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ABSTRACT: We synthesized two constitutionally isomeric
bis(iminomethyl)-2,6-dihydroxynaphthalenes, namely, α,α-dii-
mines 1 and β,β-diimines 2, which can be formally represented
as fused salicylaldimines with resonance-assisted hydrogen-
bonding sites. Spectroscopic data show that the OH/OH,
NH/OH, and NH/NH forms of 1 were in equilibrium in
solution and that the proportion of the NH-bearing tautomers increased as the solvent polarity increased. The UV spectra of thin
solid films of 1 with various types of hydrogen-bonding networks differed from one another, and the spectral profiles were
markedly temperature dependent, whereas the spectra of 1 in the molten state showed quite similar profiles. In contrast, 2 existed
predominantly as the OH/OH form irrespective of the solvent polarity or crystal packing. Quantum chemical calculations
suggest that the difference between the probabilities of intramolecular proton transfer in 1 and 2 can be explained in terms of the
interplay between the resonance-assisted hydrogen-bonding sites and the adjoining π-conjugated system.

■ INTRODUCTION
Salicylaldehyde Schiff bases have attracted interest for a long
time, owing to photochromic and thermochromic phenomena
that accompany intramolecular proton transfer (PT) in these
molecules.1,2 The potential energy surface, which includes the
phenol-imine (OH form) and keto-enamine (NH form)
tautomers, determines the probability of intramolecular PT.
The development of chromic systems by controlling the relative
energies of the tautomers in various phases is an active area of
research.3−6 The molecular structure of the OH form of these
Schiff bases can be described as a resonance hybrid of a canonical
phenol-imine (covalent) form and a protonated quinone-
enaminate (ionic) form. As a result of this resonance,
intramolecular hydrogen bonding (HB) between the phenol
and imine groups is stabilized by electron delocalization over a
proton-bridged quasi-six-membered ring. This stabilized HB is
called resonance-assisted hydrogen bonding (RAHB),7,8

although the validity of its nomenclature is still controversial.9

Recently, the stabilization conferred by RAHB has been
recognized as a result of interplay between the substituents and
the adjoining π-conjugated system.10−12 However, the idea that
the thermodynamic preference for PT arises from the
stabilization of intramolecular HB is questionable, because a
strong acid−strong base pair does not always form a strong
hydrogen bond. The relative thermodynamic stabilities of the
OH andNH forms are considerably influenced by intermolecular
interactions both in solution and in the solid state, as well as by
their molecular structures.13−18 For example, Schiff bases of the
constitutional isomers 2-hydroxynaphthalene-1-carbaldehyde
(α-imine) and 3-hydroxynaphthalene-2-carbaldehyde (β-
imine) behave differently from each other with respect to the
tautomeric equilibrium in various solvent environments: the α-

imine undergoes intramolecular PTmuchmore easily than the β-
imine.19−25 This observation is supported by analysis of Kekule ́
structures, which can be used to evaluate the trade-off in the NH
form between stabilization due to resonance effects and
destabilization due to the loss of aromaticity. Clarification of
the mechanisms by which intramolecular PT is promoted or
inhibited by the adjoining π-conjugated system is necessary. To
this end, the probability of PT should be discussed in terms of the
relative magnitudes of the effects of RAHB on the OH and NH
forms. This analysis of resonance-assisted PT suggests that an
appropriately designed π-conjugated system could transmit
information about protonation states to adjoining RAHB units.
We have been studying the synthetic and physical organic

chemistry of constitutionally isomeric bis(iminomethyl)-2,6-
dihydroxynaphthalenes, namely, α,α-diimines 1 and β,β-diimines
2 (Figure 1).26 These compounds are members of a unique
subgroup of double-headed salicylaldehyde analogues that have
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Figure 1. Structures of α,α-diimines 1 and β,β-diimines 2.
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been extensively studied because they can be used to create a
variety of macrocyclic and polymeric Schiff bases and their
associated transition-metal complexes.27−34 For example, we
have recently developed a series of fused oligosalphen complexes
of some transition metals.35 Studies of the interplay between the
π-conjugated system and the HB units can be expected to
contribute to our understanding of the chemistry of analogous
coordination compounds that would have interesting functions
originating in an interplay between the metal ion and the ligand’s
π-conjugated system.36−40 In this paper, we describe our
experimental and theoretical studies of resonance effects on
intramolecular HB and PT in double-headed salicylaldimines 1
and 2, which consist of two proton-bridged quasi-six-membered
rings that are connected by an identical π-conjugated system but
have different connection topologies. We discuss the mechanism
of mutual interference between the intramolecular PT sites
through the adjoining π-conjugated system. Although we confine
our discussion to PT in the thermally equilibrated systems,
excited-state intramolecular PT is also an important topic in
photophysical chemistry research.41

