable to CDK2 inhibition. Similar outcomes have been
described for numerous other CDK inhibitors, such as roscovitine,
dinaciclib, SNS032, and flavopiridol [20,26e28].

Due to structural similarities between CDK2 and CDK5, it was no
surprise that the compounds inhibited both kinases (Table 1).
Because CDK5 emerged as a new potential target of cancer therapy,
we attempted to show that compound 5b also targets CDK5 in cells.
We immunoblotted lysates of treated HCT-116 cells and discovered
a dose-dependent decrease of FAK phosphorylation at Ser 732
(Fig. 2B), which is a known CDK5 substrate [29,30].

Due to the strong cytotoxicity of 5b in the HCT-116 cell line, we
sought to identify the type of cell death that occurs, using
biochemical assays. Lysates of treated HCT-116 cells were subjected
to immunoblotting. Subsequent analysis revealed a dose-
dependent decrease of anti-apoptotic protein Mcl-1 as well as
cleavage of PARP-1, a known caspase substrate (Fig. 3A). We also
found that 5b rapidly increased the expression of tumor suppressor
p53 at concentrations of 250 nM and higher. In addition, caspase
activation in treated cells was confirmed by an enzymatic assay,
using fluorescently labeled substrates of caspases 3 and 7 (Fig. 3B)
that revealed clear dose-dependent responses in a sub-micromolar
range.

Although CDK2 is dispensable for the growth of most tumors
[31], some articles showed that CDK2 might be a suitable target for
molecular therapy of primary and metastatic melanoma [32].
Indeed, the anti-melanoma activity of CDK inhibitors dinaciclib and
roscovitine has been confirmed [33e35]. We therefore studied the
effects of novel derivatives in a melanoma cancer cell line, G361.
The tested derivatives potently activated caspases in treated cells
(Supplemental Fig. S2). Moreover, ongoing apoptosis (as evidenced
by immunoblotting of cleaved PARP-1 and decreased Mcle1 levels)
correlatedwell with reduced phosphorylation of RNA polymerase II
at the C-terminus (Supplemental Fig. S3 and S4). Importantly, the
tested derivatives induced cancer cell death in substantially lower
doses than related purine derivative CR8 and pyrazolo[4,3-d]py-
rimidine bioisostere of roscovitine (designated as compound 7)
[12].

3. Conclusion

A library of 20 novel pyrazolo[4,3-d]pyrimidine derivatives,



Table 1
Cytotoxicity and anti-CDK activity of novel 3,5,7-trisubstituted pyrazolo[4,3-d]pyrimidines.

IC50, (mM)

Cancer cell lines Kinases

Compound R K-562 MCF-7 G361 HCT-116 CDK2 CDK5

Roscovitine n.a. 45.5 12.25 22.4 14.42 0.158 1.069
CR8 n.a. 0.175 0.160 0.503 0.350 0.062 0.225
6 1.000 1.190 0.875 1.237 0.197 0.183

2a 0.778 0.819 1.400 2.800 0.048 0.229

4 0.640 0.460 0.793 1.140 0.070 0.165

5a 0.038 0.051 0.039 0.027 0.031 0.049

5b 0.057 0.027 0.040 0.087 0.021 0.005

5c 0.029 0.024 0.048 0.085 0.009 0.001

5d 0.070 0.053 0.067 0.110 0.054 0.009

5e 0.047 0.059 0.072 0.087 0.012 0.021

5f 0.110 0.163 0.197 0.270 0.018 0.005

5g 0.589 0.530 0.873 0.940 0.061 0.114

5h 0.165 0.133 0.204 0.142 0.024 0.037

5i 0.063 0.062 0.230 0.227 0.018 0.008

5j 0.175 0.295 0.477 0.427 0.046 0.044

5k 0.700 0.310 1.018 0.781 0.051 0.017

5l 0.017 0.021 0.064 0.088 0.050 0.119

5m 0.125 0.225 0.640 0.390 0.467 2.136
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Table 1 (continued )

IC50, (mM)

Cancer cell lines Kinases

Compound R K-562 MCF-7 G361 HCT-116 CDK2 CDK5

5n 0.593 0.474 0.745 0.720 0.096 0.179

5o 0.145 0.195 0.181 0.350 0.132 0.422

5p 3.950 5.300 7.487 17.40 1.483 4.415

5q 2.535 2.385 3.610 7.325 1.450 3.600

Table 2
CDK selectivity profile of Compound 5b and some known CDK inhibitors (assayed as
controls).

Kinases IC50 (mM)a

Cmpd. 5b Dinaciclib BS-181 Palbociclib

CDK1 0.777 0.072 14.0 >10
CDK2 0.021 0.002 1.80 9.20
CDK4 >2 0.127 44.7 0.016
CDK5 0.034 0.045 3.70 >10
CDK7 2.780 n.a. 0.134 >10
CDK9 0.240 0.178 2.18 0.892

a Average values from at least three determinations.
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with nanomolar inhibitory activities against CDK2 and CDK5, was
generated. The majority of compounds demonstrated strong anti-
proliferative effects, including cell cycle arrest and induction of
apoptosis, for which CDK inhibition is a primary mode of action.
Although the pyrazolo[4,3-d]pyrimidine is isosteric to purine and
Fig. 2. Effect of 5b on the HCT-116 cancer cell line. (A) Asynchronous cells were treated with
DNA was double-labeled with propidium iodide and 5-bromo-20-deoxyuridine. (B) Time-co
cells treated with 500 nM of 5b. b-actin was detected to verify equal loading.
pyrazolo[1,5-a]pyrimidine and the new compounds are analogous
to roscovitine and dinaciclib, we found that pyrazolo[4,3-d]py-
rimidines were substantially more active than purines. This scaffold
may serve as an alternative source of novel, potent CDK inhibitors
that may display different physico-chemical and pharmacological
properties. Therefore, pyrazolo[4,3-d]pyrimidine may emerge as a
novel scaffold in medicinal chemistry and is worth further inves-
tigation, especially in the field of cancer therapeutics, where drug
resistance significantly complicates efficacy.
4. Experimental section

4.1. Chemistry

NMR spectra were recorded on a JEOL ECA-500 spectrometer
operating at frequencies of 500.16 MHz (1H) and 125.76 MHz (13C).
1H NMR and 13C NMR chemical shifts were referenced to the sol-
vent signals; 1H: d(residual CHCl3) ¼ 7.25 ppm, d(residual DMSO-
different concentrations of 5b for 24 h. The cell cycle was analyzed by flow cytometry;
urse immunoblotting analysis of phosphorylation of FAK, a known CDK5 substrate, in



Fig. 3. Induction of apoptosis in HCT-116 cancer cells treated with different doses of 5b for 24 h. (A) Immunoblotting analysis of apoptosis-related proteins in treated cells. Tubulin
levels were detected to verify equal loading. (B) Fluorimetric assay for caspase-3 and caspase-7 activity in lysates prepared from treated cells. Caspase activity was measured using
the fluorogenic substrate Ac-DEVD-AMC and normalized against untreated control cell lysates.
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d5) ¼ 2.50 ppm, d(residual CD2HOD) ¼ 3.31 ppm; 13C:
d(CDCl3) ¼ 77.23 ppm, d(DMSO-d6) ¼ 39.52 ppm,
d(CD3OD) ¼ 49.15 ppm. Chemical shifts are given in d scale [ppm]
and coupling constants in Hz.

