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1. Introduction

Schiff bases derived from aromatic o-hydroxy aldehydes, such as
salicylidenanilines, may exist either as a single tautomer or a mix-
ture of two in equilibrium: a cis-quinonoid structure (enamine or
keto tautomer) characterized by an O---H—N intramolecular
hydrogen bonding, and a benzenic structure (imine or enol tauto-
mer) possessing the alternative O—H---N intramolecular bonding
(Scheme 1). Such tautomers can be identified in both solutions
through spectroscopic methods and the solid state by X-ray dif-
fraction. It is generally assumed that the most stable tautomer of
salicylidenanilines is the iminic form.! Zwitterionic structures
having a longer N*—H bond, have also been formulated,? though
their diagnostic value is less important.

H-O H O
imine enamine

Scheme 1.
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Salicylidenanilines exhibit remarkable photo- and thermo-chro-
mic properties hinged on the molecular structure and markedly
influenced by electronic interactions in the conjugated system (w—m
and n—m) and steric effects.>* In photochromic systems, salicylide-
nanilines adopt a non-planar conformation, favored by n—m in-
teraction involving the lone pair on the nitrogen atom and the
adjacent aromatic ring. In planar molecules stabilized by ©—m=
interaction, the lone pair is not longer coupled to the aryl ring. As
a result the intramolecular hydrogen bond is stronger and proton
transfer may occur in the ground state, either at room temperature or
upon heating (thermo-chromic behavior). Moreover, in the solid state
photo- and thermo-chromic responses can be reversible and there-
fore imine—enamine equilibria, induced by UV radiation or heat, can
be exploited in the fabrication of organic nanophotonic materials.

Schiff bases generated from amines adopt a preferential tauto-
meric structure that largely depends on the parent carbonyl
compound. While salicylaldehydes lead usually to imines, 2-hy-
droxy-1-naphthaldehyde gives rise to enamines. In contrast, Schiff
bases generated from hydrazines produce hydrazones, which have
invariably an iminic structure with the aforementioned aldehydes.®
Thus, the structure of salicylaldazine (1), resulting from the reaction
of salicylaldehyde and hydrazine, has been recently determined.”®
Since hydrazones derived from salicylaldehydes often exhibit
a broad biological activity, a vast number of compounds have been
synthesized, common derivatives arising from aryl hydrazines® and
acyl hidrazides.!° Particular cases include semicarbazones (2)'! and
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their thioanalogs (3).1 Likewise, Schiff bases derived from 2-hy-
droxy-1-naphthaldehyde and hydrazines, acyl hydrazides (4—7),
semicarbazones, and thiosemicarbazones (8) show an iminic
structure in both solution and the solid state.!*> Compound 5 is an
inhibitor of the DNA polymerase and HIV-reverse transcriptase
RNase H.'¥ Hydrazone 6 forms a fluorescent complex in the presence
of Mg(ll), thereby facilitating the determination of this ion in
serum,'®> whereas a complex of 7 with Fe(Il) exhibits antitumoral
activity.'® Hydrazones derived from 1-hydroxy-2-naphthaldehyde
are less known, though they show equally a preferential enamine
structure with amines and imine tautomers with hydrazines.
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We could only find two antecedents dealing with enamine
tautomers in hydrazones. Thus, chemiluminescence has been
observed when a basic solution of hydrazone 9, derived from sali-
cylaldehyde, is irradiated with visible light. This causes isomeri-
zation of the inactive imine tautomer into enamine 10."” In a second
example, a hybrid hydrazone combining both aldehyde and ace-
tophenone fragments, shows the two tautomeric forms (i.e., phe-
nol—imine 11 and keto-enamine 12) in the crystal unit cell.'®
Notably, the tautomeric behavior is associated to the acetophe-
none moiety, which contrasts with other hydrazones derived from
o-hydroxyacetophenones lacking this phenomenon.!9P—¢19
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It is surprising that while Schiff bases derived from 2-hydroxy-
1-naphthaldehyde adopt preferentially enamine structures, the
corresponding hydrazones only exist as imines. The origin lies
presumably in the existence of a lone pair on the nitrogen atom
contiguous to the iminic nitrogen. The interaction of such a pair
with the other lone pair on the iminic nitrogen or with 7 electrons

from the carbon—nitrogen double bond may offer the clue to un-
derstand the salient preference of hydrazones to adopt the imine
structure. Accordingly, three possibilities should be taken into
account:

(a) an orthogonal disposition between the lone pairs on the ni-
trogen atoms. This arrangement avoids their interaction and
each pair lies in a nodal plane of the other, as found in the most
stable conformation of hydrazines.?? Thus, the lone pair on the
non-iminic nitrogen would be parallel to the p orbitals forming
the 7 system of the C=N bond. There will be delocalization
through that bond and the aromatic ring. Hydrazones pos-
sessing an imine structure will exhibit this molecular config-
uration (13);

a coplanar disposition between the lone pairs, though in an
antiperiplanar conformation (14) that minimizes the electronic
repulsion;

a coplanar disposition between the lone pairs, now adopting a
synperiplanar conformation (16). In this case there will be
astrong repulsion between the lone pairs; the so-called a-effect is
attributed to this type of interactions.?!
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Arrangements, such as 14 and 16 could favor enamine structures
(15 or 17), because proton transfer would eliminate the electronic
repulsion by placing again the lone pairs in orthogonal orbitals.