■ RESULTS AND DISCUSSION
Solution-State Analyses. We prepared α,α-diimines 1 and

β,β-diimines 2 from constitutionally isomeric 2,6-dihydroxy-
naphthalenedicarbaldehydes26 by condensation with appropriate
amines. On the basis of the molecular structures of 1 and 2, we
can postulate three tautomers for each compound, namely, the
OH/OH, NH/OH, and NH/NH forms with respect to the two
salicylaldimine moieties (Scheme 1). The three tautomers of 1
are hereafter denoted as 1OH/OH, 1NH/OH, and 1NH/NH,
respectively. The 1H NMR spectrum of 1a in DMSO-d6 showed
a doublet at 9.24 ppm (3J = 4.8 Hz) attributable to the
azomethine protons and a broad singlet at 14.87 ppm attributable
to an OH or NH proton. The appreciable vicinal coupling
between these protons indicates the presence of 1NH/OH or
1NH/NH,

24,25 but evaluating the equilibrium constant is difficult
because the two salicylaldimine moieties may tautomerize
individually. In contrast, the 1H NMR spectrum of a CDCl3
solution of 1a showed relatively sharp singlets at 8.90 and 14.99
ppm, suggesting that the compound existed in the OH form in
this less polar solvent. We observed similar differences between
NMR spectra for the DMSO and CDCl3 solutions of 1b and 1c.
In contrast, the 1H NMR spectrum of 2a in DMSO-d6 showed

two sharp singlets, at 8.71 ppm (azomethine) and 12.86 ppm
(OH), implying that the populations of the NH/OH and NH/
NH forms of 2 were negligibly small. Two singlets, at 8.50 and
12.91 ppm, were also observed in the CDCl3 spectrum. These
observations suggest that intramolecular PT did not take place to
an appreciable extent in 2, irrespective of the solvent polarity.
The equilibria shown in Scheme 1 were verified by means of

UV−vis spectroscopy (Figure 2). The absorption spectra of 1b
and 2b in methylcyclohexane solution were reminiscent of the
spectra of the corresponding dicarbaldehydes, namely, 2,6-
dihydroxynaphthalene-1,5-dicarbaldehyde and 3,7-dihydroxy-
naphthalene-2,6-dicarbaldehyde (Figure S1, Supporting Infor-
mation). This observation indicates that the absorption bands of
1b and 2b measured in this relatively nonpolar solvent were due
to the OH/OH forms. In the spectra of 1b in methylcyclohexane,
tetrahydrofuran, and ethanol and various mixtures of these
solvents (Figure 2a), the absorption profile between 370 and 500
nmwas strongly solvent dependent and consisted of three bands,
with peaks at 400, 456, and 481 nm. On the basis of plots of the
absorptivity at these wavelengths as a function of the estimated

dielectric constants of the solvents (Figure 2a, inset),42 we
attributed these three bands to 1bOH/OH, 1bNH/OH, and 1bNH/NH,
respectively. Unlike these bands, the absorption at around 320
nm was less sensitive to the solvent composition. Thus, the
former absorptions were assigned to intramolecular charge
transfers involving the substituents, whereas the latter was due to
transitions innate to the naphthalene moiety.
By means of an arithmetic treatment of the series of solvent-

dependent spectra of 1b, we derived ideal spectra for each
tautomer43 and then reconstituted the spectra to estimate the
molar fraction of each tautomer (Figures S2 and S3, Supporting
Information). Although peak separation was difficult owing to
the lack of an easily recognizable isosbestic point between the
spectra of 1bNH/OH and 1bNH/NH, the variation of the molar
fraction with the solvent polarity seems reasonable from two
viewpoints. First, in relatively nonpolar media, the major
component was the OH/OH form, in which strong intra-
molecular hydrogen bonds reduced the polarity of the molecule.
Second, as the polarity of the medium was increased, the molar
fractions of the NH/OH and NH/NH forms also increased;
these tautomers can be thought of as existing in a zwitterionic
state. The observed trends were in good agreement with trends
observed for similar Schiff bases.19,21 We judged that the use of a
protic solvent, ethanol, had no specific influence on the HB
state.19,22 For 2 < ε < 7.5, only a trace of 1bNH/NH was observed.
In contrast, in pure ethanol (ε = 25), 1bNH/NH was the major
component and the 1bOH/OH/1bNH/NH and 1bNH/OH/1bNH/NH
population ratios were 0.08 and 0.88, respectively. The difference
in solvent composition dependence between 1bNH/OH and

Scheme 1. Possible Tautomers of α,α-Diimines 1 and β,β-
Diimines 2
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1bNH/NH indicates that PT in one of the salicylaldimine groups
interfered to some extent with PT in the other.
The UV−vis spectra of 2b were measured under conditions

similar to those used for 1b (Figure 2b). The spectra consisted of
an extremely broadened weak absorption band around 440 nm
and an intense absorption band around 320 nm. We attributed
these bands to intramolecular charge-transfer transitions and to
transitions innate to the naphthalene core, respectively. It is
notable that the charge-transfer band for the β,β-diimine, unlike
that of the α,α-diimine, depended only slightly on the solvent
(the band was red-shifted by ∼20 nm as the solvent polarity was
increased). Again, this behavior is reminiscent of that of similar
compounds reported in the literature.23 There are two possible
explanations for the weak solvatochromism of 2: (1) the charge-
transfer band was intrinsically solvent insensitive or (2) one
tautomer predominated at equilibrium. As discussed later,
theoretical analysis suggests that the second explanation is the
correct one.
Solid-State Analyses. Solid-state UV−vis absorption

spectra of 1b and 2b were measured at various temperatures in
the region of 380−580 nm with an optical microscope equipped
with a glass fiber-guided spectrometer (Figure 4).44 The samples
were smeared on a glass substrate, and the thickness of the
smeared film was adjusted so that the maximum absorbance was
∼1. The crystallinity of a compound is supposedly maintained
after such a sampling procedure, and the orientation of the

molecules can be regarded as virtually isotropic. The spectra of
1b consisted of several peaks attributed to the OH/OH, NH/
OH, and NH/NH forms, with reference to the ideal spectra of
the tautomers shown in Figure 3. We interpreted the spectrum at