Melting points were determined on a Kofler block and are un-
corrected. Reagents were of analytical grade and from standard
commercial sources. Thin layer chromatography (TLC) was carried
out using aluminium sheets with silica gel F254 from Merck. Spots
were visualized under UV light (254 nm). ESI mass spectra were
determined using a Waters Micromass ZMD mass spectrometer
(solution in MeOH, direct inlet, coin voltage 20 V). Column chro-
matography was performed using Merck silica gel Kieselgel 60
(230e400 mesh). The purity of all synthesized compounds was
determined by HPLC-PDA (200e500 nm). Specific optical rotation
was measured on polarimeter polAAr 3001 (wave length:
589.44 nm, tube length: 5 cm, and t ¼ 23 �C). All compounds gave
satisfactory elemental analyses (0.4%).

4.1.1. 3-Isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-d]
pyrimidin-7-ol (1)

This compound was prepared as previously described [12].

4.1.2. 7-Chloro-3-isopropyl-5-methylsulfanyl-1(2)H-pyrazolo[4,3-
d]pyrimidine (2)

This compound was prepared as previously described [12].

4.1.3. 3-Isopropyl-5-methylsulfanyl-7-[4-(2-pyridyl)benzyl]amino-
1(2)H-pyrazolo[4,3-d]pyrimidine (2a)

A solution of 7-Chloro-3-isopropyl-5-methylsulfanyl-1(2)H-
pyrazolo[4,3-d]pyrimidine (2) (0.56 g, 2.3 mmol), 1-[4-(pyridin-2-
yl)phenyl]methanamine (0.48 g, 2.6 mmol) and ethyldiisopropyl-
amine (0.86 mL, 5 mmol) in 12 mL t-BuOHwas heated with stirring
at 70 �C for 2 h. After cooling to room temperature, the reaction
mixture was concentrated under vacuum and the residue was
partitioned between H2O and CHCl3. The combined organic phase
was dried with magnesim sulfate and evaporated. Crystallization
from CHCl3/Et2O generated a colorless product with
m.p. ¼ 170e173 �C, mass ¼ 0.79 g, and 87% yield. ESI þ m/z 391.1
[MþH]þ, ESI-m/z 389.1 [M � H]�. 1H (500 MHz; DMSO-d6): 1.36 (d,
J ¼ 7.03 Hz, 6H, �CH(CH3)2); 2.43 (s, 3H, -SCH3); 3.31e3.35 (m,
1H, �CH(CH3)2); 4.75 (bs, 2H, �NH�CH2�); 7.32 (ddd, J ¼ 7.34 Hz,
J¼ 4.89 Hz, J¼ 0.92 Hz, 1H, ArH); 7.48 (d, J¼ 7.03 Hz, 2H, ArH); 7.84
(dt, J ¼ 7.64 Hz, J ¼ 1.53 Hz, 1H, ArH); 7.92 (d, J ¼ 7.95 Hz, 1H, ArH);
8.05 (bd, J ¼ 7.03 Hz, 2H, ArH); 8.63 (bd, J ¼ 4.58 Hz, 1H, ArH). Anal.
(C21H22N6S) C, H, N, S.
4.1.4. 7-Chloro-3-isopropyl-5-methylsulfonyl-1(2)H-pyrazolo[4,3-
d]pyrimidine (3)

OxoneR solution (monopersulfate comp., Aldrich Cat: 228036,
36 g) in water (180 mL) was added in a dropwise manner, within
1 h, to a solution of 7-chloro-3-isopropyl-5-methylsulfanyl-1(2)H-
pyrazolo[4,3-d]pyrimidine (2) (10 g, 41.3mmol) in EtOH (180mL) at
55 �C. The reaction mixture was stirred for another hour at 60 �C.
After cooling to room temperature, the EtOH was removed by
evaporation and the residue was partitioned between H2O and
EtOAc. The combined organic phase was dried with sodium sulfate.
Crystallization from EtOAc/Et2O generated a product with
m.p. ¼ 111e114 �C, mass ¼ 9.17 g, and 81% yield. ESI- m/z 273.1
[M � H]�. 1H NMR (CDCl3): 1.49 (d, J ¼ 6.96, 6H, CH(CH3)2); 3.49 (s,
3H, CH3), 3.58 (sep, J¼ 6.96,1H, CH). Anal. (C9H11ClN4O2S) C, H, N, S.

4.1.5. 3-Isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)benzyl]amino-
1(2)H-pyrazolo[4,3-d]pyrimidine (4)

A mixture of 7-Chloro-3-isopropyl-5-methylsulfonyl-1(2)H-
pyrazolo[4,3-d]pyrimidine (3) (4.89 g, 17.8 mmol) and ethyl-
diisopropylamine (4 mL, 22.5 mmol) were heated with stirring in
80 mL t-BuOH at 60 �C. A solution of 1-[4-(pyridin-2-yl)phenyl]
methanamine (3.84 g, 20.9 mmol) in 30 mL t-BuOH (50 �C) was
added and the reaction mixture was heated at 60 �C for 1 h. The
product started to crystallize after 10 min. After cooling at room
temperature, the product was filtered off, washed with MeOH and
dried under vacuum; the product had m.p. ¼ 214e218 �C,
mass¼ 6.4 g, and 85% yield. ESIþm/z 423.3 [MþH]þ, ESI-m/z 421.3
[M � H]�.1H (500 MHz; DMSO-d6): 1.38 (d, J ¼ 6.72 Hz,
6H, �CH(CH3)2); 3.27 (s, 3H, CH3); 3.31e3.35 (m, 1H, �CH(CH3)2);
4.82 (bs, 2H, NH�CH2�); 7.30e7.32 (m, 1H, ArH); 7.53 (d,
J ¼ 7.00 Hz, 2H, ArH); 7.82e7.86 (m, 1H, ArH); 7.91e7.92 (m, 1H,
ArH); 8.05 (bs, 2H, ArH); 8.63 (bd, J ¼ 4.28 Hz, 1H, ArH). Anal.
(C21H22N6O2S) C, H, N, S.