As aresult, one could also expect that Schiff bases bearing a lone
pair on an atom vicinal to the iminic nitrogen would exhibit imine
structures. The presence of appropriate R substituents in 13 could
also favor preferential arrangements such as 14 or 16, and therefore
enamine structures 15 or 17, respectively. Bulky groups will cause
steric hindrance, thus avoiding the possibility of generating
a structure like 13 and altering the electronic properties of the non-
iminic heteroatom. This surmise will be scrutinized through the
present manuscript.

2. Results and discussion
2.1. Synthesis of hydrazones

A series of hydrazones derived from 2-hydroxy-1-naph-
thaldehyde and the less studied 1-hydroxy-2-naphthaldehyde have
been prepared, and fully characterized in both solution and the
solid state. As mentioned above, this design is based on a rationale
looking for structures with modified electronic properties. Thus,
the syntheses of hydrazones 18—21 were accomplished to assess
the effect of the conformations adopted by the heterocyclic ring
on the electronic interactions. In a similar way compounds 22—25
derived from 1-hydroxy-2-naphthaldehyde, were obtained. The
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presence of substituents at ortho positions in 21 and 25, relative to
20 and 24, respectively, could modify the interaction between the
lone pairs on the hydrazone moiety.
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The experimental protocol involves the condensation of equimolar
amounts of 2-hydroxy-1-naphthaldehyde (or 1-hydroxy-2-naph-
thaldehyde) with N-aminomorpholine, N-amino-N'-methylpiper-
azine, and N-aminopiperidine in ethanol at room temperature, which
produces the corresponding hydrazones 18—25%2 in variable, yet
unoptimized, yields (Table 1).

Table 1

Chemical yields (%) and selected IR, 'H and '>C NMR data of compounds 18—25
Compound Yield I)c:Na 50Hb 5CH:Nb 55701.{‘) 5CH:Nb
18 58 1625 12.82 8.68 157.6 138.1
19 39 1622 12.93 8.61 157.5 137.9
20 47 1621 13.17 8.61 157.3 136.6
21 71 1623 13.94 9.27 163.2 160.2
22 73 1625 12.57 7.90 154.7 1423
23 51 1629 12.73 7.84 154.5 141.5
24 25 1632 12.95 7.83 1544 140.3
25 24 1629 13.43 8.37 163.0 162.8
3 Incm L
5 In ppm.

2.2. Solid-state structures

Both elemental analyses and spectroscopic data are consistent
with the proposed structures. Table 1 collects FT-IR absorptions and
significant NMR resonances of the hydrazone fragment. The
stretching band of the C=N bond at ~1625 cm~, along with its
low intensity, suggest an imine structure.?3? The carbonyl group in
an alternative enamine disposition will also exhibit a similar ab-
sorption, although much more intense due to the increased polarity
of that bond.?3P

Unequivocal solid-state structures could further be confirmed
through X-ray diffraction analyses of compounds 18, 20, and 23
whose ORTEP diagrams are depicted in Fig. 1.4
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Fig. 1. Solid-state structure of 18, 20, and 23 with thermal elipsoids drawn at 35%
probability.

In all the cases, there is an intramolecular hydrogen bond be-
tween the phenolic OH group and the iminic nitrogen, as evidenced
by short O---N distances (Table 2). Thus, the length of the C—0 bond
is 1.350 A for 18, 1.358 A for 20, and 1.353 A in 23, which are con-
sistent with a single bond; while the C=N bond distance is 1.292 A
in both 18 and 23, and 1.294 A in the case of 20. The mean plane of
the heterocyclic ring is approximately coplanar with the naph-
thylmethylene fragment.

Table 2 .

Intramolecular hydrogen bonds present in 18, 20, and 23 (A and °)
Compound d(D—H) d(H---A) d(D---A) /£ (DHA)
18 0.84 1.83 2.575 (2) 146.7
20 0.84 1.85 2.585 (2) 146.0
23 0.84 1.86 2.598 (2) 146.0

2.3. Structure in solution

TH and 3C NMR spectra show signals consistent with a phe-
nol—imine structure; the iminic proton and the phenol OH group
appear as singlets, with the phenolic carbon resonating in most
cases at ~157 ppm. In an alternative enamine structure, one should
expect the coupling between the protons present in that func-
tionality as well as a carbonyl group resonating at ~170 ppm.

In these substances the aromatic fragment is coplanar with the
hydrazone moiety; so we were particularly interested in compounds
21 and 25, as one could expect deviations from coplanarity due to the
steric hindrance caused by methyl groups at C-2 and C-6 at the
piperidine ring. This would likewise modify the relative disposition
of the lone pairs on both nitrogen atoms, thus enabling a keto-amine
structure. However, 'H and 3C NMR spectra of both 21 and 25
showed only signals compatible with a phenol—iminic arrangement,
although chemical shifts appeared to be relatively deshielded with
respect to those of 20 and 24 (Adpy in the range 0.77—0.48 ppm,
Ad=cy: 0.66—0.54 ppm, Adco: 5.9-8.6ppm, and Adc=n:
23.6—22.5 ppm), owing to conformational changes caused by steric
effects. The change however had no effect on the imine structure.

