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Cyclin dependent kinase 5 (CDK5) is a serine/threonine kinase belonging to the cyclin dependent kinase
(CDK) family. CDKS5 is involved in numerous neuronal diseases (including Alzheimer’s or Parkinson’s dis-
eases, stroke, traumatic brain injury), pain signaling and cell migration. In the present Letter, we describe
syntheses and biological evaluations of new 2,6,9-trisubstituted purines, structurally related to roscovi-
tine, a promising CDK inhibitor currently in clinical trials (CDK1/Cyclin B, ICso =350 nM; CDK5/p25,
ICs0 = 200 nM). These new molecules were synthesized using an original Buchwald-Hartwig catalytic

IC(EDJ;(VgordS" procedure; several compounds (3j, 3k, 31, 3e, 4Kk, 6b, 6¢) displayed potent kinase inhibitory potencies
Kinase against CDK5 (ICsq values ranging from 17 to 50 nM) and showed significant cell death inducing activities
Roscovitine (ICsp values ranging from 2 to 9 uM on SH-SY5Y). The docking of the inhibitors into the ATP binding

domain of the CDK5 catalytic site highlighted the discriminatory effect of a hydrogen bond involving
the CDK5 Lys-89. In addition, the calculated final energy balances for complexation measured for several
inhibitors is consistent with the ranking of the ICsq values. Lastly, we observed that several compounds
exhibit submicromolar activities against DYRK1A (dual specificity, tyrosine phosphorylation regulated
kinase 1A), a kinase involved in Down syndrome and Alzheimer’s disease (3g, 3h, 4m; ICs, values ranging

Buchwald-Hartwig amination

from 300 to 400 nM).

© 2012 Elsevier Ltd. All rights reserved.

Cyclin-dependent kinases (CDKs) form a family of 20 ubiquitous
serine/threonine kinases (STKs),!~3 involved in cell cycle,*> apop-
tosis® and gene transcription.” Their regulation is maintained by
structural modifications,®!! but their activation is related to their
association with regulatory proteins called cyclins.! In the past
decade, their deregulation has been observed in multiple patholo-
gies,”> which has promoted the search for potent and selective
inhibitors of their serine/threonine kinase (STK) activity.

Among the CDKs family, an unusual member, the cyclin-
dependent kinase 5 (CDK5), was discovered in 1992.12-1% CDKS5 is
activated by proteins identified as p35, its isoform p39, and their
respective proteolytic fragments p25 and p29.'47'6 The resulting
complexes participate in cell-cell communication and play a key
function in neuronal survival, migration and in the development
of the cerebral cortex. CDK5 is partially responsible for the hyper-
phosphorylation of the protein tau, and for the production of the
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B-amyloid peptide, the two major hallmarks of the Alzheimer’s
disease.!'””'® Its implication in other neuronal diseases like
Parkinson’s disease, 22! amyotrophic lateral sclerosis,>?> Hunting-
ton’s disease,?? stroke,>* has been strongly suggested. In addition,
CDK5 is involved in the regulation of pain signalling?>?® and in
the pancreatic secretion of insulin.?” Finally CDK5 is involved in tu-
mor cell metastatic migration, such as prostate cancer cells.?® Thus,
pharmacological inhibitors of CDK5 have a great potential as new
drugs against several major pathologies.

Purines, the scaffold of which is widely used in medicinal chem-
istry,?® have provided several CDKs inhibitors. Thus, (R)-Roscovi-
tine, 6-benzylaminopurine developed by Cyclacel Pharmaceuticals
(Chart 1), is one of the most promising molecule.3°-3? Based on this
scaffold, we studied new potent CDKs inhibitors, such as DRF 53
(Chart 1).23 Taking advantage of these structure-activity relation-
ship results, we report here the synthesis of a new library of hybrid
structures  including 6-aminopyridyl, 6-aminopyrimidinyl,
6-aminopyrazinyl and 6-aminopyridazinyl.

The new trisubstituted purines were synthesized following the
efficient three-step convergent procedure outlined in scheme 1.
Briefly, the commercially available 2,6-dichloropurine was
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Scheme 1. Reagents and conditions: (a) 2-bromopropane, K,CO3, DMSO 15-18 °C, 5 days; (b) aminoaryl, Pd(OAc),, (+) BINAP, tBuOK, toluene, 100 °C; (c) R%-NH,, NEts, 110-

160 °C.

