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ABSTRACT:

The reaction between pyridones (1) and substituted hydrazines 4 can afford two different regioisomeric
pyrazolo[3,4-b]pyridin- 6-ones 2 and 3 depending on the initial substitution of the methoxy group and
the direction of the cyclization. In the case of phenylhydrazine 4 (R3 = Ph), we have clearly shown that
the treatment of pyridones 1a—d with 4 (R3 = Ph) in MeOH at temperatures below 1408C yields,
independently of the nature and position of the substituents present in the pyridone ring, the open
intermediates 7a—d. When the reaction is carried at 1408C under microwave irradiation, the
corresponding 2-aryl substituted pyrazolo[3,4-b]pyridines 3a—d are always formed. We have
experimentally determined, using DSC techniques, the activation energies of the two steps involved in
the formation of 3: a) substitution of the methoxy group present in pyridines 1 with phenylhydrazine 4
(R3 = Ph) to afford intermediates 7 and b) cyclization of intermediates 7 to yield pyrazolopyridines 3.
The results obtained, 15 and 42 kcal-mol@]1 respectively, are in agreement with the experimental

findings.



46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

INTRODUCTION

As a part of our ongoing research in the area of tyrosine kinase inhibitors, we were interested in 3-
amino-2,4,5,7-tetrahydro-6Hpyrazolo[3,4-b]pyridin-6-ones[ 1] as an scaffold for the synthesis of
combinatorial libraries. Such structures can be obtained by cyclization of 2-methoxy-6-o0xo0-1,4,5,6-
tetrahydropyridin-3-carbonitriles (1), synthesized by reaction of an a,b-unsaturated ester and
malononitrile in NaOMe/MeOH,[2] with hydrazine[3] or substituted hydrazines. In this later case, the
reaction can lead to two different positional isomers (2 or 3) depending on the reaction path. If the
substitution of the methoxy group present in 1 takes place with the NH group of the substituted
hydrazine the subsequent cyclization onto the cyano group would afford 2 (path A). On the contrary, if
the initial attack is carried out by the NH2 group the cyclization would yield 3 (path B) (Scheme 1).

In principle, the initial substitution should be governed by the relative nucleophilicity of the two
nitrogen atoms present in NH2-NH-R3, provided that the steric effects are negligible. Consequently, if
R3 is a donor group the nucleophilic character of the nitrogen bonded to R3 should be increased, thus
favoring the attack of the NH group, leading to the formation of isomer 2. On the contrary, if R3 is an
electron-withdrawing group the initial substitution should proceed through the NH2 nitrogen, thus
leading to isomer 3.

In the case of phenyl substituted hydrazines the prediction[ 4] of the pKa values indicates that the NH2
group should be more nucleophilic (pKa=27.8) in comparison with the NH group (pKa=21.7).
Consequently, it would be reasonable to expect that the reaction could proceed affording isomer 3 as
stated above.

According to our design for potential activity as tyrosine kinase inhibitors, we were interested in 2-aryl
substituted structures 3. A literature search revealed that there is not a single example of such kind of
structures, and only a work by Rodrigues-Santos et al. published in 2011 in which they claimed that the
reaction with phenylhydrazine 4 (R3 = Ph) (or substituted phenylhydrazines) only affords isomer 2.[5]
Consequently, we decided to revise the reaction between pyridones 1 and phenylhydrazine 4 (R3 = Ph).

The present paper deals with the results obtained in such study.
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RESULTS AND DISCUSSION

We selected a set of a,b-unsaturated esters Sa—d to synthesize the corresponding 2-methoxy-6-oxo-
1,4,5,6 tetrahydropyridin- 3-carbonitriles 1a—d in 40—78% yield, upon treatment with malononitrile (6)
in NaOMe/MeOH (Scheme 2), to study the effect of the substituents R1 and R2 in the subsequent
reaction with phenylhydrazine 4 (R3 = Ph).