4.1.6. 3-Isopropyl-5-(2-hydroxyethyl)amino-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5a)

A solution consisting of 3-isopropyl-5-methylsulfonyl-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4)
(0.20 g, 0.48 mmol) and ethanolamine (4 mL, 66 mmol) was heated
in a sealed ampoule at 130 �C for 25 h. Excess amine was evapo-
rated at a temperature below 70 �C, and the residuewas partitioned
between H2O and CHCl3. The combined organic phase was dried
with sodium sulfate and evaporated under vacuum. The product
was purified by column chromatography: stepwise (5%, 6%, 8%, 10%)
with MeOH in CHCl3 containing a trace of concentrated aqueous
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NH4OH. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass ¼ 0.10 g, and 51% yield. ESI þ m/z 404.1 [MþH]þ, ESI- m/z
402.1 [M � H]�. 1H (500 MHz; CDCl3): 1.18 (d, J ¼ 7.07 Hz,
6H, �CH(CH3)2); 3.09 (sept., J ¼ 7.03 Hz, 1H, �CH(CH3)2); 3.41 (bs,
2H, �CH2�); 3.69 (bs, 2H, �CH2�); 4.57 (bs, 2H, �NH�CH2�); 7.12
(qd, J ¼ 7.64 Hz, J ¼ 4.89 Hz, J ¼ 1.22 Hz, 1H, ArH); 7.21 (d,
J ¼ 7.95 Hz, 2H, ArH); 7.52 (d, J ¼ 7.95 Hz,1H, ArH); 7.62 (td,
J ¼ 7.34 Hz, J ¼ 1.83 Hz, 1H, ArH); 7.72 (d, J ¼ 7.95 Hz,1H, ArH); 8.54
(d, J¼ 4.58 Hz,1H, ArH). 13C (125MHz; CDCl3): 21.4, 25.9, 43.9, 45.3,
64.3, 120.6, 122.1, 127.0, 127.8, 136.9, 138.1, 138.8, 149.3, 152.3, 156.8,
158.2. Anal. (C22H25N7O) C, H, N.

4.1.7. 3-Isopropyl-5(R)-(2-hydroxypropyl)amino-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5b)

A solution consisting of 3-isopropyl-5-methylsulfonyl-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4)
(1.25 g, 2.96 mmol) in R-(�)-1-amino-2-propanol (10 mL,
110mmol) in a sealed ampoulewas heated at 130 �C for 12 h. Excess
amine was evaporated at a temperature below 60 �C, and the res-
idue was partitioned between H2O and CHCl3. The combined
organic phase was dried with sodium sulfate and evaporated under
vacuum. The product was purified by column chromatography,
stepwise (3%, 5%, 7%) with MeOH in CHCl3 containing a trace of
concentrated aqueous NH4OH. Chromatography provided (after
evaporation under vacuum) a noncrystalizable, amorphous color-
less glass form, with mass ¼ 0.65 g, and 52% yield. ESI þ m/z 418.1
(100%) [MþH]þ, 209.6 (20%) [Mþ2H]2þ, ESI-m/z 416.1 [M� H]�. 1H
(500 MHz; DMSO-d6 þ CDCl3): 0.99 (d, J ¼ 6.42 Hz, 3H, eCH3); 1.27
(d, J ¼ 7.03 Hz, 6H, eCH(CH3)2); 3.06e3.11 (m, 2H, eCH2e);
3.20e3.23 (m, 1H, eCH(CH3)2); 3.72e3.75 (m, 1H, eCHe); 4.69 (bs,
2H, eNHeCH2e); 6.02 (bs, 1H, eNHeCH2e); 7.27e7.30 (m, 1H,
ArH); 7.45 (d, J ¼ 7.34 Hz, 2H, ArH); 7.63 (bs, 1H, eNHe); 7.82 (dt,
J ¼ 7.64 Hz, J ¼ 1.53 Hz, 1H, ArH); 7.88e7.89 (m, 1H, ArH); 8.01 (s,
2H, ArH); 8.60 (d, J ¼ 3.97 Hz, 1H, ArH); 11.76 (bs, 1H, -NH-). 13C
(125 MHz; DMSO-d6 þ CDCl3): 21.9, 22.2, 26.6, 43.4, 49.9, 66.7,
120.5, 122.8, 127.2, 128.4, 137.7, 149.8, 156.3. Anal. (C23H27N7O) C, H,
N. [a]D ¼ þ 2.6� (MeOH, c ¼ 5 mg/mL, 23 �C).

4.1.8. 3-Isopropyl-5-(2-hydroxy-2-methylpropyl)amino-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5c)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.6 g,
1.42 mmol) and 1-amino-2-methyl-2-propanol (1.25 g, 14 mmol)
was heated at 150 �C for 15 h in a sealed ampoule. After cooling, the
reaction mixture was partitioned between H2O and CHCl3. The
combined organic phase was dried with sodium sulfate and evap-
orated under vacuum. The product was purified by column chro-
matography, stepwise (3%, 5%, 7%) with MeOH in CHCl3.
Chromatography provided (after evaporation under vacuum) a
noncrystalizable, amorphous colorless glass form, with 0.2 g, and
33% yield. ESI þ m/z 432.1 [MþH]þ, ES- m/z 430.1 [M � H]�. 1H
(500MHz; DMSO-d6): 1.06 (s, 6H, (OH)C(CH3)2); 1.29 (d, J¼ 7.03 Hz,
6H, eCH(CH3)2); 3.14 (sept., J ¼ 7.03 Hz, 1H, eCH(CH3)2); 3.20 (d,
J¼ 5.81 Hz, 2H,eNHeCH2e); 4.73 (d, J¼ 4.89 Hz, 2H,eNHeCH2e);
6.12 (bs, 1H, eNHeCH2e); 7.31 (dd, J ¼ 7.03 Hz, J ¼ 5.50 Hz, 1H,
ArH); 7.48 (d, J¼ 7.95 Hz, 2H, ArH); 7.84 (dt, J¼ 7.64 Hz, J¼ 1.53 Hz,
1H, ArH); 7.91 (d, J ¼ 7.95 Hz, 1H, ArH); 8.04 (d, J ¼ 7.64 Hz, 2H,
ArH); 8.63 (d, J ¼ 4.28 Hz, 1H, ArH). Anal. (C24H29N7O) C, H, N.