2.4. Computational calculations and conformational analysis

To shed light into the steric effects on the structure and con-
formation of 21 and 25, compounds 20 and 21, as representative
examples, were analyzed together with their possible tautomeric
forms 26 and 27, respectively.
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The conformational profile resulting from rotation around the
N—N bond was obtained by means of DFT calculations at the B3LYP/6-
31G+ level?® using Gaussian09 package.?® To this end and starting
from a conformation of minimal energy, we have calculated the en-
ergy of molecular arrangements obtained by successive 15°-rotations
around the N—N bond (fc—n—Nn-c) without any further geometrical
restriction in gas phase. Then, it has been determined the geometry
corresponding to conformational minima and maxima, which rep-
resent the transition structures involving interconversion between
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the most stable conformations. Such transition states were charac-
terized by their unique imaginary frequency. Recently, Zhao and
Truhlar?” have recommended the use of an alternative functional,
MO06-2X, for main-group thermochemistry, barrier heights, and for
the study of noncovalent interactions such as intramolecular hydro-
gen bonding. Bearing this premise in mind, the free energies calcu-
lated at the B3LYP/6-31G+ level have now been re-assessed at the
MO06-2X/6-311++G** level with complete geometry optimization as
well. Moreover and, although there are no anions, the inclusion of
diffuse functions to accurately model the hydrogen bond appeared to
be more convenient. In addition, the role of solvent has been taken
into account through the SMD?® model. To check the influence of
polarity, calculations have been performed in CHCl; (¢=4.7), the sol-
vent employed for recording NMR spectra, as well as DMSO (¢=46.8).
However, the results obtained are quite similar (see Tables 3—6) and,
accordingly, the discussion concentrates only on the former.

Table 3
Conformational data of 20 (angles are given in degrees and energies in kcal mol~")
Minima Maxima

Conformer 20a 20c 20b 20d
Dihedral angle® 135 2103 123.6 2953
AGP 0.00 0.00 2.59 9.25
Dihedral angle® 16.2 210.6 122.6 296.7
AGP€ 0.00 0.00 3.15 8.52
Dihedral angle? 16.2 211.2 121.2 2971
AG>d 0.00 0.00 4,01 7.75

2 At the B3LYP/6-31G~ level.

b Relative free energy with respect to that of 20a or 20c.

¢ At the M06-2X/6-311++G* level, including the solvent effect (SMD model,
CHCl; as solvent).

d At the M06-2X/6-311++G* level, including the solvent effect (SMD model,
DMSO as solvent).

Table 4
Conformational data of 26 (angles given in degrees and energies in kcal mol~')
Minima Maxima

Conformer 26b 26d 26a 26¢
Dihedral angle® 119.8 295.2 429 192.2
AG*P 1.40 5.57 8.14 8.14
Dihedral angle® 119.2 296.5 41.7 194.6
AG,P€ 2.78 7.53 833 833
Dihedral angle? 119.2 296.7 44.0 192.6
AG>d 2.64 6.56 7.94 7.94

2 At the B3LYP/6-31G* level.

b Values relative to 20a/20c.

¢ At the M06-2X/6-311++G* level, including the solvent effect (SMD model,
CHCl; as solvent).

4 At the M06-2X/6-311++G* level, including the solvent effect (SMD model,
DMSO as solvent).

Table 5
Conformational data of 21 (angles are given in degrees and energies in kcal mol~")
Minima Maxima

Conformer 21a 21b 21c 21e 21f 21d
Dihedral angle? 10.8 116.8 202.3 46.6 180.3 294.8
AG*P 4.67 0.00 4.67 7.88 7.88 8.39
Dihedral angle? 7.1 1153 211.6 43.7 185.7 296.2
AGS 3.89 0.07 3.89 7.27 7.27 18.24
Dihedral angle® 6.3 117.2 2135 441 185.7 298.7
AG,>e 4.12 0.00 4.12 8.08 8.08 13.95

2 At the B3LYP/6-31G* level.

b Values relative to 21b.

¢ Values relative to 27b.

4 At the M06-2X/6-311++G+ level, including the solvent effect (SMD model,
CHCl; as solvent).

€ At the M06-2X/6-311++G* level, including the solvent effect (SMD model,
DMSO as solvent).

Table 6
Conformational data of 27 (angles in degrees and energies in kcal mol™')
Minima Maxima

Conformer 27b 27d 27a 27c
Dihedral angle® 119.8 294.7 42.5 184.8
AGAP 0.23 3.88 12.94 12.94
Dihedral angle? 118.2 295.9 38.1 193.3
AGSd 0.00 2.34 13.02 13.02
Dihedral angle® 118.0 296.2 39.1 192.7
AG,>¢ 0.37 4.03 12.66 12.66

2 At the B3LYP/6-31G* level.

b Values relative to 21b.

¢ Values relative to 27b.

4 At the M06-2X/6-311++G+ level, including the solvent effect (SMD model,
CHCl3 as solvent).

€ At the M06-2X/6-311++G*+ level, including the solvent effect (SMD model,
DMSO as solvent).