93 K as resulting from overlap of the spectra of the OH/OH (400
and 425 nm) and NH/OH (444 and 478 nm) forms. When the
temperature was increased to 273 K, the contribution of the OH/
OH form decreased, and the contribution of the NH/NH form
(478 and 514 nm) became appreciable. The similarity between
the solution- and solid-state spectral profiles suggests that, in the
crystal, the NH forms can be symbolically represented as
zwitterionic structures, rather than as keto-enamines. The peak
maxima in the solid-state spectra were uniformly red-shifted by
20−30 nm compared to the corresponding maxima in the
solution-state spectra; we attributed this shift to solid-state
effects.45 At 393 K, the spectral profile was substantially the same
as that at 273 K, except for a slight overall blue shift.
Unlike the solid-state spectrum of 1b, that of 2b was relatively

insensitive to the temperature (Figure 4b). At 93 K, the spectrum
showed two well-resolved peaks, at 438 and 462 nm, probably
assignable to vibronic structures. As the temperature was
increased, the profile broadened, and the absorption maximum
(454 nm) was red-shifted by 10−20 nm, which we again
attributed to solid-state effects.
Next we investigated the influence of crystal packing on the

solid-state absorption spectra of α,α-diimines 1a−c at 273 K
(Figure 5a). Interestingly, the absorption profiles of the three
compounds were markedly different from one another,
suggesting that the tautomer compositions were different. The
intense peak at 520 nm in the spectrum of 1a indicates a sizable
contribution from theNH/NH form, whereas the spectrum of 1c

Figure 2. UV−vis absorption spectra of (a) 1b and (b) 2b in
methylcyclohexane, tetrahydrofuran, ethanol, 75/25, 50/50, and 25/75
mixtures of methylcyclohexane and tetrahydrofuran, and 75/25, 50/50,
and 25/75 mixtures of tetrahydrofuran and ethanol. Each inset shows
the absorptivity at selected wavelengths as a function of the dielectric
constant of the solvents used.

Figure 3. (a) Ideal spectra of the OH/OH, NH/OH, and NH/NH
forms of 1b. (b) Solvent dependence of the molar fraction of each
tautomer, calculated on the basis of the ideal spectra.
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suggested a high content of the OH/OH form. However, the
spectra of 1a and 1b showed quite similar profiles when they
were measured at a temperature slightly higher than the melting
point of each compound (Figure 5b). Consequently, the
difference in the tautomer composition can be attributed to
differences in the molecular packing in the crystals.
Figure 6 shows proximal pairs of molecules in the crystals of

1a−c. The lengths of the C−O and C−N bonds in 1awere 1.285
and 1.306 Å, respectively, which are within the typical ranges for
NH forms.13 Differential Fourier analysis suggested that the
bridging hydrogen atoms were likely attached to the nitrogen
atoms. Each oxygen atom had close contacts with the azomethine
and iminomethylene groups of the proximal molecule; the C···O
distances were 3.522 and 3.266 Å, respectively. These CH···O
hydrogen bonds can be expected to stabilize the NH forms by
increasing the basicity of the imino group and the acidity of the
hydroxy group.
At 93 K, the lengths of the C−O and C−N bonds of 1b were

1.334 and 1.285 Å, respectively, which are in the expected ranges
for OH forms.13 Differential Fourier analysis also resulted in
definitive positions for the hydrogen atoms attached to oxygen
atoms. The naphthalene rings stacked to form columns, and the
alkyl chains formed an interdigitated structure among the
columns. Each oxygen atom had close contacts with the α-, β-,
and γ-carbons of the alkyl chains of the proximal molecule,
resulting in C···O distances of 3.335, 3.322 (not indicated in
Figure 6b), and 3.409 Å, respectively. This packing structure
implies that the oxygen atoms had relatively hydrophobic
surroundings, which can be expected to have stabilized the OH
forms.

In the structure of 1c, there were two independent molecules,
each of which had a centroid (that is, the two halves of the
molecules were asymmetric units). For one molecule, the C−O
andC−Nbond lengths were 1.335 and 1.288 Å, and for the other
molecule, the corresponding bond lengths were 1.324 and 1.286
Å. For convenience, these two molecules are designated A and B.
The bond lengths for both molecules were within the typical
ranges for OH forms.13 Differential Fourier analysis suggested
that the hydrogen atom was attached to the oxygen atom,
although the O−H bond lengths (1.12 and 1.16 Å for molecules
A and B, respectively) were somewhat longer than the typical
value, and the N−H interatomic distances (1.44 and 1.40 Å)
were rather short. These results imply that the HBmoiety existed
as a proton-bridged six-membered ring. The chemical environ-
ments of molecules A and B were similar to each other, and each
set of A and B formed an individual HB network, in which the
oxygen in the 6-position had a close contact (3.342 Å) with the
hydrogen atom in the 3-position of the proximal naphthalene
ring. As was the case for 1b, this type of packing provided the
oxygen atoms with hydrophobic surroundings, which may have
stabilized the OH forms.
The overall structural distortion relevant to the thermody-

namic population of each tautomer can be well represented by
the harmonic oscillator model of aromaticity (HOMA)
index.46−49 The HOMA index is a geometrical criterion of
local aromaticity and is defined as the normalized variance of the
bond lengths with reference to the length optimum for an ideal
aromatic system. To evaluate the HOMA index, we used the
following equation:

Figure 4. Solid-state UV−vis absorption spectra of smeared film
samples of (a) 1b and (b) 2b at various temperatures.