Table 1

Optimization of the Buchwald-Hartwig catalytic conditions for regioselective C-6 amination of compound 1

Amine Product Pd(OAc); (%) BINAP (%) tBuOK (equiv) Time Yield (%)
2-Aminopyridine 2a 4 8 15 6h 73%
3-Aminopyridine 2b 4 8 15 6h 763>
4-Aminopyridine 2c 4 8 1.5 6h 73%°
2-Aminopyrimidine 2d 8 16 1.5 1 day 22
4-Aminopyrimidine 2e 8 16 1.5 1day 26
5-Aminopyrimidine 2f 0.7 1.4 1.5 3h 57
Aminopyrazine 2g 2 4 1.5 1 day 30
4-Aminopyridazine 2h 2 4 1.5 5h 38

All reactions were carried out under argon atmosphere in refluxing dry toluene.

regioselectively alkylated using 2-bromopropane at 15-18 °C in
DMSO for 5days to afford the 2,6-dichloro-9-isopropylpurine 1
in 70% yield.* Then, this compound was submitted to the catalytic
Buchwald-Hartwig amination we explored previously using func-
tionalized aminopyridines, which led to compounds 2a-c with
good yields using 4% of Pd(OAc), as catalyst and 8% of BINAP as li-
gand.?” In the present study, we extended the scope of this reaction
to aminoaryls including two nitrogen atoms (Table 1). The amina-
tion of 1 with 2- and 4-aminopyrimidines required double concen-
trations of catalysts and ligand (8% of Pd(OAc),, 16% of BINAP) to
give products 2d-e with moderate yields (22-26%). Conversely,
the use of the previously observed catalytic conditions (4% of
Pd(OAc), and 8% of BINAP) with 5-aminopyrimidine and amino-
pyrazine afforded exclusively compounds 2f and 2g' (Scheme 2).
This double amination is probably related to the nucleophilicity
of the amino group in the aminopyrimidine ring which is lower
than those of the 5-aminopyrimidine or those of the aminopyr-

Pd(OAc), 4% BINAP 8%
tBuOK 1.5 eq.

Pd(OAc) 2 % BINAP 4%
tBuOK 1.5 eq.

Zg, 30%

-

azine. In our hands, lowering the catalytic amount of Pd(OAc),
led to the expected purines 2f and 2g (Table 1, Scheme 2) with
good yields and reduced reaction time in the case of 5-aminopy-
rimidine. Also, the use of a reduced amount of catalyst and ligand
with 4-aminopyridazine afforded exclusively the expected com-
pound 2h in 38% yield. Lastly, reaction of aminated products 2a-
h with appropriate amino-alcohols afforded trisubstituted purines
3a-m, 4a-p, 5a-c and 6a-f in 50-60% yield.>®

The inhibition of CDK5/p25, GSK-3a3 and CK15¢ serine/threo-
nine kinase (STK) activity was determined in the presence of a
range of concentrations of newly synthesized products using an as-
say with [y-33P]-ATP as described in the experimental section. In
order to evaluate the selectivity of the compounds, their inhibition
of STK activity was controlled under the same conditions with
other purified kinases (DYRK1A, CDK2/cyclin A). ICso values were
determined from dose-response curves. Globally, as shown in Ta-
bles 2-4, newly synthesized purines exhibit potent activity against