2.5. Tautomers 20/26

Data corresponding to tautomers 20 and 26 are collected in
Fig. 2 and Tables 3 and 4.
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Fig. 2. Conformational profile for tautomeric compounds 20 and 26 (B3LYP/6-31G*
level).

Hydrazone 20 shows two enantiomeric conformations of min-
imum energy 20a and 20c (at # values of ~16° and ~211°, re-
spectively) and two transition states, 20b and 20d (at # values of
~123° and ~297°, respectively), which correspond to the two
possible interconversion routes by rotation, though with different
energy (Fig. 3). Both minima can be represented by a structure, such
as 13, for which the lone pairs on the two nitrogen atoms lie
approximately in an orthogonal disposition.

The transition structures are reached when the conformational
minima rotate ~90° around the N—N bond. The higher in energy,
20d, corresponds to a disposition like 16, for which the angle be-
tween the lone pair is close to 0°. This arrangement generates
a strong repulsive interaction that, together with the steric in-
teractions involving the iminic proton and the axial hydrogens at C-2
and C-6 of the piperidine ring, contribute to destabilize such
astructure in ~8 kcal mol ™ In stark contrast, the lone pairs form an
angle of ~180° in the lowest transition structure, 20b, which cor-
responds to the structure represented by 14. In this disposition the
repulsive interaction is smaller with a destabilization of less than
3.2 kcal mol~. Overall, the energy difference between both transi-
tion states is ~5.4 kcal mol~! and suggests that the transformation
involving the most stable conformations chiefly occurs by bending
through the lower maximum (6 ~123°): 20a — 20b < 20c.

Another possible pathway for interconversion to occur would
involve nitrogen inversion at the piperidine ring along with, in
a concomitant or sequential process, chair inversion of the six-
membered heterocycle. In this way 20a and 20c may interconvert
as well as 20b into 20d. However, this route should overcome
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Fig. 3. Optimized structures (M06-2X/6-311++G+* level) in CHCl5 as solvent (SMD model) of the most stable conformers and transition structures of 20 (the relative free energies,

AG;, are referred to 20a/20c).

a significant energy barrier, which in the case of piperidine has
been estimated to be 10.4 kcal mol~! for chair conformational re-
versal barrier, and 6.1 kcal mol~" for nitrogen inversion barrier.?%3°

The conformational behavior of tautomer 26 is completely dif-
ferent to that of 20 (Table 4, Fig. 4). The most stable conformers, 26b
and 26d (observed at f values of ~119° and ~ 297°, respectively), take
place at those f values measured for the transition structures 20b and
20d, while the enantiomeric maxima 26a and 26c¢ (at § ~42° and
~195°, respectively), exhibit f values that are approximately

=

coincidental with those observed for the conformational minima
20a and 20c.

It is obvious that proton transfer converts the conformational
maxima 20d and 20b into conformers 26d and 26b, because the
repulsion between the lone pairs is alleviated moving from angles
at ~0° and ~180° in the first cases to a final value of 90°. Ac-
cordingly 26a and 26¢ become maxima, although the interaction
involves the lone pair of the sp3-hybridized piperidine nitrogen and
one pair of the sp?-hybridized imine nitrogen, which is also
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Fig. 4. Optimized structures (at the M06-2X/6-311++G+** level) in CHCl3 as solvent (SMD model) for the most stable conformers and transition structures of 26 (AG; refers to 26b).
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involved in conjugation with the aromatic ring. Overall, the situa-
tion is intermediate between the electronic arrangements in 20b
(equivalent to 14) and 20d (equivalent to 16); in fact the relative
energy (AG;) for 26a/26¢ (5.6 kcalmol~!) agrees well with the
arithmetic mean of the energy values for 20b and 20d, (3.15+8.52)/
2=5.83 kcal mol 1.

The above results evidence that for enamine structures to occur,
the corresponding hydrazone should adopt molecular dispositions,
such as 15 or 17, for which the substituents at the non-iminic ni-
trogen lie in a perpendicular plane to the rest of the molecule while
the lone pairs on both nitrogens form a dihedral angle of ~90°.

Nevertheless, the computational calculations reveal the greater
stability of imine structures (20a/20c) than the enamine tautomer
26b by ~ 2.7 kcal mol~!, which agrees with the experimental result.

Through and NBO analysis®! we have further evaluated the in-
fluence of the second-order stabilizing interactions of the lone
pairs, at both nitrogen atoms, on the conformations 20a—d (Fig. 5,
Table 1S in Supplementary data). The two interactions of LP36 with
0*c10-t26 and o*cig_p34 (~6—8 kcal mol 1), that is, those involving
the bonds of axial hydrogens on carbons vicinal to the nitrogen
atom in #C; disposition, remain in all conformations of 20 and 26.
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Fig. 5. Atom numbering for the NBO analysis.

win the most stable conformers of 20, 20a, and 20c, the most im-
portant interaction involves the lone pair on nitrogen from the pi-
peridine fragment (LP36) and the 7= orbital of the C9—N35 bond
(25.2 kcal mol~1). This interaction favors an orthogonal arrangement
between the lone pairs of both nitrogens. Other important interactions
take place between the lone pairs of the iminic nitrogen (LP35) and the
g+ orbital of contiguous bonds that lie in an antiperiplanar disposition
relative to the former, i.e., LP35 with *cg_p20 and o*c10-n36 (9.75 and
8.74 kcal mol~, respectively); the latter favoring a quasi-orthogonal
arrangement between the lone pairs of both nitrogens.