4.1.9. 3-Isopropyl-5(R)-[1-(hydroxymethyl)propyl]amino-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5d)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.5 g,
1.19 mmol) in R-(�)-2-amino-1-butanol (5 mL, 50 mmol) was
heated at 150 �C for 15 h in a sealed ampoule. Excess amine was
evaporated at a temperature below 70 �C, and the residue was
partitioned between H2O and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (3%, 5%,
7%) with MeOH in CHCl3. Chromatography provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous colorless
glass form, with mass ¼ 0.14 g, and 27% yield. ESI þ m/z 432.1
[MþH]þ, ESI-m/z 430.1 [M � H]�. 1H (500 MHz; DMSO-d6): 0.81 (t,
J ¼ 6.72 Hz, 3H, eCH2eCH3); 1.39e1.45 (m, 7H, eCH(CH3)2, eCHa-
CH3); 1.55e1.59 (m, 1H, eCHbeCH3); 3.43e3.47 (m, 1H,
eCH(CH3)2); 3.77e3.80 (m, 1H, eCH-NHe); 4.49e4.67 (m, 4H,
eCH2eOH, eNH-CH2e); 5.82 (d, J ¼ 7.64 Hz, 1H, eNH-CH2e);
7.29e7.31 (m, 1H, ArH); 7.44 (d, J ¼ 7.95 Hz, 2H, ArH); 7.78 (s, 1H,
NH); 7.83 (t, J¼ 8.01 Hz,1H, ArH); 7.89 (d, J¼ 7.95 Hz,1H, ArH); 7.99
(d, J ¼ 8.25 Hz, 2H, ArH); 8.62 (bd, J ¼ 4.58 Hz, 1H, ArH. Anal.
(C24H29N7O) C, H, N. [a]D ¼ þ 45.5� (MeOH, c ¼ 1.9 mg/mL, 23 �C).
4.1.10. 3-Isopropyl-5-(2,3-dihydroxypropyl)amino-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5e)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzylamino]-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.20 g,
0.47 mmol), and 2,3-dihydroxypropylamine (2 mL, 26 mmol) was
heated at 125 �C for 20 h. After cooling to room temperature, the
reaction mixture was partitioned between H2O and CHCl3. The
combined organic phase was dried with sodium sulfate and evap-
orated under vacuum. The product was purified by column chro-
matography, stepwise (3%, 5%, 8%, and 10%) with MeOH in CHCl3.
Chromatography provided (after evaporation under vacuum) a
noncrystalizable, amorphous colorless glass form, with
mass ¼ 0.05 g, and 25% yield. ESI þ m/z 434.1 [MþH]þ, ESI- m/z
432.1 [M � H]�. 1H (500 MHz; DMSO-d6): 1.29 (d, J ¼ 6.72 Hz, 6H,
eCH(CH3)2); 1.85e1.91 (m, 1H, eCHaHbe); 2.16 (t, J ¼ 8.25 Hz, 1H,
eCHaHbe); 3.14e3.16 (m, 1H, eCH(CH3)2); 3.20e3.34 (m, 2H,
eCH2e); 3.54e3.56 (m, 1H, eCHe); 4.72 (bs, 2H, eNHeCH2e); 6.18
(bs, 1H, eNHe); 7.32 (dd, J ¼ 6.72 Hz, J ¼ 5.50 Hz, 1H, ArH); 7.48 (d,
J¼ 7.34 Hz, 2H, ArH); 7.85 (td, J¼ 7.79 Hz, J¼ 1.83 Hz,1H, ArH); 7.91
(d, J ¼ 7.95 Hz, 1H, ArH); 8.03 (bs, 2H, ArH); 8.63 (d, J ¼ 3.97 Hz, 1H,
ArH); 11.85 (bs, 1H, -NH-). 13C (125 MHz; DMSO-d6): 17.2, 21.7, 30.2,
42.7, 44.8, 48.5, 63.5, 71.9, 120.2, 122.5, 126.6, 128.0, 137.3, 149.6,
155.8. Anal. (C23H27N7O2) C, H, N.
4.1.11. 3-Isopropyl-5-(N-morpholinyl)-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5f)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.36 g,
0.85 mmol) and morpholine (3 mL, 27 mmol) in a sealed ampoule
was heated at 150 �C for 8 h. Excessmorpholinewas evaporated at a
temperature below 70 �C, and the residue was partitioned between
H2O and CHCl3. The combined organic phase was dried with so-
dium sulfate and evaporated under vacuum. The product was pu-
rified by column chromatography, stepwise (2%, 4%, 5%) withMeOH
in CHCl3. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass¼ 0.15 g, and 41% yield. ESIþm/z 430.1 [MþH]þ, ES-m/z 428.1
[M � H]�. 1H (500 MHz; DMSO-d6): 1.32 (d, J ¼ 7.03 Hz, 6H,
-CH(CH3)2); 3.18 (bs, 1H, eCH(CH3)2); 3.58e3.60 (bs, 8H,
4�eCH2e); 4.74 (bs, 2H, eNHeCH2e); 7.31 (dd, J ¼ 6.72 Hz,
J ¼ 5.50 Hz, 1H, ArH); 7.48 (d, J ¼ 7.95 Hz, 2H, ArH); 7.78 (bs, 1H,
eNHe); 7.84 (dt, J ¼ 7.64 Hz, J ¼ 1.53 Hz, 1H, ArH); 7.91 (d,
J ¼ 7.95 Hz, 1H, ArH); 8.04 (d, J ¼ 5.81 Hz, 2H, ArH); 8.63 (d,
J ¼ 3.97 Hz, 1H, ArH); 11.84 (bs, 1H, eNHe). Anal. (C24H27N7O) C, H,
N.
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4.1.12. 3-Isopropyl-5-(thiomorpholinyl)-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5g)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.2 g,
0.47 mmol) and thiomorpholine (3 mL, 29 mmol) in a sealed
ampoule was heated at 150 �C for 5 h. Excess thiomorpholine was
evaporated at a temperature below 70 �C, and the residue was
partitioned between H2O and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (2%, 3%,
4%) with MeOH in CHCl3. Chromatography provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous yellow glass
foam, with mass ¼ 0.05 g, and 24% yield. ESI þ m/z 446.1 [MþH]þ,
ES- m/z 444.1 [M � H]�. 1H (500 MHz; CDCl3): 1.33 (d, J ¼ 6.72 Hz,
6H, eCH(CH3)2); 2.55e2.57 (m, 4H, 2� eCH2e); 3.30 (sept.,
J ¼ 6.72 Hz, 1H, eCH(CH3)2); 4.07e4.09 (m, 4H, 2� eCH2e); 4.64
(bd, J ¼ 5.20 Hz, 2H, eNHeCH2e); 7.17e7.20 (m, 1H, ArH); 7.28 (d,
J ¼ 8.25 Hz, 2H, ArH); 7.60 (d, J ¼ 7.95 Hz, 1H, ArH); 7.69 (dt,
J ¼ 7.95 Hz, J ¼ 1.83 Hz, 1H, ArH); 7.79 (d, J ¼ 8.25 Hz, 2H, ArH);
8.60e8.62 (m, 1H, ArH). Anal. (C24H27N7S) C, H, N, S.

