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A series of novel 1-acyl-3-amino-1,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole derivatives were designed and
synthesized. These derivatives were initially evaluated for their in vitro anticancer activity against human
colon carcinoma HCT-116 cell line, and compounds 11a, b were chosen for further evaluation their
in vitro activity against other five human cancer cell lines. These results indicate that most of the target
compounds have considerable in vitro anticancer activity. The most active compound 11a was found to
be 4- to 28-fold more potent than (R)-roscovitine against six human cancer cell lines. In addition, com-
pound 11a was assessed for its activity against 12 kinases, and then evaluated for its interaction mode by
docking experiments with cyclin-dependent kinase 5 (CDK5) and glycogen synthase kinase-3b (GSK3b).

� 2012 Elsevier Ltd. All rights reserved.
3-Aminopyrazole has been recognized as a privileged template
in drug design and discovery1 and numerous compounds contain-
ing the 3-aminopyrazole moiety have been developed as potential
anticancer agents (Fig. 1), such as the Aurora kinase inhibitors
AZD1152,2 VX-6803 and PHA-739358,4 the CDK2 inhibitor PHA-
533533.5

As a novel scaffold based on the 3-aminopyrazole, 3-amino-
1,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole bi-cycle scaffold has been
developed as potent Aurora-A and CDK2 inhibitors in the past dec-
ade.4,6–9 According to the co-crystal structures of the bi-cycle
derivatives in complex with CDKs,10 we speculated that the N1 po-
sition of the bi-cycle scaffold could be exploited to gain accessibil-
ity to one of the CDK ATP-binding subsites, which is called the
narrow hydrophobic Phe80 pocket. For example, (R)-roscovitine
(Fig. 2) was also found to pack nicely into the Phe80 subsite of
CDK5 by an isopropyl group and inhibited CDK5/p25 with an IC50

of 160 nm.11 Additionally, carbonyl group is always involved in
the interaction formed between the Phe80 subsite and CDK inhib-
itors such as BMS-265246,12 UCN-01 and its analogues.13,14 In or-
der to find out more effective derivatives containing 3-
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39 (X.-M.L.); tel./fax: +86 10

999@gmail.com (Y.-C. Wang).
aminopyrazole moiety, we have designed and synthesized a series
of novel 1-acyl-3-amino-1,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole
derivatives by introducing a small hydrophobic acyl group at the
N1 position of the 3-aminopyrazole moiety (Fig. 2) and evaluated
for their anticancer and kinase inhibitory activities. Meanwhile,
the Structural–Activity Relationship (SAR) and interaction modes
of this kind of compounds were also concluded.

As shown in Figure 2, the novel 1-acyl-3-amino-1,4,5,6-tetrahy-
dropyrrolo[3,4-c]pyrazole scaffold was divided into three domains
for structural modification and optimization. The substituents at
N5-position were first fixed as N-butyl carbamyl or benzoyl
groups.4,6–8 The substituents at C3–NH position of the pyrazole
ring were mainly from substituted benzoyl groups, similar to the
2,6-dichlorobenzoyl group of AT-7519 (CDK 2 inhibitor).15 The
substituents at N1-position were mainly from small hydrophobic
acyl groups.

Synthetic pathway to the novel of 1-acyl-3-amino-1,4,5,6-tetra-
hydropyrrolo[3,4-c] pyrazole derivatives was outlined in Scheme 1.
According to well-established literature procedures,6–8 the imino
group of the pyrazole ring of tert-butyl 3-amino-4,6-dihydro-1H-
pyrrolo[3,4-c]pyrazole-5-carboxylate 116 was selectively protected
by nucleophilic substitution with ethyl chloroformate to yield
compound 2, and then acylation of the primary amine 2 gave key
intermediates 3a–e. Removal of ethoxy carbonyl group of the
amides 3a–e and subsequently introduction of acyl groups at the
N1-position afforded compounds 5a–n. The N-Boc group of 5a–n
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Figure 1. Aurora kinase inhibitors AZD1152, VX-680 and PHA-739358 in clinical trials, CDK2 inhibitor PHA-533533.
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Figure 2. (R)-roscovitine (A) and chemical structure of 1-acyl-3-amino-1,4,5,6-
tetrahydropyrrolo[3,4-c]pyrazole scaffold (B).
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was removed by hydrogen chloride gas or iodotrimethylsilane
(TMIS) to give compounds 6a–o, which were finally coupled with
butyl isocyanate or the corresponding acyl chlorides to afford the
target compounds 10a–j, 11a–j and 12a–f.