In conformer 20b, for which both lone pairs adopt an anti-
periplanar disposition, the strong interaction of LP36 with m*cg_n35
present in 20a/20c disappears, while it is considerably reduced in
20d, for which both pairs are essentially eclipsed (5.45 kcal mol~1).

Both 26a/26¢ and 26d show a strong interaction between the
lone pair on the enamine nitrogen (LP35) and the 7t*cg_c11 orbital
(>60 kcal mol~"), whereas in contrast 26b exhibits a rather modest
interaction between the lone pair on the piperidine nitrogen and
the o+ orbital corresponding to the NH bond (7.68 kcal mol 1),

2.6. Tautomers 21/27

Compound 21 with an imine structure shows a conformational
profile completely different to that of imine 20 and similar to en-
amine 26 instead. The behavior is however complex showing three
minima and three maxima; in the # range between 0° and 200° the
patterns observed for 21 and 26 are almost coincidental. The most
striking difference is the existence of a maximum at ~296° (21d)
while 26d shows a minimum (Fig. 6, Table 5).
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Fig. 6. Conformational profile for compounds 21 and 27 (B3LYP/6-31G* level).

It is obvious that conformational differences between 20 and 21
should reasonably ascribed to steric effects caused by the two
methyl groups at C-2 and C-6 in the piperidine ring, because the
interactions involving the lone pairs on both nitrogen atoms remain
unaffected. In fact the geometries of conformers 21a—d are iden-
tical to those of 20a—d, although the relative energies of 21a and
21c increase due to steric hindrance, thus converting 21b into the
most stable conformer (Fig. 7). The point something new is the
appearance of two maxima, one intermediate between 21a and 21b
at § ~44° (21e) and another between 21b and 21c at § ~186° (21f).

However, the conformational behavior of enamine 27 is quite
similar to that of 26; the geometries of the two stable conformers and
the corresponding transition states of the former are essentially co-
incidental with those observed for the latter (Table 6, Fig. 8).
A striking difference is the fact that rotation barriers for 27 are con-
siderably greater than those of 26; which can be attributed not only
to the steric effects present in 27a and 27c, but also to the interaction
between the lone pairs. Thus, the calculated barrier (13.0 kcal mol 1)
corresponds with the sum of the energy differences between 21e—b,
which account for the steric effects, and 26a,b, which evaluate the
lone pair interaction (7.2+5.6=12.8 kcal mol~1).

Remarkably, the conformational profiles of 21 and 27 are es-
sentially identical for § values from 75° to 180°. Accordingly, the
energy difference between the most stable structures, i.e., imine
21b and enamine 27b, is almost negligible (AAG,=0.07 kcal mol™1),
since there is no appreciable change in their geometry as evidenced
by the small variation of the dihedral angle (~3°). In spite of this
computational estimation, experimental analyses do not detect any
enamine structure in solution for compounds 20 and 21 at room
temperature. Further inspection by variable-temperature NMR
monitoring, cooling from 298 to 220 K, did not reveal the presence
of any enamine tautomer either.

The methyl groups at C-2 and C-6 of the piperidine ring (*C;
conformation) adopt an equatorial disposition that minimizes
steric interactions. The NBO analysis (Table 2S in Supplementary
data) reveals that conformers 21a—e exhibit an appreciable in-
teraction between the piperidine lone pair (LP36) and the ¢+ or-
bitals of the CH bonds at C-2 and C-6, whose axial disposition place
them in an anti arrangement relative to LP36 ( ~4.5—7.5 kcal mol™1)
(Fig. 9). Nevertheless, the most important interaction of LP36 in-
volves the 7= orbital of the C9-N35 double bond in conformers 21a/
21c (~30 kcal mol~1); this interaction being reduced in 21e and 21f
(~20 kcal mol~') and disappearing completely in 21b.

The lone pair of the iminic nitrogen (LP35) shows an appreciable
interaction with the ¢+ orbital of all bonds bearing an anti disposi-
tion. This occurs with the imine CH bond (C9—H20) in the whole
range of conformers (~8-10 kcalmol~') and the C10—N36 (or
C16—N36) bond in conformers 21a/21c (8.4 kcal mol~') and 21f and
21e (5.2 kcal mol~1). It is worth noting the existence of a strong in-
teraction of LP35 with the ¢+ orbital of the hydroxyl bond (6*042-H43),
which is only present in 21e and 21f (~ 35 kcal mol~1).
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The NBO analysis for the entire range of conformers of 27 reveals
that the most important interactions involve the lone pair on the
enamine nitrogen (LP35) and the 7+ orbital of the C9—C11 double
bond in 27a/27¢ (~67 kcal mol 1)

2.7. Imine—enamine tautomerization

We have further evaluated the imine—enamine interconversion
by calculating the activation energy for that process in the cases of
20/26 and 21/27.