4.1.13. 3-Isopropyl-5-[2-(2-hydroxyethyl)piperidin-1-yl]-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5h)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.20 g,
0.47 mmol) and 2-piperidineethanol (2.3 mL, 19 mmol) was heated
in a sealed ampoule at 130 �C for 35 h. Excess amine was evapo-
rated (0.2 torr, 85 �C) and the residue was partitioned between H2O
and dichloromethane. The combined organic phase was dried with
sodium sulfate and evaporated under vacuum. The product was
purified by column chromatography, stepwise (4%, 6%, 8%) with
MeOH in CHCl3. Chromatography provided (after evaporation un-
der vacuum) a noncrystalizable, amorphous colorless glass foam,
with mass ¼ 0.022 g, and a 10% yield. ESI þ m/z 472.2 (100%)
[MþH]þ, 236.7 (90%) [Mþ2H]2þ, ESI- m/z 470.2 [M � H]�.1H
(500 MHz; CDCl3): 1.19 (d, J ¼ 6.72 Hz, 6H, eCH(CH3)2); 1.41e1.44
(m, 1H); 1.55e1.76 (m, 5H); 2.01e2.17 (m, 1H); 2.77 (bt, 1H); 3.06
(sept., J¼ 7.03 Hz,1H,eCH(CH3)2); 3.40 (bt,1H); 3.67e3.69 (bs,1H);
4.59 (bs, 1H); 4.70e4.76 (m, 3H); 7.16e7.18 (m, 1H, ArH); 7.40 (d,
J ¼ 7.95 Hz, 2H, ArH); 7.60 (d, J ¼ 8.25 Hz, 1H, ArH); 7.68 (td,
J ¼ 7.95 Hz, J ¼ 1.83 Hz, 1H, ArH); 7.81 (d, J ¼ 8.25 Hz, 2H, ArH);
8.60e8.61 (m, 1H, ArH). 13C (125 MHz; CDCl3): 19.5, 20.9, 21.6, 25.4,
25.8, 29.6, 29.7, 31.9, 40.1, 44.3, 48.5, 57.8, 120.2, 122.1, 126.9, 128.2,
136.8, 138.2, 139.0, 149.4, 151.3, 156.0, 157.0. Anal. (C27H33N7O) C, H,
N.

4.1.14. 3-Isopropyl-5-(2-aminoethyl)amino-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5i)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.3 g,
0.71 mmol) and 2-aminoethylamine (10 mL, 150 mmol) in a sealed
ampoule was heated at 125 �C for 20 h. Excess amine was evapo-
rated at a temperature below 70 �C, and the residuewas partitioned
between H2O and CHCl3. The combined organic phase was dried
with sodium sulfate and evaporated under vacuum. The product
was purified by column chromatography, stepwise (6%, 8%, 11%,
13%) with MeOH in CHCl3 with a trace of concentrated aqueous
NH4OH. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass¼ 0.16 g, and 56% yield. ESIþm/z 403.1 [MþH]þ, ES-m/z 401.1
[M � H]�. 1H (500 MHz; CDCl3): 1.27 (d, J ¼ 7.03 Hz, 6H,
eCH(CH3)2); 2.79 (t, J ¼ 5.50 Hz, 2H, eCH2e); 3.21 (sept.,
J ¼ 6.72 Hz, 1H, eCH(CH3)2); 3.39 (bs, 2H, eCH2e); 4.58 (bs, 2H,
eNHeCH2e); 5.07 (bs, 1H, eNHe); 7.14e7.17 (m, 1H, ArH); 7.23 (d,
J ¼ 8.25 Hz, 2H, ArH); 7.57 (d, J ¼ 7.95 Hz, 1H, ArH); 7.66 (td,
J¼ 7.95 Hz, J¼ 1.53 Hz, 1H, ArH); 7.74 (d, J ¼ 8.25 Hz, 2H, ArH); 8.58
(d, J ¼ 3.97 Hz, 1H, ArH). 13C (125 MHz; CDCl3): 21.7; 25.8; 42.0;
43.8; 44.6; 120.7; 122.2; 127.0; 127.9; 136.9; 138.1; 139.5; 149.4;
152.1; 157.0; 158.6. Anal. (C22H26N8) C, H, N.

4.1.15. 3-Isopropyl-5-(trans-2-aminocyclohexyl)amino-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5j)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (1.4 g,
3.32 mmol) in trans-1,2-diaminocyclohexane (30 mL, 68 mmol)
was heated in a sealed ampoule at 150 �C for 20 h. Excess amine
was evaporated at a temperature below 70 �C, and the residue was
partitioned between H2O and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (4%, 8%,
11%, 14%) with MeOH in CHCl3 containing a trace of concentrated
aqueous NH4OH. Chromatography provided (after evaporation
under vacuum) a noncrystalizable, amorphous colorless glass foam,
with mass ¼ 0.20 g, and 13% yield. ESI þ m/z 457.3 (100%) [MþH]þ,
229.1 (50%) [Mþ2H]2þ, ESI- m/z 455.3 [M � H]�.1H (500 MHz;
CDCl3): 1.13e1.20 (m, 4H, eCH2e); 1.25 (bs, 6H, -CH(CH3)2);
1.57e1.59 (m, 2H, eCH2e); 1.86 (bs, 2H, eCH2e); 2.47 (bs, 1H,
>CHNH2); 3.15 (sept., J ¼ 6.42 Hz, 1H, CH(CH3)2); 3.56 (bs, 1H,
eCHNHe); 4.57 (bs, 2H, eNHeCH2e); 7.13 (dd, J ¼ 7.34 Hz,
J ¼ 4.89 Hz, 1H, ArH); 7.28 (d, J ¼ 7.95 Hz, 2H, Ar); 7.53 (d,
J ¼ 7.95 Hz, 1H, ArH); 7.63 (d, J ¼ 7.64 Hz, 1H, ArH); 7.73 (d,
J ¼ 7.95 Hz, 2H, ArH); 8.58 (d, J ¼ 4.58 Hz, 1H, ArH). 13C (125 MHz;
CDCl3): 18.3; 21.7; 21.8; 24.7; 25.0; 25.9; 32.5; 34.0; 43.7; 46.0;
56.3; 57.2; 57.9; 120.4; 121.9; 126.8; 127.0; 127.4; 127.7; 136.7;
137.9; 139.6; 149.3; 149.6; 151.8; 156.9; 158.0. Anal. (C26H32N8) C, H,
N.