However, the acetyl group of 5a was also partly cleaved simul-
taneously when reacted with hydrogen chloride gas or TMIS, and
this led to the low yields of 11a (23%, from 3a) and 12a–f (11–
24%, from 3a). To avoid it, the second synthetic route (Scheme 1)
was developed subsequently. The N-Boc group of 3a–c was first re-
moved by hydrogen chloride gas to give compounds 7a–c, and
introduction of various substituents (R3) at the N5-positon of
7a–c yielded 8a–h by acylation or sulfonylation. Finally, the other
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Scheme 1. Reagents and conditions: (a) ClCO2Et, DIEA, THF, 0–5 �C, 12 h; (b) R1COCl, DIEA
CH2Cl2, 0–5 �C, 0.5–2 h or TMSI, CHCl3, N2, r.t. 20 min, then MeOH, 1 h; (f) n-C4H9NCO or a
chlorides or sulfonyl chlorides, DIEA, CH2Cl2 or THF, r.t., 24 h; (i) Et3N, MeOH, r.t., 0.5–3
target compounds 12g–k were obtained successfully in improved
yields (33–46%, from 3a) by removal of the ethoxy carbonyl group
of 8a–h and subsequently treatment with acetyl chloride.

To evaluate the anticancer activity of these newly synthesized
derivatives, the anticancer activity of compounds 10a–j, 11a–j
and 12a–k and three precursors 9a–c were initially tested against
human colon carcinoma HCT-116 cells by performing SRB assay17

Compounds 11a and 11b were chosen for further evaluation of
their anticancer activity against other five human cancer cell lines
including HT-29 (colon carcinoma), MCF7 (breast carcinoma),
HepG2 (hepatocellular liver carcinoma), A549 (lung carcinoma)
and HT-1080 (fibrosarcoma) as well as one normal human liver
L02 cell line, respectively. These results were summarized in Tables
1–3, and presented as the concentration of drug inhibition 50% cell
growth (IC50). In order to evaluate whether compound 11a could
functionally interfere with the function of the desired protein ki-
nases, it was tested against a panel of 12 human kinases. The result
was showed in Table 4 and presented as the inhibition rate (%) at
10 lM concentration.

The target compounds 10a–j, 11a–j and 12a–k and three pre-
cursors 9a–c without acyl group at the N1-position were initially
evaluated for their in vitro anticancer activity against human colon
carcinoma HCT-116 cell line. The 50% inhibition concentrations
(IC50’s) of these compounds along with (R)-roscovitine for compar-
ison were presented in Tables 1 and 2.
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Table 1
Structure and anticancer activity of compounds 9a–c, 10a–j and 11a–j against HCT-116 cells
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9a Phenyl — 6.40 10j Benzyl 43.11

9b 4-F phenyl — 3.19 11a Phenyl CH3� 0.58
9c 4-CH3O phenyl — 13.57 11b Phenyl 1.06

10a Phenyl 3.47 11c Phenyl 2.02

10b Phenyl 7.47 11d Phenyl 1.24

10c 4-CH3 phenyl 17.64 11e Phenyl 1.40

10d 4-CH3 phenyl 23.21 11f Phenyl 2.61

10e 4-F phenyl 23.25 11g 4-F phenyl 2.28

10f 4-F phenyl 30.80 11h 4-F phenyl 2.78

10g 4-CH3O phenyl 65.51 11i 4-CH3O phenyl 5.18

10h 4-CH3O phenyl 25.28 11j 4-CH3O phenyl 31.30

10i Benzyl 31.16 (R)-roscovitine — — 16.38

Table 2
Structure and anticancer activity of compounds 12a–k against HCT-116 cells
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Table 3
Anticancer activities of compound 11a against other five human cancer cell lines and
one normal human liver L02 cell line

Cell line IC50, lM

11a 11b (R)-roscovitine

HT-29 0.92 0.91 11.63
MCF-7 0.99 1.07 12.22
HepG2 0.81 0.86 15.47
A549 1.74 NDa 14.14
HT-1080 2.13 NDa 9.62
L02 2.22 2.47 20.48

a Not detected.

Table 4
Inhibitory activity of 11a against a panel of 12 human kinases

Kinase % Inhibition Kinase % Inhibition

Aurora-A 33 CDK7/cyclinH/MAT1 5
Aurora-B 32 CDK9/cyclin T1 10
CDK1/cyclinB 30 EGFR 8
CDK2/cyclinA 17 GSK3b 67
CDK2/cyclinE 30 mTOR 3
CDK5/p25 72 PDK1 10
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The data listed in Tables 1 and 2 indicated that the tested com-
pounds have generally considerable potency in inhibiting the
Figure 3. The predicted binding mode for 11a (stick model) modeled in the ATP-binding p
of 11a to the ATP-binding pocket of CDK5, (b) Overlap of 11a (atom-type colored) with (R
11a to the ATP-binding pocket of GSK3b. (d) Binding mode of 11a with GSK3b, H-bond
growth of HCT-116 cell line. Among them, 9a–c, 10a–b, 11a–i
and 12a, g, k (IC50: 0.58–13.57 lM) were more active than (R)-ros-
covitine (IC50: 16.38 lM). Particularly, the most active compound
11a (IC50: 0.58 lM) was found to be 28 fold more potent than
(R)-roscovitine against HCT-116. N5-benzoyl derivatives were gen-
erally more active than the corresponding N5-n-butyl carbamoyl
analogues (11d vs 10a, 11e vs 10b, 11g vs 10e, 11h vs 10f, 11i vs
10g).