For the first couple, the activation energy (AG') found for the tau-
tomerization between the most stable conformers, i.e., 20a/20c and
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26b, is 5.55 kcal mol ! at MO06-2X/6-311++G** level in CHCl3 as sol-
vent (4.99 kcal mol~! in DMSO); which is low enough to ensure a rapid
interconversion at room temperature. The structure of the transition
state corresponds to a proton-transfer process that converts imines
20a/20c to enamine 26a (Fig. 10a). A further rotation of ~90° elimi-
nates the lone pair interaction on both nitrogens leading to 26b.

a

b s, 2 e
5 é‘{ig 3 J‘sz,,

1087i cm X
630i cm! 9 9

Fig. 10. Structures of the transition states associated with the conversions of: (a) 20a/
20c to 26b through 26a, and (b) 21b to 27b (at the M06-2X/6-311++G** level in CHCl3
as solvent, SMD model).

The transformation of 21b into 27b only involves proton transfer
(Fig. 10b), because both forms exhibit a quite similar geometry and
the resulting activation energy (AG') is 1.29 kcal mol~! at M06-2X/
6-311++G** level in CHCl3 as solvent (1.78 kcal mol~! in DMSO).

3. Conclusions

The above study introduces a systematic exploration of hydra-
zones derived from hydroxynaphthaldehydes and primary hidra-
zines. Experimental data support the exclusive formation of imine
structures. Computational calculations have been carried out on the
different conformers and transition structures involved in the tau-
tomerization process. Such results clearly evidence the particular
geometry requirements for either imine or enamine structures to
exist in hydrazones derived from o-hydroxy arylaldehydes. Like-
wise, the conformational inspection reveals that either Schiff base
derived from an o-hydroxy arylaldehyde bearing a lone pair on the
atom adjacent to the iminic nitrogen will preferentially adopt an
imine structure. This predictive behavior should be corroborated in
further studies, such as those involving oxime derivatives. Although
computational calculations were initially considered at the common
B3LYP/6-31G* level, recent evaluations of DFT methods have evi-
denced some minuses, especially to model weak interactions, such
as hydrogen bonds. Thus, this study has now included further in-
spection of free energies and geometries at higher level of theory:
MO06-2X/6-311+-+G*+, and taken into consideration solvents effect
as well (through the SMD model). However, similar statements can
be inferred from both calculations, thus evidencing the robustness of
DFT methods as well as the little or no influence of polarity effects.

4. Experimental section
4.1. General

Melting points were determined on Gallenkamp and Electro-
thermal apparatuses and are uncorrected. IR spectra were recorded
in the range of 4000—600 cm~! on an FI-IR THERMO spectropho-
tometer. Solid samples were recorded on KBr (Merck) pellets. NMR
spectra were recorded on Bruker 400 and 500 AC/PC instruments,
in different solvent systems. Assignments were confirmed by
homo- and hetero-nuclear double-resonance and DEPT (dis-
tortionless enhancement by polarization transfer). TMS was used as
the internal standard (6=0.00 ppm) and all J values are given in
hertz. Microanalyses were determined on a Leco 932 analyser.

4.2. X-ray data collection and structural refinement

Cell dimensions and intensity data for 18, 20 were recorded at
120K, using a Bruker Nonius KappaCCD area detector

diffractometer mounted at the window of a rotating Mo anode (1
(Mo Ka,)=0.71073A). Data collection and processing were carried
out using the programs COLLECT>? and DENZO>? and an empirical
absorption correction was applied using SADABS.>4

The structures were solved via direct methods®> and refined
by full matrix least squares on F2. Maximum, minimum peaks
(eA3) in the final difference Fourier synthesis were found as
0.28, —0.21 (18); 0.19, —0.25 (20); and 0.31, —0.33 (23), re-
spectively. The hydrogen atoms in both structures were placed in
calculated positions and included in the refinement using a rid-
ing model approximation. The hydroxyl hydrogens atoms were
first located in the difference map and then included in the re-
finement using a riding model, the torsion angle was allowed to
refine and in all cases matched the position identified in the
difference map. Crystallographic illustrations were prepared us-
ing the CAMERON programs.®® The molecular structures are
shown in Fig. 1.

4.3. General procedure

To a solution of the amine (2.90 mmol) in ethanol (10 mL) was
slowly added a solution of the corresponding aldehyde (2.90 mmol)
in a small volume of methanol. The mixture was stirred at room
temperature giving rise to a precipitate within a few minutes.
When the mixture did not precipitate spontaneously, it was evap-
orated in vacuum and gave a solid on standing or on cooling. The
resulting product was collected by filtration, washed successively
with cold water, ethanol, and diethyl ether, and recrystallized from
ethanol or methanol.

4.3.1. 4-[(2-Hydroxy-1-naphthylmethylen)amino]morpholine
(18). From 2-hydroxy-1-naphthaldehyde and 4-aminomorpholine
(58%); mp 124—125 °C, IR (v, KBr): 1625 (CH=N), 1593, 1515,
1471 cm™! (arom). '"H NMR (400 MHz, CDCl3): 6 12.82 (1H, s, OH),
8.68 (1H, s, CH=N), 8.02 (1H, d, /=8.8 Hz, H-arom), 7.80 (1H, d,
J=8.0 Hz, H-arom), 7.74 (1H, d, J=8.8 Hz, H-arom), 7.52 (1H, dd,
J=6.8, 8.0 Hz, H-arom), 7.36 (1H, dd, J=6.8, 8.0 Hz, H-arom), 7.23
(1H, d, J=8.8 Hz, H-arom), 3.95 (4H, t, J=4.8 Hz, CH), 3.25 (4H, ¢,
J=4.8 Hz, CH5). 3C NMR (100 MHz, CDCl3): 6 157.6 (C—OH), 138.1
(CH=N), 131.8,131.3,129.1, 128.2,127.0,123.1,119.9, 119.2, 108.9 (C-
arom), 66.2 (CHy), 52.3 (CH3). Anal. Calcd for Cy5H1gN203: C, 70.29;
H, 6.29; N, 10.93. Found: C, 70.36; H, 6.47; N, 10.93.