e
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tBuOK 1.5 eq.
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Scheme 2. C-6 amination of dichloropurine 1 and its side products.
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Table 2
Effect of trisubstituted purines on five protein kinases activity
Compd. Scaffold R? CDK2 CDK5 GSK-3aB DYRK1A CK1
2a A Cl 6.2 2.1 >10 3.8 3
3a (R)-1-Hydroxy-but-2-ylamino 1 2.3 33 33 6.2
3b (S)-1-Hydroxy-but-2-ylamino 0.53 4.1 21 2.1 12
3c HN N/ (R)-1-Hydroxy-3-methylbut-2-ylamino 0.8 1.1 >10 2.0 6.2
3d (S)-1-Hydroxy-3-methylbut-2-ylamino 1.2 1.9 >10 1.2 11
N
N| X >
J\ Z
2 N }\
2b A Cl 0.68 1.1 >10 2.1 2.1
3e (R)-1-Hydroxy-but-2-ylamino 0.05 0.025 10 1.0 1.0
3f N (S)-1-Hydroxy-but-2-ylamino 0.014 0.09 >10 1.1 2
3g HN = (R)-1-Hydroxy-3-methylbut-2-ylamino 0.018 0.022 7.3 0.4 2.2
3h (5)-1-Hydroxy-3-methylbut-2-ylamino 0.12 0.3 >10 0.4 2.7
3i 1,3-Dihydroxyprop-2-ylamino 0.22 0.3 >10 1.2 1.8
N
N| X >
J\ =
2 N }\
2c A Cl 0.7 7.4 18 3.9 2.1
3j N (R)-1-Hydroxy-but-2-ylamino 0.038 0.017 >10 41 1
3k (S)-1-Hydroxy-but-2-ylamino 0.05 0.05 6 0.8 >1
31 HN = (R)-1-Hydroxy-3-methylbut-2-ylamino 0.02 0.021 12 0.78 1.8
3m (5)-1-Hydroxy-3-methylbut-2-ylamino 0.13 0.2 7.8 0.9 33
N
N| X >
J\ 4
RZ N >\

Purines were tested at various concentrations on kinases as described in the Experimental Section. ICsq values, calculated from the dose-response curves, are reported in pLM.
-, not tested. ICso value reported as >10 indicates that the compound did not display any inhibitory activity at the highest concentration tested (10 pM).

the STK activity of CDK2 (ICso values ranging from 14 nM to 9 pM
except for 4a and 4¢) and CDK 5 (ICsq values ranging from 17 nM to
11 uM except for 4a and 4c) and average inhibition on the STK
activity of CK1 and DYRK1A (ICso values ranging from 0.5 to
20 pM). Similar to roscovitine, purvalanol and DRF53, these com-
pounds are inactive on GSK-3a/B STK activity, in contrast to mole-
cules belonging to other CDKs inhibitor families, such as
indirubins.’

Derivatives bearing an aminopyridine in the C® position are en-
dowed with ICsq values for CDK5 STK inhibition ranging from 17
nM to 4.1 uM (Table 2). Compounds 3e, 3g and 3j-1 are more effi-
cient inhibitors for this kinase than roscovitine (ICsq=0.2 pM),
purvalanol (ICso =0.07 utM) and DRF53 (ICsp = 0.08 uM) (Chart 1),
and showed no selectivity between CDK2 (ICsq values ranging from
18 to 50 nM), CDK5 (ICsq values ranging from 17 to 50 nM), and
CDK1 (data not shown, ICsq values ranging from 19 to 120 nM).
This result is consistent with the strong structural homology of
the ATP binding site for those kinases.>*

Interestingly, the potency of the CDK STK inhibition depends on
the nitrogen position of the aminopyridine core. Thus, compounds
3a-d (on CDK5, ICsq values ranging from 1100 to 4100 nM) are
globally 10 times less active than compounds 3e-i (on CDK5, ICsq
values ranging from 22 to 300 nM) which are globally equipotent
than compounds 3j-1 (on CDKS5, ICso values ranging from 17 to
50 nM). Among the latter inhibitors, 3e, 3g, 3j and 31, are about
tenfold more active than roscovitine.

Docking of 3j in the CDK5 active site (ICso = 17 nM) confirms the
basic interactions between the purine scaffold and the kinase ATP
binding site (Fig. 2),3* but the most important observation relates
to the onset of an H-bond between Lys 89 Ne and the aromatic
nitrogen of pyridine. Such a bond could explain the potent inhibi-
tion of CDK5 by compounds bearing 3- and 4-aminopyridine. We
also observed that the H-bond between Cys 83 and the N°-H is
preserved and the onset of two additional H-bond which involve
on the one hand Cys 83 and purine N” and on the other hand GIn
130 and the purine amino alcohol hydroxyl group of the R? substi-
tuent. Docking furthermore confirms the presence of a hydropho-
bic pocket which involves Ala 30, Phe 80 and Val 64.