Figure 5. Absorption spectra of 1a (dashed line), 1b (solid line), and 1c
(dotted line): (a) smeared solid films at 273 K and (b) molten liquid
films (only 1a and 1b).
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where α is a normalization factor, n is the number of constitutive
atoms, Ropt is a bond length in the optimum structure, and Ri is a
bond length in the observed structure. We used Ropt = 1.388 Å
and α = 257.7, as proposed by Kruszewski and Krygowski.46

Several studies have shown that the HOMA index correlates well
with other geometry-based and magnetism-based criteria of
aromaticity.50−54 The HOMA index for the six-membered rings
in the naphthalene moiety of 1a was 0.53, suggesting that there
was a considerable contribution from a less aromatic structure,
that is, the NH/NH form, as a result of thermal equilibrium in the

packing environment. The HOMA indexes for 1c were 0.74 and
0.64 for molecules A and B, respectively; these values are close to
the HOMA index for the unsubstituted naphthalene system. The
HOMA index of 1b was 0.68, which is close to the average of the
two values for 1c. This significant difference in HOMA indexes
predicts that the population of the NH/NH form should increase
in the order 1a > 1b ≈ 1c, which is in agreement with the
differences in the solid-state absorption spectra of the three
compounds (Figure 5a).
The above-described results clearly indicate that the change in

crystal packing affected the absorption spectra of 1, mainly by
changing the population of each tautomer. In contrast, the
spectra of 2 were relatively insensitive to the temperature,
variations in the side chain, or phase transition (Figure S4,
Supporting Information). Although the crystal structures of 2a−
c have not been determined, we suggest that changes in the
microenvironment due to the side chains exerted no substantial
effects on the proportion of each tautomer.

Theoretical Analysis.The spectroscopic measurements of 1
and 2 revealed critical differences in various phenomena related
to intramolecular PT. To clarify how the connection topology of
the π-conjugated system affected intramolecular PT, we
performed some quantum chemical calculations on 1d and 2d,
methyl derivatives of α,α-diimine and β,β-diimine, as represen-
tatives of 1 and 2, respectively. First, we verified the reliability of
the calculation method, and then we attempted to estimate the
contribution of RAHB to the stability of each tautomer of 1 and
2. Finally, we attempted another way of decomposing the
energetic cost for PT to understand the interplay between the
HB sites and the adjoining π-conjugated system with different
connection topologies.
We tried various computational methods of approximation

and found that density functional theory calculations at the
B3LYP/6-311G** level combined with the self-consistent
reaction field approximation explained the experimental results
reasonably well. The molecular geometry was optimized at the
HF/6-311G** level. We calculated the energies of each tautomer
of 1 and 2 in the presence or absence of solvent effects (ε = 25,
corresponding to ethanol; Table 1). Under in vacuo conditions,

the energy increases as each HB site in the OH form is altered to
that in the NH form.When solvent effects were incorporated, the
energies of 1NH/OH and 1NH/NH decreased by ∼15 and ∼30 kJ/
mol, respectively; as a result, the relative stabilities of the two
tautomers were opposite those observed under in vacuo
conditions. We calculated the energetic difference between
1NH/OH and 1NH/NH to be 2.18 kJ/mol, and from this value, we

Figure 6.ORTEP drawings of proximal pairs of molecules in the crystal
structures of (a) 1a, (b) 1b, and (c) 1c. Selected intermolecular close
contacts are shown with interatomic distances. In panel c, only the A
molecule is shown for clarity.

Table 1. Energies of Tautomers of Aldimines Calculated at the
B3LYP/6-311G** Level

energy (kJ/mol) λ max (nm) ⟨HOMA⟩a

ε = 1 ε = 25 ε = 1 ε = 25 ε = 1 ε = 25

1OH/OH (0.0) (0.0) 360 358 0.70 0.70
1NH/OH +6.9 −7.7 396 396 0.39 0.46
1NH/NH +20.4 −9.9 441 446 0.00 0.19
2OH/OH (0.0) (0.0) 431 413 0.78 0.77
2NH/OH +45.1 +21.2 599 578 0.36 0.60
2NH/NH +89.8 +51.9 950 912 0.67 0.66
3OH (0.0) (0.0) 290 286 0.98 0.98
3NH +22.8 +4.2 355 360 0.19 0.46

aHarmonic oscillator model of aromaticity index averaged over the
two six-membered rings.
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calculated the 1NH/OH/1NH/NH population ratio to be 0.83 (at 298
K) when we correctly included the statistical weight of the
tautomers. The 1OH/OH/1NH/NH population ratio was calculated
to be 0.02. These values were in good agreement with the
observed values (0.88 and 0.08, respectively); therefore, we
concluded that this level of calculation was sufficient.
Solvent effects stabilized 2NH/OH and 2NH/NH to a larger degree