4.1.16. 3-Isopropyl-5-(3-amino-2-hydroxypropyl)amino-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5k)

A mixture of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzylamino]-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.69 g,
1.64 mmol), 1,3-diamino-2-propanol (10 mL, 95 mmol) and 1-
methyl-2-pyrolidone 2 mL was heated at 140 �C for 12 h in a
sealed ampoule. Excess amine was evaporated at a temperature
below 70 �C, and the residue was partitioned between H2O and
CHCl3. The combined organic phase was dried with sodium sulfate
and evaporated under vacuum. The product was purified by column
chromatography, stepwise (5%, 8%, 11% 14%) with MeOH in CHCl3
containing a trace of concentrated aqueous NH4OH. Chromatog-
raphy provided (after evaporation under vacuum) a non-
crystalizable, amorphous colorless glass form, with mass ¼ 0.17 g,
and 24% yield. ESI þ m/z 433.1 (100%) [MþH]þ, 217.6 (90%)
[Mþ2H]2þ, ESI- m/z 431.1 [M � H]�. 1H (500 MHz; DMSO-d6): 1.27
(d, J ¼ 7.03 Hz, 6H, -CH(CH3)2); 2.40e2.50 (m, 2H, eCH2e);
3.10e3.20 (m, 2H, eCH2e); 2.28e2.33 (m, 1H, eCH(OH)e);
3.45e3.49 (m, 1H, eCH(CH3)2); 4.69 (bs, 2H, eNHeCH2e); 6.06
(app. bt, 1H, eNHeCH2e); 7.26e7.29 (m, 1H, ArH); 7.44 (d,
J ¼ 8.25 Hz, 2H, ArH); 7.81 (dt, J ¼ 7.64 Hz, J ¼ 1.83 Hz, 1H, ArH);
7.87e7.89 (m, 2H, ArH, -NH-); 8.01 (d, J ¼ 8.56 Hz, 2H, ArH);
8.59e8.60 (m, 1H). 13C (125 MHz; DMSO-d6): 22.1, 22.2, 26.2, 43.1,
45.7, 46.0, 72.8, 120.6, 123.0, 126.7, 127.0, 127.8, 128.4, 137.7, 137.9,
140.9, 150.0, 156.3, 158.9. Anal. (C23H28N8O) C, H, N.

4.1.17. 3-Isopropyl-5-(piperazin-1-yl)-7-[4-(2-pyridyl)benzyl]
amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5l)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.32 g,
0.76 mmol) in pyrazine (3 mL, 27 mmol) in a sealed ampoule was
heated at 150 �C for 6 h. Excess amine was evaporated at a tem-
perature below 70 �C and the residue was partitioned between H2O
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and CHCl3. The combined organic phase was dried with sodium
sulfate and evaporated under vacuum. The product was purified by
column chromatography, stepwise (2%, 4%, 5%) withMeOH in CHCl3
containing a trace of concentrated aqueous NH4OH. Chromatog-
raphy provided (after evaporation under vacuum) a non-
crystalizable, amorphous colorless glass foam, with mass ¼ 0.18 g,
and 55% yield. ESI þ m/z 429.1 [MþH]þ, ES- m/z 427.1 [M � H]�. 1H
(500 MHz; DMSO-d6): 1.31 (d, J ¼ 7.03 Hz, 6H, eCH(CH3)2);
2.73e2.75 (m, 4H, 2�eCH2e), 3.17 (sept., J ¼ 7.03 Hz, 1H,
CH(CH3)2); 3.58e3.60 (m, 4H, 2�eCH2e); 4.71 (d, J ¼ 5.20 Hz, 2H,
eNHeCH2e); 7.29 (ddd, J ¼ 7.34 Hz, J ¼ 4.89 Hz, J ¼ 0.92 Hz, 1H,
ArH); 7.48 (d, J¼ 8.25 Hz, 2H, ArH); 7.84 (dt, J¼ 7.49 Hz, J¼ 1.53 Hz,
1H, ArH); 7.91 (d, J ¼ 8.25 Hz, 1H, ArH); 8.04 (d, J ¼ 7.64 Hz, 2H,
ArH); 8.63 (d, J ¼ 4.58 Hz, 1H, ArH). Anal. (C24H28N8) C, H, N.
4.1.18. 3-Isopropyl-5-[2-(dimethylamino)ethyl]amino-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5m)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.3 g,
0.71 mmol) and 2-(dimethylamino)ethylamine (3 mL, 27 mmol) in
a sealed ampoule was heated at 140 �C for 5 h. Excess amine was
evaporated at a temperature below 50 �C, and the residue was
partitioned between H2O and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (5%,
10%, 14%) with MeOH in CHCl3 containing a trace of concentrated
aqueous NH4OH. Chromatography provided a noncrystalizable,
amorphous colorless glass foam, with mass ¼ 0.06 g, and 20% yield.
ESI þ m/z 431.2 (100%) [MþH]þ, 216.1 (30%) [Mþ2H]2þ, ESI- m/z
429.2 [M � H]�. 1H (500 MHz; CDCl3): 1.31 (d, J ¼ 7.03 Hz, 6H,
eCH(CH3)2); 2.23 (s, 6H, (CH3)2N); 2.65 (t, J ¼ 7.64 Hz, 2H, eCH2e);
3.20 (t, J ¼ 7.34, 2H, eCH2e); 3.27 (kvint.; J ¼ 7.03 Hz, 1H,
eCH(CH3)2); 4.61 (bs, 2H, eNHeCH2e); 6.97 (bs, 1H, eNHeCHe);
7.14e7.18 (m, 3H, ArH); 7.55 (d, J ¼ 8.25 Hz, 1H, ArH); 7.66 (dd,
J¼ 7.64 Hz, J¼ 1.83 Hz, 1H, ArH); 7.69 (d, J¼ 7.95 Hz, 2H, ArH); 8.55
(d, J ¼ 3.97 Hz, 1H, ArH). 13C (125 MHz; CDCl3): 21.8; 26.4; 28.1;
44.0; 45.1; 59.1; 120.9; 122.3; 127.1; 128.0; 137.2; 138.2; 139.1;
149.4; 150.7; 157.0; 161.7. Anal. (C24H30N8) C, H, N.
4.1.19. 3-Isopropyl-5-(trans-4-aminocyclohexyl)amino-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5n)