Studies on purines substituted at C® by aminopyrimidines,
aminopyrazines or aminopyridazines revealed that nitrogen effects
are cumulative for STK inhibition (Tables 3 and 4). Thus, com-
pounds 4k-m and 6a-c belonging, respectively to the 5-aminopy-
rimidine serial and the 4-pyridazinyl series, are potent CDK2 and
CDKS5 inhibitors including ICsy values in the 18-76 nM range. This
result is consistent with the docking of these inhibitors in the
CDK5 ATP binding site which highlights the persistence of an H-
bond between Lys89 and, respectively N> and N* of the aminoarylic
structure of 4k and 6a (Supplementary data Fig. 1A and 1B). In
marked contrast, compounds 4a-d belonging to the 2-aminopy-
rimidine serial are inactive, owing to the unfavorable position of
their two nitrogens; their ICso values are close or superior to
10,000 nM.
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Table 3
Effect of trisubstituted purines bearing an N® aminopyrimidinyl on five protein kinases activity
Compd. Scaffold R? CDK2 CDK5 GSK-3aB8 DYRK1A CK1
2d X Cl >10 >10 >10 >10 8
4a N (R)-1-Hydroxy-but-2-ylamino >10 >10 >10 >10 >10
4b )|\ (5)-1-Hydroxy-but-2-ylamino 7.3 11 >10 2.0 >10
4c HN N/ (R)-1-Hydroxy-3-methylbut-2-ylamino >10 >10 >10 >10 >10
4d (S5)-1-Hydroxy-3-methylbut-2-ylamino 9 10 >10 7 >10
N
é[ >
J\ =
¢ ) >\
2e 2 Cl 13 >10 >10 >10 8
4e N (R)-1-Hydroxy-but-2-ylamino 1.2 1.8 >10 3.2 5.8
af | J (S5)-1-Hydroxy-but-2-ylamino 2.0 4.8 >10 2.8 8.3
ag " N/ (R)-1-Hydroxy-3-methylbut-2-ylamino 033 0.73 >10 1 2.8
4h (S)-1-Hydroxy-3-methylbut-2-ylamino 0.79 3.2 22 1.1 49
4i 1,3-Dihydroxyprop-2-ylamino 6 8.5 >10 5.8 7
4j N| X N\> 1-Hydroxy-2-methylprop-2-ylamino 0.73 3.2 >10 16 9
J\ =
R2 N >\
2f N, Cl 0.18 2.8 >10 53 2.3
2f X 5-Aminopyrimidinyl 0.17 0.36 >10 0.48 0.22
4k | (R)-1-Hydroxy-but-2-ylamino 0.018 0.042 >10 0.28 0.6
41 N (8)-1-Hydroxy-but-2-ylamino 0.023 0.076 >10 0.27 0.93
4m HN (R)-1-Hydroxy-3-methylbut-2-ylamino 0.02 0.038 5 0.3 1.3
4n (S8)-1-Hydroxy-3-methylbut-2-ylamino 0.11 0.37 16 0.49 2
40 R N 1-Hydroxy-2-methylprop-2-ylamino 0.10 0.18 >10 2.5 0.82
4p J|\ \> 1,3-Dihydroxyprop-2-ylamino 0.26 0.3 >10 1.9 21
=
¢ ) >\
See legend of Table 2 for details. All values are reported in pM.
Table 4
Effect of trisubstituted purines bearing an N® aminopyrazinyl or aminopyridazinyl on five protein kinases activity
Compd. Scaffold R? CDK2 CDK5 GSK-3aB DYRK1A CK1
2g N Cl 3.1 12 >10 9 7
5a X (R)-1-Hydroxy-but-2-ylamino 0.21 0.9 >10 0.4 2.8
5b | (R)-1-Hydroxy-3-methylbut-2-ylamino 0.088 0.3 >10 0.3 4
5¢c = 1-Hydroxy-2-methylprop-2-ylamino 1.0 3 >10 4 4
2g HN N Aminopyrazinyl 2.8 13 10 0.5 1.1
N
'Jt[ >
J\ =
RZ N >\
2h N\ Cl 1.6 3 >10 34 1.1
6a NN (R)-1-Hydroxy-but-2-ylamino 0.072 0.06 13 0.45 0.5
6b | (8)-1-Hydroxy-but-2-ylamino 0.029 0.042 7.3 0.3 1
6¢ = (R)-1-Hydroxy-3-methylbut-2-ylamino 0.028 0.041 6 0.28 0.8
6d H (S)-1-Hydroxy-3-methylbut-2-ylamino 0.12 0.23 43 0.48 19
6e 1,3-Dihydroxyprop-2-ylamino 0.11 0.2 >10 1.0 0.7
6f 1-Hydroxy-2-methylprop-2-ylamino 0.046 0.1 13 3 0.6