(∼24 and ∼38 kJ/mol, respectively) than they stabilized 1NH/OH
and 1NH/NH, but the former two tautomers were nevertheless
much less stable than 2OH/OH. This result suggests that the
relative instability of those tautomers was intrinsic to the
molecular constitution, rather than the result of the insensitivity
of 2 to environmental effects.
We also calculated the absorption wavelengths by means of

time-dependent density functional theory at the B3LYP/6-
311G** level (Table 1). The calculated absorption maxima for
the OH/OH, NH/OH, and NH/NH forms of 1 in vacuo were
359, 396, and 441 nm. The maxima were almost completely
insensitive to the solvent polarity, suggesting that the solvent had
a minimal effect on the π-electronic states of the tautomers of 1.
The calculated maxima agreed qualitatively with the correspond-
ing observed values (400, 456, and 481 nm) with a systematic
displacement of 40−60 nm. The calculated absorptionmaxima of
2 varied with changes in the protonation state over a wider range
(12700 cm−1) than the maxima (5180 cm−1) for 1 and showed
substantial solvent dependence. Increasing the solvent polarity
caused a blue shift of 20−30 nm for 2, suggesting that the ground
state was more sensitive to the solvent polarity than the excited
state. Allowing for a 10−30 nm difference between the observed
and calculated values, we confidently assigned the observed
absorption maximum at 440 nm to 2OH/OH. In summary, the
absorption maxima of 1 were moderately tautomer dependent,
and the ratio of tautomers was highly solvent dependent. In
contrast, the absorption maxima of 2 depended both on the
tautomeric form and on the solvent, but the observable tautomer
was energetically limited to the OH/OH form in common
solvents. These results perfectly explain the observed solvato-
chromic behavior.
We determined the HOMA indexes for each of the six-

membered rings in 1 and 2 to estimate the change in the π-
electronic state caused by the change in the protonation state
(Figure 7). For 1, the first and second PTs decreased the HOMA
indexes of the adjoining six-membered ring by 0.64 and 0.67 unit,
respectively. The HOMA indexes of the six-membered rings
farthest from the PT site increased by 0.16 and 0.13 unit,
respectively. The PT-induced changes in the HOMA indexes for
2 were completely different from those for 1. The first and
second PTs caused changes of −0.03 and +0.21 unit,
respectively, for the adjoining six-membered ring, and changes
of −0.32 and +0.08 unit, respectively, for the distant ring.
As a measure of the overall aromaticity of the molecules, we

used HOMA indexes averaged over the two six-membered rings,
hereafter referred to as ⟨HOMA⟩ indexes. The ⟨HOMA⟩ indexes
for all the tautomers of 1 and 2 are listed in Table 1. The
⟨HOMA⟩ indexes were slightly increased by incorporation of
solvent effects, especially for the NH-bearing forms, indicating
that the NH-bearing forms assumed zwitterionic character in
polar environments. The ⟨HOMA⟩ indexes of 1 decreased
monotonically with the number of HB sites in the NH form,
indicating that the two aromatic rings were virtually
independent.26 In contrast, the ⟨HOMA⟩ indexes of 2 showed
no apparent correlation with the number of HB sites in the NH
form. For 2NH/OH, in contrast to 1NH/OH, the HOMA index for

the six-membered ring in the NH form was higher than that of
the other ring in theOH form. Furthermore, note that the second
PT in 2NH/NH resulted in recovery of aromaticity.
Many other researchers have pointed out that β-imines of

naphthols adopt the NH form to a much lesser extent than the
analogous α-imines.19−25 This phenomenon has been explained
in terms of a conventional resonance analysis of the energy cost
of the loss of aromaticity due to PT: for β-imines, PT reduces the
aromaticity of the entire naphthalene ring, whereas for α-imines,
only the adjoining six-membered ring is affected. This
explanation also applies to 1 and 2: the PTs at the two
intramolecular HB sites in 2 can be expected to have interfered
with each other, whereas the PTs were virtually independent in 1.
Resonance hybridization schemes for 1NH/OH and 2NH/OH can
explain why the first PT occurred more easily for 1 (in which the
left-hand ring retains its aromaticity) than for 2 (in which both
rings lose aromaticity) (Scheme 2). The contribution of the
zwitterionic structures to 2NH/OH and 2NH/NH was larger than the
contribution to 1NH/OH and 1NH/NH, which accounts for the
theoretical prediction that the energy of 2 should be more
sensitive to the solvent polarity than the energy of 1 and the fact

Figure 7. Calculated HOMA indexes for each six-membered ring in the
tautomers of 1 and 2. The structures were optimized with incorporation
of solvent effects (ε = 25).