3-Isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)benzyl]amino-
1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.3 g, 0.71 mmol) in melted
trans-1,4-diaminocyclohexane (5 g, 44 mmol) was heated in a
sealed ampoule at 150 �C for 20 h. Excess amine was evaporated at
a temperature below 70 �C, and the residue was partitioned be-
tween H2O and CHCl3. The combined organic phase was dried with
sodium sulfate and evaporated under vacuum. The product was
purified by column chromatography, stepwise (4%, 8%, 11%, 14%)
with MeOH in CHCl3 containing a trace of concentrated aqueous
NH4OH. Chromatography provided (after evaporation under vac-
uum) a noncrystalizable, amorphous colorless glass foam, with
mass¼ 0.06 g, and 19% yield. ESIþm/z 457.3 (100%) [MþH]þ, 229.1
(50%) [Mþ2H]2þ, ESI-m/z 455.3 [M�H]�. 1H (500MHz; DMSO-d6):
1.08e1.18 (m, 4H, 2xeCH2e); 1.27 (d, J ¼ 7.03 Hz, 6H, eCH(CH3)2);
1.71e1.72 (m, 2H, eCH2e); 1.85e1.87 (m, 2H, eCH2e); 2.50e2.52
(m, 1H, eCHeNHe); 3.11 (sept., J ¼ 7.03 Hz, 1H, eCH(CH3)2);
3.54e3.56 (m, 1H, eCHeNHe); 4.68 (bd, J ¼ 4.58 Hz, 2H,
eNHeCH2e); 5.69 (bd, J ¼ 7.34 Hz, 1H, eNHeCHe); 7.26 (m, 1H,
ArH); 7.44 (d, J ¼ 8.25 Hz, 2H, ArH); 7.79e7.82 (m, 2H, ArH, and
eNHe); 7.86e7.88 (m, 1H, ArH); 8.00 (d, J ¼ 8.25 Hz, 2H, ArH);
8.59e8.60 (m, 1H, ArH). 13C (125 MHz; DMSO-d6): 22.1; 26.4, 31.8,
34.9, 43.2, 50.0, 50.4, 120.6, 122.9, 127.0, 128.3, 137.7, 137.8, 141.2,
150.0, 156.3, 157.8. Anal. (C26H32N8) C, H, N.
4.1.20. 3-Isopropyl-5-[4-(2-hydroxyethyl)piperazin-1-yl]-7-[4-(2-
pyridyl)benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5o)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.21 g,
0.5 mmol) and 2-piperazin-1-ylethanol (3 mL, 23 mmol) in a sealed
ampoule was heated at 150 �C for 5 h. The reaction mixture was
partitioned between H2O and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (2%, 3%,
4%) with MeOH in CHCl3. Chromatography provided a syrupy
product that crystallized from CHCl3, with m.p. ¼ 135e140 �C,
mass ¼ 0.035 g, and 15% yield. ESI þ m/z 473.1 [MþH]þ, ES- m/z
471.1 [M � H]�. 1H (500 MHz; CDCl3 þ DMSO-d6): 1.23 (d,
J ¼ 7.03 Hz, 6H, eCH(CH3)2); 2.45e2.46 (m, 6H, 3� eCH2e); 3.14
(sept., J¼ 6.72 Hz,1H,eCH(CH3)2); 3.50e3.52 (m, 2H,eCH2e); 3.67
(m, 4H, 2� eCH2e); 4.60e4.61 (m, 2H, eNHeCH2e); 7.05e7.09 (m,
1H, ArH); 7.18 (bs, 1H, eNHe); 7.31e7.32 (m, 2H, ArH); 7.54e7.59
(m, 2H, ArH); 7.78e7.79 (m, 2H, ArH); 8.47e8.48 (m, 1H, ArH); 11.3
(bs, 1H, eNHe). 13C (125 MHz; CDCl3 þ DMSO-d6): 21.6, 26.5, 44.0,
44.6, 52.9, 57.7, 59.8, 120.3, 122.2, 126.9, 128.4, 136.8, 138.3, 140.0,
149.6, 156.7, 157.9. Anal. (C26H32N8O) C, H, N.

4.1.21. 3-Isopropyl-5-(4-methoxybenzyl)amino-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (5p)

A solution of 3-isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.5 g,
1.18 mmol) in 4-methoxybenzylamine (10 mL, 58 mmol) was
heated in a sealed ampoule at 150 �C for 5 h. Excess amine was
evaporated at a temperature below 70 �C, and the residue was
partitioned between H2O and CHCl3. The combined organic phase
was dried with sodium sulfate and evaporated under vacuum. The
product was purified by column chromatography, stepwise (3%, 5%,
7%) with MeOH in CHCl3. Chromatography provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous colorless
glass, with mass ¼ 0.15 g, and 26% yield. ESI þ m/z 480.3 [MþH]þ,
ES- m/z 478.3 [M � H]�. 1H (500 MHz; CDCl3): 1.29 (d, J ¼ 6.72 Hz,
6H, -CH(CH3)2); 3.21 (sept., J¼ 6.72 Hz, 1H,eCH(CH3)2); 3.67 (s, 3H,
OCH3); 4.50 (bd, J ¼ 3.97 Hz, 2H, eNHeCH2e); 4.69 (bs, 2H,
eNHeCH2e); 6.72 (d, J ¼ 8.56 Hz, 2H, ArH); 7.17e7.22 (m, 3H, ArH,
eNHe); 7.29 (d, J¼ 8.25 Hz, 2H, ArH); 7.59 (d, J¼ 7.95 Hz, 1H, ArH);
7.69 (dt, J ¼ 7.64 Hz, J ¼ 1.83 Hz, 1H, ArH); 7.78 (d, J ¼ 8.25 Hz, 2H,
ArH); 8.60e8.61 (m,1H, ArH). 13C (125MHz; CDCl3): 21.8, 26.1, 44.2,
45.4, 55.3, 113.8, 120.7, 122.3, 127.1, 128.1, 128.4, 128.9, 129.0, 137.4,
138.4, 149.6, 157.0, 158.7. Anal. (C28H29N7O) C, H, N.

4.1.22. 3-Isopropyl-5,7-di[4-(2-pyridyl)benzyl]amino-1(2)H-
pyrazolo[4,3-d]pyrimidine (5q)

A mixture of 3-Isopropyl-5-methylsulfonyl-7-[4-(2-pyridyl)
benzyl]amino-1(2)H-pyrazolo[4,3-d]pyrimidine (4) (0.25 g,
0.59 mmol), 1-[4-(pyridin-2-yl)phenyl]methanamine (0.48 g,
2.6 mmol), ethyldiisopropylamine (0.4 mL, 2.3 mmol) and 1-
methyl-2-pyrolidone 1 mL was heated at 150 �C for 5 h in a
sealed ampoule. The reaction mixture was concentrated under
vacuum and the residue was partitioned between H2O and CHCl3.
The combined organic phase was dried with sodium sulfate. The
product was purified by column chromatography, stepwise (4%, 6%,
8%, 10%) with MeOH in CHCl3 containing a trace of concentrated
aqueous NH4OH. Chromatography provided (after evaporation
under vacuum) a noncrystalizable, amorphous colorless glass form,
with mass¼ 0.069 g, and 21% yield. ESIþm/z 527.3 [MþH]þ, ES-m/
z 525.3 [M � H]�. 1H (500 MHz; DMSO-d6): 1.30 (d, J ¼ 7.03 Hz, 6H,
eCH(CH3)2); 3.22e3.27 (m, 1H, eCHe(CH3)2); 4.62 (bs, 2H,
eNHeCH2e); 4.73 (d, J ¼ 5.81 Hz, 2H, eNHeCH2e); 7.27e7.37 (m,
6H, ArH); 7.74e7.77 (m, 4H, ArH); 7.91e7.93 (m, 4H, ArH);
8.59e8.60 (m, 2H, ArH). Anal. (C32H30N8) C, H, N.