N e\
Lﬁ\>

ju

See legend of Table 2 for details. All values are reported in pM.
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R)-roscovitine purvalanol A DRF 53
CDK1/cyclin B 0.35 uM 0.004 pm* 0.22 uM
CDK2/cyclin A 0.70 uyM 0.070 pm3 -
CDK5/p25 0.20 uM 0.075 uM* 0.08 uM
CK1 2.30 uM 100% inhibition at 0.1 uM 0.014 uM
SH-SY5Y 17.4 uM - 17.2 uyM

Chart 1. Structure of (R)-roscovitine, purvalanol A and DRF 53, and their activities on relevant kinases and in cell survival assays. ICso values are reported in puM. (See

above-mentioned reference for further information.)

For each series, the influence of the C-2 amino alcohol appears
to be limited. Nevertheless, as reported in the case of roscovitine,
the (R) stereoisomer appears to have a higher affinity for CDK5
than the (S) one. This is particularly highlighted upon comparing
31 (CDK5:IC50=21nM) and 3m (CDK5:ICs50=200nM), 4m
(CDK5:1C50 =38 nM) and 4n (CDK5:ICso =370 nM) and lastly 3g
(CDK5:1Cs0 =22 nM) and 3h (CDK5:IC50 =300 nM). Finally, the
substitution of an amino alcohol by a halogen is very detrimental
in term of CDK5 STK inhibition (IC5q >2000 nM for 2a, 2c-h). Sur-
prisingly, this effect is less detrimental on CDK2 inhibition (2b
ICs0 = 680 nM; 2¢ IC5¢ = 700 nM and 2f ICso = 180 nM). Lastly, com-
pound 2f (CDK5:ICso =360 nM), which bears on C-2 a 5-amino-
pyrimidinyl group retains and average activity (Table 3).

We calculated 3E and SE, the final energy balances for complex-
ation in presence or in absence of solvation. It is the difference be-
tween, on the one hand, the inhibitor-CDK5 intermolecular
interaction energy plus the continuum solvation energy of the
complex; and on the other hand, the sum of the separately en-
ergy-minimized ligand and protein conformational energies plus
their continuum solvation energies at the conformational energy
minima. The ranking of energy balances of the outcome of energy
minimization is globally consistent with that of the ICsy values
(Table 5). However while the 3E ranking of the structurally related
compounds 4a, 2f, 6a and 3j is the same as that of the ICsq values
observed for CDKS5, the affinity of DRF 53 which belongs to a differ-
ent family of inhibitor appears overestimated with respect to this
series. This indicates the possibilities and limitations of the compu-
tational approach used in this study.

Globally, our highest-affinity compounds exhibits activities
against CDK5 similar or better than those previously reported by
our group (DRF 53, Chart 1)*>3® and by others, including specific
CDK5 inhibitors with scaffolds such as pyrazolopyrimidine ring
(ICs0 = 30 nM),*® 2,4-diaminothiazoles (ICso range between 15 nM

Table 5
Comparison between the inhibition of CDK5 (ICso values) and the energy minimi-
zation (calculated without and with energy of solvation) for relevant compounds

Compd. ICso (M)  SE Energy minimization 8E Energy minimization
(without solvation) (with solvation)
(kcal/mol) (kcal/mol)

Roscovitine 0.2 —41 -32

Purvalanol 0.07 —49.5 -30.7

DRF 53 0.08 -52.5 -34.0

4a 10.0 -25.7 -15.9

2f 0.36 -30.8 =21

6a 0.06 -38.2 —26.1

3j 0.01 -41.9 -28.9

and 1 uM)*° or cyclohexyl-thiophene moiety linked with triazole
(ICso range between 35nM and 1 uM).*' The latter compounds
have complex chemical structures and their preparation involves
multi-step syntheses; consequently, large-scale syntheses are
more difficult, and subsequent pharmacomodulations, in order to
improve activity or selectivity, might be very challenging. By con-
trast, the purine scaffold we used here is chemically accessible, sta-
ble and adjustable fur further optimizations.