Scheme 2. ResonanceHybridization Schemes for the NH/OH
Forms of (a) α,α-Diimines 1 and (b) β,β-Diimines 2
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that the absorption maxima were blue-shifted as the solvent
polarity was increased. As can be seen from Scheme 2, the large
contribution of the ionic structure implies that the aromaticity of
the naphthalene core was retained.
We also investigated the origin of (1) the stepwise stabilization

of 1NH/OH and 1NH/NH and (2) the intrinsic instability of 2NH/OH
and 2NH/NH as compared to the corresponding tautomers of 1.
To directly compare the energies of all the tautomers of 1 and 2,
we considered a hypothetical homodesmotic reaction (Scheme
3).55 Because these molecules can be considered as formal

fusions of two salicylaldimine (3) units, the enthalpy of the fusion
reaction (ΔEfusion) represents the energetic cost of expansion of
the conjugated system relative to the energy of naphthalene (E0;
Figure 8). Comparison of the ΔEfusion values calculated for each
tautomer (Table 2) reveals that the energetic cost of formal
fusion of 1 decreased in the order OH/OH > NH/OH > NH/
NH, whereas the sequence for 2 was exactly the opposite. In
addition, the ΔEfusion values for 1 varied substantially with the
solvent polarity, whereas those for 2 were almost completely

insensitive to solvent effects (data calculated in vacuo are shown
in Table S2, Supporting Information).
To a first approximation, ΔEfusion can be simply interpreted as

the energetic cost of the π-electron reorganization necessary for
formal fusion, and this interpretation seems to agree with the
interpretation based on conventional resonance theory. As
defined,ΔEfusion is a measure of the loss of aromaticity brought by
the formal fusion process. Thus, ΔEfusion might be expected to
correlate positively with the total loss of aromaticity. To evaluate
this possibility, we calculated the change in the ⟨HOMA⟩ index
(referred to as Δ⟨HOMA⟩) relative to the ⟨HOMA⟩ indexes of
the constituent salicylaldimine (3OH or 3NH). The Δ⟨HOMA⟩
values for 1OH/OH, 1NH/OH, and 1NH/NH were −0.28, −0.26, and
−0.27 (ε = 25), respectively, whereas the values for 2OH/OH,
2NH/OH, and 2NH/NH were −0.21, −0.13, and +0.20 (ε = 25),
respectively. These values were not correlated either negatively
or positively with theΔEfusion values, implying that, in contrast to
the prior assumption, the physical origin of ΔEfusion contributed
significantly to the increase in HB stabilization energy; this
increase in energy may have compensated for the destabilization
due to the loss of aromaticity.
We assumed that ΔEfusion comprised contributions from

structural distortion energy (ΔEdistortion) and HB energy
(ΔERAHB), including electronic redistribution caused by the
change in structure. To estimate ΔEdistortion, we calculated the
energy of a naphthalene molecule whose carbon skeleton was
kept the same as the skeletons of the α,α- or β,β-diimines;
similarly, we calculated the energy for a benzene molecule whose
carbon skeleton was kept the same as that of salicylideneamine.
The difference in energy (E1) between these distorted molecules
reflects the destabilization due to the loss of aromaticity. Then we
obtained ΔEdistortion from E1 by subtracting the corresponding
energies of the optimized naphthalene and benzene molecules.
As expected, ΔEdistortion was strongly correlated with Δ⟨HOMA⟩
(Figure S5, Supporting Information), supporting the idea that
the HOMA index serves as a good energetic measure of
aromaticity. The first and second PTs in 1 slightly destabilized
the aromatic ring, whereas the first PT in 2 resulted in
stabilization. The second PT substantially stabilized the aromatic
ring in 2.
Next we calculated the residual contribution ΔERAHB (=

ΔEfusion − ΔEdistortion), which represents the HB energy for the
OH or NH form, both of which are stabilized by adjoining
aromatic rings, relative to the HB energy for salicylaldimine.
Note that because ΔERAHB reflects several steric effects
originating in proximate substituents on the aromatic rings,
direct comparison of the absolute values for 1 and 2 is not
meaningful. The data listed in Table 2 suggest that the stability of
1NH/OH and 1NH/NH was due to stabilization by RAHB and that
the distortion of the aromatic rings made only a minor
contribution. In contrast, the instability of 2NH/OH and 2NH/NH

Scheme 3. Hypothetical Homodesmotic Reaction for the
Formation of α,α-Diimines 1 and β,β-Diimines 2

Figure 8. Schematic energy diagram for the homodesmotic reaction
shown in Scheme 3.

Table 2. Calculated Energies (kJ/mol) of Tautomers of 1 and
2 Based on the Hypothetical Homodesmotic Reaction Shown
in Scheme 3

ΔEfusion ΔEdistortion ΔERAHB
1OH/OH +28.6 +5.7 +22.9
1NH/OH +16.7 +6.4 +10.3
1NH/NH +10.4 +6.3 +4.1
2OH/OH +13.2 −0.6 +13.8
2NH/OH +30.2 −7.1 +37.3
2NH/NH +56.7 −25.3 +82.0
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was a result of competition between the restoration of
aromaticity and the destabilization of the intramolecular HB
sites.
As for the strength of intramolecular HB in salicylaldehyde

derivatives, we should mention a simple yet sophisticated
method for evaluating the relative energies of (I) closed and
(II) open conformers.56 We calculated the energy difference
between the open and closed conformers (ΔEO/C) by subtracting
the energy of the I form from that of the II form. Then we
separatedΔEO/C into contributions from the putative HB energy
(ΔEHB) and the resonance-assistance energy (ΔERA), according
to Grabowski’s scheme: ΔEO/C = ΔEHB + ΔERA.