First, we decided to reproduce the experimental conditions used by Rodrigues-Santos et al.[5] using
pyridone la and phenylhydrazine 4 (R3 = Ph). It is necessary to point out that they described that the
reaction affords pyrazolopyridines 2 both with conventional heating and microwave irradiation using a
domestic microwave oven (2450 MHz). Surprisingly, when we treated 1a with phenylhydrazine 4 (R3 =
Ph) using the conventional heating methodology (at reflux for 24 h using MeOH as solvent) a product
was isolated in 74% yield whose structure was different from 2 or 3. In particular, the presence in the IR
spectrum of a C/N stretching band at 2256 cm@]1 revealed that the cyclization was not achieved.
Moreover, in the 1H-NMR spectrum the signal corresponding to the methoxy group of 1a (3.94 ppm)
had disappeared, the N@H of the lactam group appeared as a singlet at 10.32 ppm while a second N2-H
singlet appeared at 9.11 ppm and a doublet, corresponding to the a-cyano C@H, was observed at 4.69
ppm. These evidences clearly indicate that the isolated product was the reaction intermediate 7a (R1=H,
R2=Ph) (Figure 1) which had not completed the cyclization.

Our hypothesis was confirmed using NOESY spectroscopy (Figure 2) where the correlation between
N1-H/N2-H groups is clearly observed as well as the correlation between H12 of the phenyl group and
the N2-H.

Such result led us to study such reaction in deep by using one or two equivalents of phenylhydrazine 4
(R3 = Ph) in several solvents under different temperature and time conditions. Moreover, two different
work-up methods were tested (i. e. filtration and CH2CI2 extraction) to isolate the final product. The
results are summarized in Table 1.

As it is clearly shown in Table 1, the corresponding isomer 2a was not observed in any case. A factor
with a great influence on the reaction is the temperature, thus for temperatures below 1408C the
cyclization reaction did not take place and intermediate 7a was obtained in all cases.

However, when the reaction is carried out at 1408C under microwave irradiation in MeOH using two
equivalents of phenylhydrazine 4 (R3 = Ph) the cyclization takes place and 3a is obtained. The structure
of 3a and the product purity were established using the lH-NMR spectra. Thus, the signal appearing at
9.11 ppm (N@H) in the case of the intermediate 7a disappears and a singlet corresponding to the NH2
group (2H) is observed at 5.28 ppm. The structural assignment was confirmed by NOESY spectroscopy,
where correlation between NH2 group and the phenyl groups are observed. Moreover, in the IR
spectrum the band previously appearing at 2256 cm-1 corresponding to the C/N stretching band of

intermediate 7a disappears.
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The cyclization of a sample of the isolated intermediate 7a was carried out in order to confirm the
predicted reaction mechanism. A solution of 7a in methanol was heated at 1408C for 30 minutes under
microwave irradiation to achieve cyclization into isomer 3a.

The results obtained confirmed our hypothesis that the initial substitution should be governed by the
relative nucleophilicity of the two nitrogen atoms present in NH2-NH-R3 Consequently, in the case of
phenylhydrazine 4 (R3 = phenyl) the initial substitution proceeds through the NH2 nitrogen, thus
leading to isomer 3.

However, this result is contrary to those described by Rodrigues-Santos et al.[5] who claimed that
isomers 2 are always obtained. In order to cast light on such incongruence, we decided to extend the
study to pyridones 1b—d to determine the possible influence of the nature and position of substituents R1
and R2.

We started the study using pyridone 1d (R1=H, R2=p-MeO-C6H4) used as model compound by
Rodrigues-Santos et al.[5] The reaction was carried out using conventional heating (24 h at reflux in
MeOH) with phenylhydrazine 4 (R3 = Ph) (2:1 molar excess). The reaction afforded intermediate 7d
(R1=H, R2=p-MeO-C6H4) in 70% yield as in the case of pyridone 1a (see above). The structure was
confirmed by IR and 1H-NMR (see supporting information). Particularly revealing was the NOESY
spectrum (see supporting information) which shows the same kind of correlations observed in 7a.
Cyclization of intermediate 7d as starting material was achieved upon heating in MeOH at 1408C under
microwave irradiation and the cyclized compound 3d was obtained in 97% yield.