Compound 10a or 10b bearing a benzamido group at the C3-po-
sition showed higher potency than the corresponding substituted
benzamido analogues (10c, e, g or 10d, f, h), which was consistent
with that of compounds 11d–e and 11g–j. It indicated that intro-
duction of an electron-withdrawing or donating group on the
para-position of the phenyl ring (R1) such as methyl, methoxyl or
fluoro would be detrimental to the activity.

The size of R2 groups of the acyl moiety at the N1-position
was considered to be a factor in determining activity. The
relative contribution of R2 groups to activity was generally as
follows: methyl > ethyl > cyclopropyl > phenyl > benzyl. Indeed,
compound 11a with the smallest R2 group (CH3) showed the best
activity among all of the target compounds. In addition, N1-acyl
derivatives 11a–f, 11g–h and 11i showed increased activity than
the corresponding N1-des-acyl analogues 9a, 9b and 9c, support-
ing the importance of the acyl functional group at this position
with respect to anticancer activity and the validity of our
strategy.
ockets of CDK5 (PDB 1UNL) and GSK3b (PDB 1UV5), respectively. (a) Docking model
)-roscovitine (in purple stick) in CDK5, H-bond (orange dashes). (c) Docking model of
(orange dashes), p–p interaction (orange line).
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The above results suggested that acetyl and benzamido groups
were the optimal substituents at the N1- and C3-positions in this
study, respectively. In order to define more clearly the effect the
substituent at the N5-position on the activity, the benzoyl moiety
at the N5-position of the most active compound 11a was also re-
placed with other acyl and sulfonyl groups (Table 2). When directly
compared with 11a, these derivatives 12a–k showed remarkably
decreased activity, although some of them (12a, f, g, k) were more
active than (R)-roscovitine against HCT-116.

Compounds 11a and 11b were further evaluated for their
in vitro anticancer activity against other five human cancer cell
lines including HT-29, MCF7, HepG2, A549 and HT-1080 as well
as one normal human liver L02 cell line. The data in Table 3 indi-
cated that 11a and 11b have more remarkable anticancer activity
against the five human cancer cell lines and human colon carci-
noma HCT-116 cell line (Table 1) (IC50: 0.58–2.13 lM) compared
with (R)-roscovitine (IC50: 9.62–16.38 lM). On the other hand,
compound 11a showed promising anticancer activity on the six
human cancer cell lines than normal human liver L02 cell line
(IC50: 2.22 lM), which is consistent with (R)-roscovitine.

Finally, 11a was assessed for its activity against a panel of 12 ki-
nases at 10 lM concentration. The data in Table 4 indicated that
11a has much better activity against CDK5/p25 and GSK3b (72%
and 67% of inhibition rates, respectively) than the other ten kinases
(3–33% of inhibition rates).

To further understand the binding mode of compound 11a with
CDK5 or GSK3b, molecular docking was performed through CDOC-
KER module in Discover studio (Fig. 3). Compound 11a packs nicely
into the ATP binding pockets of both CDK5 and GSK3b (Fig. 3a and
3c). The superimposition of the binding modes of 11a and (R)-ros-
covitine in the ATP binding pocket of CDK5 was shown as Figure 3b.
The acetyl of 11a and the isopropyl of (R)-roscovitine form similar
hydorphobic interactions with the narrow hydrophobic pocket
around residue Phe80. Furthermore the C-3-benzamido and N-5-
benzoyl moieties of 11a shows similar orietation as the N-6-benzyl
and 1-ethyl-2-hydroxyethylamino moieties of (R)-roscovitine,
respectively, and the 1-acyl-3-aminopyrazole moiety of 11a also
forms two critical H-bonds with residue CYS83. A third H-bond
formed between N-5-benzoyl moiety of 11a and residue ASN144.
Shown as Figure 3d, there is only one H-bond formed between
C-3 amino group and the oxygen of ASP200 residue of GSK3b.
Meanwhile, C-3-benzamido and N-5-benzoyl moieties of 11a form
two p–p interactions with residues LYS183 and ARG141, respec-
tively. The p–p interaction formed between the phenyl moiety of
11a N-5-benzoyl group and the C=NH of residue ARG141, which
is consistent to previous modeling studies that the ARG141 residue
(GSK3b) appears to be unique to GSK3b and the interactions with it
are benefitial to the selectivity of GSK3b inhibitors.18,19

In summary, a series of novel 1-acyl-3-amino-1,4,5,6-tetrahy-
dropyrrolo[3,4-c] pyrazole derivatives was designed, synthesized
and characterized by 1H NMR, 13C NMR, MS and HRMS. These
derivatives and three precursors were evaluated for their in vitro
anticancer activity. The results showed that all the tested com-
pounds have generally considerable activity against HCT-116.
The activity of compound 11a (IC50: 0.58–2.13 lM) was found to
be 4- to 28-fold more potent than that of (R)-roscovitine (IC50:
9.62-16.38 lM) against the six human cancer cell lines. In addition,
11a has promising inhibitory activity against both CDK5/p25 and
GSK3b. Docking results found that 11a share the similar interaction
mode with CDK5 as (R)-roscovitine, 11a also formed hydrogen
bond and p–p interactions with GSK3b. Further pharmacological
studies of 11a are currently in progress and will be reported in
due course.
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