Interestingly, DYRK1A, a Serine Threonine kinase involved in
neurodegenerative pathologies, such as the Down syndrome,*? is
targeted by several compounds including a C® 5-aminopyrimidinyl
(Table 3), aminopyrazinyl or 4-aminopyridazinyl (Table 4). With
the significant exception of the analogs of Lamellarin D which in-
clude in their structure a complex chromeno|3,4-blindole skeleton
(ICs = 0.07 uM),*® there are few sub-micromolar DYRK1A inhibi-
tors reported in the recent literature, and none of them has reached
the stage of clinical evaluation.***> Thus, products 4k-n, 5a, 5b
and 6a-d are the first purine-like sub-micromolar DYRK1A inhibi-
tors (ICsg values ranging from 280 to 480 nM), in contrast to rosco-
vitine (87% of remaining STK activity for DYRK1A at 1 uM) or
purvalanol (88% of remaining STK activity for DYRK1A at
0.1 uM).22 Thus, these molecules might pave the way for the design
of novel families of DYRK1A inhibitors.

Lastly, we also studied our compounds as inhibitors of CK1, a
kinase involved in multiple physiological events and responsible

20
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Figure 1. Effect of prepared purines on the survival of SH-SY5Y cells. The
compounds were tested at various concentrations for their effects on SH-SY5Y cell
survival after 48 h incubation estimated using the MTS reduction assay as described
in experimental section. ICso values, calculated from the dose-response curves, are
reported in pM.
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lle 10

Figure 2. Compound 3j docked in the ATP binding pocket of CDK5. The classical hydrogen bonds network between the inhibitor and the kinase, and the interaction between
Lys 89 and the relevant nitrogen of the aminoarylic core (orange arrow) are outlined as black dashed lines. H-Bond lengths are also specified. Hydrophobic interactions are

outlined as red dashed lines.

for amyloid-p formation.3? To date, one of the most potent inhibi-
tors is DRF 53 (ICso =80 nM, Chart 1), which encompasses a C®
aminobiaryl including a terminal pyridine ring involved in a H-
bond with the ATP binding pocket. By contrast, compounds synthe-
sized in the present study lacking such an entity, are less potent
against CK1 STK activity, and exhibits ICsy values in the 0.800-
10 uM range.

In addition to these STK inhibition studies on purified kinases,
the most active purines were studied for their cellular effects on
the survival of human neuroblastoma SH-SY5Y cells (Fig. 1). Thus,
SH-SY5Y cells were exposed for 48 h to various concentrations of
purines and cell viability was estimated by the MTS reduction as-
say as described in the Experimental Section. All selected com-
pounds displayed significant cell death inducing activity, with
ICsp values ranging from 1.8 to 8.8 nM. Moreover, these molecules
are globally 5 to 10-fold more potent than roscovitine and DRF 53.
This result suggests a good correlation between CDKs inhibition
and cell death inducing activity.

In conclusion, we have described procedures to introduce a new
aminoaryl core in the 6 position of the purine scaffold by resorting
to an innovative variant of the Buchwald-Hartwig amination pro-
cedure. Several compounds exhibit a strong potency to inhibit
CDK5 with ICsq values in the 20 nM range and, by contrast to
DRF53, are selective for CDK5 compared to CK1. The docking of
these compounds in the CDK5 ATP binding site highlights an essen-
tial hydrogen bond involving the Lys 89 N € and a nitrogen on the
6-aminoaryl which impacts the structure-activity relationship. For
several inhibitors, we have shown a significant correlation be-
tween the ranking of ICso values and that of the energy balances
at the outcome of energy-minimization. Moreover, the most potent

molecules exhibit a significant cell death inducing activity. In con-
clusion we suggest that this new series of molecules constitutes an
incentive for the development of novel therapeutic agents against
several diseases involving CDKs deregulation.
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