Finally, in order to definitively confirm the structure of 3d, single crystals were grown by vapor
diffusion of water into 3 mL of a MeOH solution of 5 mg of 3d. The crystal structure was determined by
single crystal X-ray diffraction. 3d crystallizes in monoclinic centrosymmetric space group P21/n. The
ORTEP diagram and atomic numbering are given in Figure 3. Crystallographic data are summarized in
supporting information.

The resulting structure clearly shows the presence of the phenyl substituent in position C2 of the
pyrazole ring, thus confirming that the isomer obtained is 3d.

Further exploration of the synthesis of 3d showed that it can be directly obtained using a 2:1 molar ratio
of 4 (R3 = Ph) with respect to pyridone 1d under microwave irradiation at 1408C for 30 min in 85%
yield.

To establish the general applicability of this synthetic methodology, we extended the reaction to two
other pyridones: 1b (R1=Ph, R2=H) and 1¢ (R1=Me, R2=H). When the reactions with 2 equivalents of
phenylhydrazine 4 (R3 = Ph) were carried out at room temperature in MeOH the corresponding open
intermediates 7b and 7c were obtained in 81% and 60% yield, respectively. The same reactions carried
out at 1408C under microwave irradiation afforded 3b (48%) and 3¢ (58 %), respectively (see
supporting information).

Consequently, we can summarize the results obtained as follows (Scheme 3): a) when the reaction

between pyridones 1 and phenylhydrazine 4 (R3 = Ph) is carried out in MeOH (or other solvents) below
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1408C, intermediates 7 are formed in 60-80% yield; b) such intermediates can be converted in the
corresponding 2-aryl substituted 3-amino-2,4,5,7-tetrahydro-6H-pyrazolo[3,4-b]pyridin-6-ones 3 by
heating in MeOH under microwave irradiation at 1408C in good yields (50-90 %); and c)
pyrazolopyridines 3 can be directly obtained using pyridones 1 and phenylhydrazine 4 (R3 = Ph) heated
in MeOH under microwave irradiation at 1408C in 40-60% yield. In no case we have even detected the
regioisomeric pyrazolo[3,4-b]pyridines 2.[5]

Finally, to understand the high thermal level needed for the cyclization of intermediates 7, we decided to
determine the activation energies of the two steps involved in the formation of pyrazolopyridines 3: a)
substitution of the methoxy group present in pyridones 1 with phenylhydrazine 4 (R3 = Ph) to afford
intermediates 7; and b) cyclization of intermediates 7 to yield pyrazolopyridines 3.

Preliminary ab-initio calculations using Gaussian 09 already indicated that the second barrier is higher
than the first one but the values obtained were both too high. Consequently, we decided to determine
experimentally such barriers using differential scanning calorimetry (DSC) techniques. Thus, a 1:2
mixture of 1¢ and phenylhydrazine 4 (R3 = Ph) in MeOH was introduced in a medium pressure stainless
steel crucible and heated from 408C to 1608C at different heating rates under a nitrogen stream. The
activation energy was then determined using the kinetic methods of Ozawa[6] and Kissinger[7] to afford
15.6:1.6 kcal'-mol@]1 and 14.3:1.6 kcal-mol@]1, respectively.

Similarly, intermediate 7¢ was heated in absence of solvent in a standard aluminium crucible with a
pierced lid from 1208C to 2208C at different heating rates under a nitrogen stream. The activation
energy was determined using the kinetic methods of Ozawa,[6] Kissinger[7] and Kissinger-Akahira-
Sunose.[8] The results obtained were 42.4:2.3, 42.8:2.4 and 40.6:0.2 kcal-mol-1, respectively. The 1H-
NMR spectrum of the contents of the standard aluminum crucible showed the complete transformation
of intermediate 7c to pyrazolopyridine 3c (see supporting information).