4.3.2. 1-[(2-Hydroxy-1-naphthylmethylen)amino]-4-methylpiper-
azine (19). From 2-hydroxy-1-naphthaldehyde and 1-amino-4-
methylpiperazine (39%); mp 98—99 °C, IR (v, KBr): 1622 (CH=N),
1599, 1515, 1470, 1449 cm~' (arom). 'TH NMR (400 MHz, CDCl3):
0 12.93 (1H, s, OH), 8.61 (1H, s, CH=N), 8.03 (1H, d, J=8.4 Hz, H-
arom), 7.78 (1H, d, J=8.0 Hz, H-arom), 7.73 (1H, d, J=8.8 Hz, H-
arom), 7.50 (1H, m, H-arom), 7.35 (1H, t, J=7.6 Hz, H-arom), 7.21
(1H, d, J=8.8 Hz, H-arom), 3.31 (4H, t, J=5.0 Hz, CH3), 2.70 (4H, t,
J=5.2 Hz, CH3), 2.41 (3H, s, CH3). *C NMR (100 MHz, CDCl3): 6 157.5
(C—0H), 137.9 (CH=N), 131.7,130.9, 129.1, 128.2, 126.9, 123.0, 119.9,
119.2,109.1 (C-arom), 54.1 (CHz), 51.4 (CH>), 45.9 (CH3). Anal. Calcd
for C16H19N30: C, 71.35; H, 7.11; N, 15.60. Found: C, 71.50; H, 7.19; N,
15.56.

4.3.3. 1-[(2-Hydroxy-1-naphthylmethylen)amino]|piperidine
(20). From 2-hydroxy-1-naphthaldehyde and 1-aminopiperidine
(47%); mp 95-96 °C, IR (v, KBr): 1621 (CH=N), 1597, 1519,
1467 cm~! (arom). "H NMR (400 MHz, CDCl3): 6 13.17 (1H, s, OH),
8.61 (1H, s, CH=N), 8.05 (1H, d, J=8.4 Hz, H-arom), 7.79 (1H, d,
J=8.0 Hz, H-arom), 7.72 (1H, d, J=8.8 Hz, H-arom), 7.50 (1H, dt,
J=1.2, 8.0 Hz, H-arom), 7.35 (1H, t, J=7.2 Hz, H-arom), 7.23 (1H, d,
J=8.8 Hz, H-arom), 3.24 (4H, t, J=5.6 Hz, CH;), 1.84 (4H, m, CH>), 1.61
(2H, m, CHy). 3C NMR (100 MHz, CDCl3): 6 157.3 (C—OH), 136.6
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(CH=N), 131.7, 130.5, 129.0, 128.2, 126.7, 122.9, 120.0, 119.2, 109.5
(C-arom), 52.5 (CHy), 24.9 (CHy), 23.9 (CHz). Anal. Calcd for
Ci6H1sN20: C, 75.56; H, 7.13; N, 11.01. Found: C, 75.76; H, 7.08; N,
10.92.

4.3.4. 2,6-Dimethyl-1-[(2-hydroxy-1-naphthylmethylen)amino]pi-
peridine (21). From 2-hydroxy-1-naphthaldehyde and 1-amino-
2,6-dimethylpiperidine (71%); mp 71-72 °C, IR (v, KBr): 1623 (CH=
N),1577,1515,1472 cm~! (arom). 'H NMR (400 MHz, CDCl3): 6 13.94
(1H, s, OH), 9.27 (1H, s, CH=N), 8.05 (1H, d, J=8.4 Hz, H-arom), 7.77
(2H, m, H-arom), 7.53 (1H, t, J=7.8 Hz, H-arom), 7.35 (1H, t, ]=7.4 Hz,
H-arom), 7.19 (1H, d, J=8.8 Hz, H-arom), 2.87 (2H, s, CH), 1.79 (3H, s,
CH3),1.52 (3H, s, CHy), 1.06 (6H, s, CH3). 3C NMR (100 MHz, CDCl5):
0 163.2 (C—OH), 160.2 (CH=N), 133.9, 132.9, 129.0, 127.7, 127.6,
123.2,120.1,119.7,107.1 (C-arom), 60.0 (CH), 33.3 (CHy), 23.5 (CHy),
21.4 (CH3). Anal. Calcd for C4gH23N,0: C, 76.56; H, 7.85; N, 9.92.
Found: C, 76.50; H, 7.93; N, 9.99.