56 The ΔERA
value is the difference in energy between the I form and a
structure in which the OH proton has been allowed to hydrogen
bond with the imine group and the residual part of the molecule
is kept identical to that of the II form. For the double-headed
salicylaldimines in the OH/OH form, there are three conformers
(I-I, I-II, and II-II), and they are involved in an isodesmic reaction
(Scheme S1, Supporting Information) that is affected by the
orientation of the OH group(s) on the naphthalene core.26 Table
S1 (Supporting Information) summarizes the results of energy-
decomposition analyses of these conformers of 1 and 2. In
contrast to the energy of the OH···N bond in the OH form, the
energy of the NH···O bond in the NH form is difficult to
estimate, because the comparison of the open and closed
conformers is not applicable to this case. Therefore, we cannot
directly evaluate the resonance effect on the HB energy in the
NH-bearing form by means of a method similar to Grabowski’s
method. From theΔEHB +ΔERA values (50−70 kJ/mol), we can
safely say only that the ΔERAHB values in Table 2 are within a
reasonable range.
We attempted to gain insight into the essential factors

determining the probability of intramolecular PT. The
experimental and theoretical results highlight a crucial difference
between the probabilities of PT in 1 and 2, suggesting that the
stability of the NH form relative to that of the OH form was
strongly affected by the connection topology of the adjoining π-
conjugated system. By drawing an analogy with the energetic
contributions toΔEO/C,

56 we assumed that the energy (ΔEPT) of
PT can be divided into two contributions: (1) the difference
between the dissociation energies of the OH group and the N+H
group and (2) structural changes and electronic redistribution.
Here, ΔEPT is defined as the energy of the NH form relative to
that of the OH form. The first contribution originates from a
putative acid−base reaction (ΔEacid−base), and the second
contribution originates from the relaxation of the adjacent π-
conjugated system (ΔErelaxation, Figure 9).
The energy of PT (ΔEPT) was calculated from the values in

Table 3. The energy of the acid−base reaction (ΔEacid−base) is the
change in energy due to the change in the connectivity of the
hydrogen atom when the geometry of the rest of the molecule
remains unchanged. We derived the energy for the structural
relaxation (ΔErelaxation) as ΔEPT − ΔEacid−base. Table 3
summarizes the calculated energies, which highlight the
difference between 1 and 2 with respect to the contributions of
ΔEPT. The values in Table 3 were calculated under solvated
conditions; for reference, in Table S3 (Supporting Information),
the values are compared with the corresponding values calculated
under in vacuo conditions. There were considerable differences
among the values of ΔErelaxation, which varied from −20 to −40
kJ/mol. For all the PTs examined, the putative acid−base
reactions were endothermic, although the ΔEacid−base values
ranged from 20 to 50 kJ/mol depending on the structure of the

molecule. The ΔEacid−base value of the first PT for 1 was ∼30 kJ/
mol, which is almost the same as that for 3; whereas the value for
2 (40 kJ/mol) was significantly higher than that for 3. For the
second PT, theΔEacid−base value for 1was 10 kJ/mol less than that
for the first PT. In contrast, the corresponding value for 2 was 10
kJ/mol larger than that for the first PT. That is, from the
perspective of the putative acid−base reaction, the first PT
promoted the second PT for 1, whereas the first PT suppressed
the second PT for 2. Using the values in Table 3, we plotted
approximate quadratic potential curves for the energies of the
tautomers of 1 and 2 versus the square root of 1 − ⟨HOMA⟩,
which is a geometrical parameter related to the loss of aromaticity
(Figure 10).
These curves highlight the differences in how the structural

displacement influences the energies of 1 and 2. On one hand,
PT in 1 caused a loss of aromaticity, and electronic stabilization
of the protonation state overwhelmed the destabilization due to
structural distortion. On the other hand, PT in 2 also caused a
loss of aromaticity, but the destabilization due to structural
distortion overwhelmed the electronic stabilization of the
protonation state. Consequently, in 2, the retention of
aromaticity took precedence over the stabilization of the
protonation state, resulting in a phenomenon totally opposite
that of 1; namely, HB is not assisted by resonance effects from the
adjoining aromatic ring. This difference is due solely to the
connection topology of the two salicylaldimine moieties fused
into the naphthalene ring system. It is interesting that high-level
quantum chemical calculations gave a quantitative reason for the
conventional picture obtained by drawing simple Kekule ́
structures in resonance hybridization schemes.

Figure 9. Theoretical potential curves of OH and NH forms as a
function of a geometrical index of aromaticity. Energies related to
intramolecular proton transfer are indicated by arrows.