These results are clearly compatible with our findings and show why the cyclization step must proceed
at 1408C. In fact, the experimental activation energies obtained are in agreement with the observations
of Rodri’'guez et al.[9] who established that reactions with activation energies below 20 kcal-mol@1
occur easily by conventional heating, while reactions with activation energies above 30 kcal-mol@1
cannot be performed under conventional heating or need highly polar solvents under microwave
irradiation.

Consequently, we believe that Rodrigues-Santos et al.[5] mistook intermediates 7 for isomers 2 probably
because the reaction temperature reached by their microwave for home-use was not high enough to
allow the reaction to complete.

A literature search has revealed, in one side, that there are almost no examples of 2-aryl substituted
pyrazolo[3,4-b] pyridines referable to 3 and, on the other side, that the reactions between cyano groups
and NH2-Ph groups (the mechanistic step needed for the cyclization step affording compounds 3) are

normally carried out using acid catalysis.
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To sum up, the formation of compounds 3 cannot be qualified as an obvious reaction because it requires
heating at 1408C in MeOH under microwave irradiation due to the very high activation energy involved

in such process (around 42 kcal-mol@1).
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CONCLUSIONS

We have clearly shown that the treatment of pyridones 1a—d with phenylhydrazine 4 (R3 = Ph) in
MeOH at temperatures below 1408C yields, independently of the nature and position of the substituents
present in the pyridine ring, the corresponding open intermediates 7 a—d. When the reaction is carried at
1408C under microwave irradiation, the corresponding pyrazolo [3,4-b]pyridines 3a—d are always
formed. In no case we have even detected the regioisomeric pyrazolo[3,4-b]pyridines 2.[5] We have
experimentally determined that the activation energy of the cyclization step from intermediates 7 to
pyrazolo[3,4-b] pyridines 3 is around 42 kcal-mol@]1. Such barrier is overcome due to the overheating
of the intermediate 7 solution in MeOH at 1408C under microwave irradiation at 11 bar. We are
currently routinely using this methodology for the production of libraries of pyrazolo[3,4-b]pyridines 3
and extending the study to methyl substituted hydrazine 4 (R3 = Me).
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Legends to figures

Scheme 1. Possible reaction pathways for the formation of pyrazolo[3,4-b] pyridin-6-ones 2 and 3.

Figure. 1 Structure of reaction intermediates 7.

Scheme 2. Synthesis of 2-methoxy-6-0x0-1,4,5,6 tetrahydropyridin-3-carbonitriles 1a—d.

Figure. 2 NOESY spectrum of intermediate
Ta.

Figure. 3 ORTEP diagram and atomic numbering of 3d.

Scheme 3. Conversion of pyridones 1 in open intermediates 7 or pyrazolopyridines 3 depending on the

reaction temperature.
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285  Table 1 Experimental conditions tested for the treatment of 1a with phenylhydrazine 4 (R3 = Ph)
286

287
288
Salvernt fqueofda T({CQ) Th Worku" Sesut
(Yoeld '

MeOH 2 10mw* as 1 3a(50%)
2 140 mw as 2 3a4T%)
2 mfux 24 1 7a({no%)
1 140 mw as 2 7a+3a
1 140 mw as 1 7a+3a
2 mfux 24 2 Ta(74%)
2 S mw as 1 T7all3%)

Saolvent free 1 140 mw a2 2 32 (39%)
1 &0 mw a2 2 Ta27%)

THF 1 &0 mw azs 1 Ta{T%)
1 140 mw azs 1 7a mpure
1 140 mw as 1 Ta9%)
2 140 mw azs 1 Tai3%)
2 mfux 24 1 Ta(25%)

CHLL, 2 140 mw as 1 T7a(15%)

(2l micowave radiion. [b] Wark ugx (1) filkration, (2) CH,Q, eencson_ (o]

solkxed compound, 'H-NMR spectra of mother Iquors paesent anly signals

coresponding to 7a or 3 a, depending on the expesmant, and excess of

phenyihydaane 4 (R' - Ph)
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