L. Vym�etalov�a et al. / European Journal of Medicinal Chemistry 110 (2016) 291e301300
4.1.23. 3-Isopropyl-7-[4-(2-pyridyl)benzyl]amino-1(2)H-pyrazolo
[4,3-d]pyrimidine (6)

A solution of 7-chloro-3-isopropyl-1(2)H-pyrazolo[4,3-d]py-
rimidine (Moravcova 2003), 1-[4-(pyridin-2-yl)phenyl]methan-
amine (0.31 g, 1.58 mmol) and ethyldiisopropylamine (0.4 mL,
2.3mmol) in CHCl3/t-BuOH (6mL/1mL) was heated for 1 h at 60 �C.
After cooling to room temperature the reaction mixture was
concentrated under vacuum and the residue was partitioned be-
tween H2O and CHCl3. The combined organic phase was dried with
magnesim sulfate and evaporated. Column chromatograpy, step-
wise (1%, 2%, and 4%) with MeOH in CHCl3 provided (after evapo-
ration under vacuum) a noncrystalizable, amorphous colorless
glass form, with mass ¼ 0.442 g, and 81% yield. ESI þ m/z 345.1
[MþH]þ, ESI-m/z 343.1 [M� H]�. 1H (500 MHz; DMSO-d6): 1.33 (d,
J ¼ 7.03 Hz, 6H, eCH(CH3)2); 3.29 (m, 1H, eCH(CH3)2); 4.78 (bs, 2H,
eNHeCH2e); 7.27e7.29 (m, 1H, ArH); 7.46 (d, J¼ 7.03 Hz, 2H, ArH);
7.80e7.83 (m, 1H); 7.87e7.89 (m, 2H, ArH, and eNHe); 8.03 (d,
J ¼ 7.03 Hz, 2H, ArH); 8.21 (bs, 1H, ArH, HC5); 8.60 (d, J ¼ 4.28 Hz,
1H, ArH); 12.26 (bs, 1H, eNHe). 13C (125 MHz; DMSO-d6): 22.2,
26.8, 43.6, 120.6, 122.4, 123.0, 126.9, 127.1, 128.5, 128.8, 137.7, 138.1,
139.4, 140.3, 149.6, 150.0, 150.7, 151.2, 156.3. Anal. (C20H20N6) C, H,
N.

4.2. Cytotoxicity assays on cancer cell lines

The cytotoxicity of each compound was determined using cell
lines of different histological origin, as described earlier [17,36].
Briefly, cells were treated in triplicate with three different doses of
each compound for 72 h. After treatments, Calcein AM solutionwas
added, and fluoresence from live cells was measured at 485 nm/
538 nm (excitation/emission) using a Fluoroskan Ascent microplate
reader (Labsystems). The IC50 value, that is, the drug concentration
lethal to 50% of the tumor cells, was calculated from the dose
response curves that resulted from the assays. MCF-7, K562, G361,
and HCT-116 cell lines were maintained in DMEM medium sup-
plemented with 10% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 mg/ml). All cell lines were cultivated at 37 �C in
5% CO2.

4.3. Kinase inhibition assays

CDK2/Cyclin E kinase was produced in Sf9 insect cells via
baculoviral infection and purified on a NiNTA column (Qiagen).
Other CDKs were purchased from ProQinase GmbH. Kinase re-
actions of each test compound were assayed using a mixture of the
following: 1 mg/mL histone H1 (for CDK2 and CDK5), 15 mM and
0.15 mM ATP for CDK2 and CDK5, respectively; 0.05 mCi [g-33P]ATP;
the test compound; and reaction buffer, in a final volume of 10 mL.
The reaction buffer consisted of: 60 mM HEPES-NaOH, pH 7.5,
3 mM MgCl2, 3 mM MnCl2, 3 mM Na-orthovanadate, 1.2 mM DTT,
and 2.5 mg/50 ml PEG20.000). The reactions were stopped by adding
5 mL of 3% aqueous H3PO4. Aliquots were spotted onto P-81 phos-
phocellulose (Whatman), washed 3 times with 0.5% aqueous
H3PO4, and finally air-dried. Kinase inhibition was quantified using
a FLA-7000 digital image analyzer (Fujifilm) [17,36]. The concen-
tration of each test compound required to decrease CDK activity by
50% was determined from its dose-response curve and designated
as its IC50.

4.4. Immunoblotting and antibodies

Immunoblotting was performed as previously described [17,36].
Briefly, cell lysates were prepared by harvesting cells in Laemmli
sample buffer. Proteins were separated on SDS-polyacrylamide gels
and electroblotted onto nitrocellulose membranes. After blocking,
the membranes were incubated with specific primary antibodies
overnight, washed, and then incubated with peroxidase-
conjugated secondary antibodies. Finally, peroxidase activity was
detected with ECLþ reagents (AP Biotech) using a CCD camera LAS-
4000 (Fujifilm). Specific antibodies were purchased from: Cell
Signaling (anti-FAK), Santa Cruz Biotechnology (anti-PARP, clone F-
2; anti-b-actin, clone C4; anti-Mcl-1, clone S-19), Bethyl Labora-
tories (anti-pRNA polymerase II antibodies phosphorylated at S5
and S2), Millipore (anti-RNA polymerase II, clone ARNA-3), Roche
Applied Science (anti-5-bromo-20-deoxyuridine-fluorescein, clone
BMC 9318), Sigma-Aldrich (anti-a-tubulin, clone DM1A), Thermo-
fisher Scientific (anti-pFAK, S732), Bioss (anti-CDK5); or were
generously gifted by Dr. B. Vojt�e�sek (anti-p53, clone DO-1).

4.5. Caspase activity assay

The cells were homogenized on ice for 20 min in an extraction
buffer (10 mM KCl, 5 mM HEPES, 1 mM EDTA, 1 mM EGTA, 0.2%
CHAPS, inhibitors of proteases, pH 7.4). The homogenates were
clarified by centrifugation at 10,000� g for 30min at 4 �C, and then
the proteins were quantified and diluted to equal concentrations.
Lysates were then incubated for 3 h with 100 mM Ac-DEVD-AMC, a
substrate of caspases 3 and 7, in assay buffer (25 mM PIPES, 2 mM
EGTA, 2 mM MgCl2, 5 mM DTT, pH 7.3). The fluorescence of the
product was measured using a Fluoroskan Ascent microplate
reader (Labsystems) at 355/460 nm (excitation/emission).

4.6. Cell cycle analysis

Sub-confluent cells were treated with different concentrations
of each test compound for 24 h. The cultures were pulse-labeled
with 10 mM 5-bromo-20-deoxyuridine (BrdU) for 30 min at 37 �C
prior to harvesting. The cells were then washed in PBS, fixed with
70% ethanol, and denatured in 2 M HCl. Following neutralization,
the cells were stained with anti-BrdU fluorescein-labeled anti-
bodies, washed, stained with propidium iodide, and analyzed by
flow cytometry using a 488 nm laser (Cell Lab Quanta SC, Beckman
Coulter) [17,36].
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