4.3.5. 4-[(1-Hydroxy-2-naphthylmethylen)amino]morpholine
(22). From 1-hydroxy-2-naphthaldehyde and 4-aminomorpholine
(73%); mp 131-132 °C, IR (v, KBr): 1625 (CH=N), 1581, 1562,
1448 cm™! (arom). "TH NMR (400 MHz, CDCl3): 6 12.57 (1H, s, OH),
8.35 (1H, m, H-arom), 7.90 (1H, s, CH=N), 7.75 (1H, m, H-arom),
749 (2H, m, H-arom), 7.34 (1H, d, J=8.4 Hz, H-arom), 7.23 (1H, d,
J=8.8 Hz, H-arom), 3.93 (4H, t, J=4.8 Hz, CH3), 3.20 (4H, t, J=4.8 Hz,
CHa). '3C NMR (100 MHz, CDCl3): 6 154.7 (C—OH), 142.3 (CH=N),
134.2, 127.4, 127.3, 126 4, 125.3, 125.0, 122.9, 118.6, 111.7 (C-arom),
66.1 (CHy), 52.1 (CHy). Anal. Calcd for C15H16N202: C, 70.29; H, 6.29;
N, 10.93. Found: C, 70.19; H, 6.17; N, 11.02.

4.3.6. 1-[(1-Hydroxy-2-naphthylmethylen)amino]-4-methylpiper-
azine (23). From 1-hydroxy-2-naphthaldehyde and 1-amino-4-
methylpiperazine (51%); mp 122—123 °C, IR (v, KBr): 1629 (CH=N),
1586, 1561, 1507, 1451 cm™! (arom). 'H NMR (400 MHz, CDCl3):
0 12.73 (1H, s, OH), 8.38 (1H, m, H-arom), 7.84 (1H, s, CH=N), 7.77
(1H, m, H-arom), 7.50 (2H, m, H-arom), 7.35 (1H, d, J=8.4 Hz, H-
arom), 7.25 (1H, d, J=8.4 Hz, H-arom), 3.26 (4H, t, J=4.8 Hz, CHy),
2.68 (4H, t, J=5.0 Hz, CH,), 2.40 (3H, s, CH3). >°C NMR (100 MHz,
CDCl3): ¢ 154.5 (C—OH), 141.5 (CH=N), 134.1, 1274, 1271, 1264,
125.3,125.0,122.8,118.5,112.0 (C-arom), 54.2 (CH>), 51.3 (CH3), 45.9
(CH3). Anal. Calcd for C16H19N30: C, 71.35; H, 7.11; N, 15.60. Found:
C, 71.49; H, 7.25; N, 15.50.

4.3.7. 1-[(1-Hydroxy-2-naphthylmethylen)amino]|piperidine
(24). From 1-hydroxy-2-naphthaldehyde and 1-aminopiperidine
(25%); mp 55—56 °C, IR (v, KBr): 1632 (CH=N), 1579, 1558, 1503,
1461 cm™! (arom). 'H NMR (400 MHz, CDCl3): 6 12.95 (1H, s, OH),
8.39 (1H, m, H-arom), 7.83 (1H, s, CH=N), 7.78 (1H, m, H-arom),
7.51 (2H, m, H-arom), 7.35 (1H, d, J=8.4 Hz, H-arom), 7.25 (1H, d,
J=8.4 Hz, H-arom), 3.19 (4H, t, ]=5.6 Hz, CH;), 1.82 (4H, m, CH3), 1.59
(2H, m, CHy). '3C NMR (100 MHz, CDCl3): 6 154.4 (C—OH), 140.3
(CH=N), 133.9, 1274, 126.9, 126.3, 125.2, 125.1, 122.8, 118.4, 112.4
(C-arom), 52.4 (CHp), 24.9 (CHy), 23.9 (CHy). Anal. Calcd for
Ci6H1sN20: C, 75.56; H, 7.13; N, 11.01. Found: C, 75.39; H, 7.07; N,
10.85.

4.3.8. 2,6-Dimethyl-1-[(1-hydroxy-2-naphthylmethylen)amino]pi-
peridine (25). From 1-hydroxy-2-naphthaldehyde and 1-amino-
2,6-dimethylpiperidine (24%); mp 89—90 °C, IR (v, KBr): 1629 (CH=
N), 1604, 1568, 1543, 1505 cm ™! (arom). 'H NMR (400 MHz, CDCls3):
613.43 (1H, s, OH), 8.40 (1H, d, J=8.4 Hz, H-arom), 8.37 (1H, s, CH=
N), 7.72 (1H, d, J=7.2 Hz, H-arom), 7.50 (2H, m, H-arom), 7.22 (2H, s,
H-arom), 2.85 (2H, s, CH), 1.77 (3H, s, CHz), 1.49 (3H, m, CH>), 1.03
(6H, d, J=6.4 Hz, CH3). 3C NMR (100 MHz, CDCl3): 6 163.0 (C—OH),
162.8 (CH=N), 135.8, 128.6, 127.4, 127.3, 126.2, 125.3, 123.8, 117.6,
109.5 (C-arom), 60.0 (CH), 33.2 (CHa), 23.3 (CHy), 21.2 (CH3). Anal.

Calcd for C1gH2oN50: C, 76.56; H, 7.85; N, 9.92. Found: C, 76.51; H,
7.74; N, 9.74.
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