Table 3. Calculated Energies (kJ/mol) Related to
Intramolecular Proton Transfer

ΔEPT ΔEacid−base ΔErelaxation

1OH/OH → 1NH/OH −7.7 +29.4 −37.1
1NH/OH → 1NH/NH −2.2 +22.0 −24.2
2OH/OH → 2NH/OH +21.2 +43.1 −21.9
2NH/OH → 2NH/NH +30.7 +52.4 −21.8
3OH → 3NH +4.2 +30.9 −26.7
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■ CONCLUSIONS
We prepared diimine derivatives of α,α- and β,β-dicarbaldehydes
of 2,6-dihydroxynaphthalene and examined their tautomeriza-
tion behavior on the basis of the idea that these molecules can be
regarded as fused salicylaldimines. The tautomeric equilibrium of
the α,α-diimines was strongly influenced by the solvent polarity,
temperature, and crystal packing. In contrast, prototopic
tautomerization of the β,β-diimines was barely affected by
changes in the molecular environment. Quantum chemical
calculations revealed the origin of the difference in tautomeriza-
tion behavior between these constitutional isomers. Several
energy decomposition analyses indicated a fundamental differ-
ence in the electronic states of the molecules, a difference that
originated in the connection topology of the two salicylaldimine
moieties fused into the naphthalene ring system. We concluded
that, for the α,α-diimines, the NH forms were substantially
stabilized by RAHB, and distortion of the aromatic rings made
only a small contribution. In contrast, for the β,β-diimines,
stabilization by RAHB exacted a high energetic price due to
structural distortion (loss of aromaticity). As a result of
competition between restoration of aromaticity and destabiliza-
tion of HB sites, the β,β-diimines exclusively adopted the OH/
OH form.

■ EXPERIMENTAL SECTION
Synthesis. 1,5-Bis(iminomethyl)-2,6-dihydroxynaphthalenes

1a−c. According to the reported procedure,26 1,5-diformyl-2,6-
dihydroxynaphthalene (3) was prepared. A 2 equiv (2.0 mmol) portion
of pentylamine (0.174 g), octylamine (0.258 g), or benzylamine (0.214
g) was added to a methanol suspension of 3 (0.216g, 1.0 mmol), which
immediately turned to a clear yellow solution, and afterward, crystalline
solids were separated out at ambient temperature. The product was
collected by filtration and dried under reduced pressure at 25 °C.
Data for 1a (pentylamine derivative): orange prisms (yield 0.28 g,

79%); mp 146147 °C; IR (KBr) 1631 cm−1 (νCN); precise MS
(FAB+)m/z 355.2383 (calcd forM +H+ 355.2385); 1HNMR (CDCl3)

δ = 0.93 (t (J = 7.3 Hz), 6H), 1.33−1.46 (mult, 8H), 1.75 (quint (J = 7.3
Hz), 4H), 3.65 (t (J = 6.8 Hz), 4H), 7.08 (d (J = 9.3 Hz), 2H), 7.98 (d (J
= 9.3 Hz), 2H), 8.90 (br s, 2H), 15.00 (br s, 2H); 13CNMR (CDCl3) δ =
14.0, 22.4, 29.2, 30.6, 56.2, 109.2, 123.3, 125.3, 126.2, 159.3, 167.7.

Data for 1b (octylamine derivative): orange needles (yield 0.42 g,
96%); mp 136137 °C; IR (KBr) 1632 cm−1 (νCN);MS (FAB+)m/z
439.5 (calcd for M + H+ 439.33); 1H NMR (CDCl3) δ = 0.88 (t (J = 6.9
Hz), 6H), 1.28−1.46 (mult, 20H), 1.75 (quint (J = 7.1 Hz), 4H), 3.65 (t
(J = 7.1 Hz), 4H), 7.08 (d (J = 9.4 Hz), 2H), 7.98 (d (J = 9.4 Hz), 2H),
8.90 (br s, 2H), 15.00 (br s, 2H), 13CNMR (CDCl3) δ = 14.1, 22.6, 27.0,
29.2, 29.3, 30.9, 31.8, 56.3, 109.2, 123.3, 125.3, 126.1, 159.3, 167.7. Anal.
Calcd for C28H42N2O2: C, 76.67; H, 9.65; N, 6.39. Found: C, 76.71; H,
9.75; N, 6.17.

Data for 1c (benzylamine derivative): orange platelets (yield 0.38 g,
96%); mp not observed (dec < 300 °C); IR (KBr) 1625 cm−1 (νCN);
precise MS (FAB+) m/z 395.1750 (calcd for M + H+ 395.1759); 1H
NMR (DMSO-d6) δ = 4.91 (s, 4H), 7.00 (d (J = 9.4 Hz), ArH, 2H),
7.30−7.35 (mult, 2H), 7.38−7.42 (mult, 8H), 8.32 (d (J = 9.4 Hz), 2H),
9.49 (d (J = 3.7 Hz), 2H), 14.89 (br s, 2H); 13C NMR spectra could not
be measured due to low solubility.

3,7-Bis(iminomethyl)-2,6-dihydroxynaphthalenes 2a−c. Accord-
ing to the reported procedure,26 3,7-diformyl-2,6-dihydroxynaphthalene
(4) was prepared. A 2 equiv (2.0 mmol) portion of pentylamine (0.174
g), octylamine (0.258 g), or benzylamine (0.214 g) was added to a
methanol suspension of 4 (0.216g, 1.0 mmol), which immediately
turned to a clear yellow solution, and afterward, crystalline solids were
separatred out at ambient temperature. The product was collected by
filtration and dried under reduced pressure at 25 °C.

Data for 2a (pentylamine derivatives): yellow needles (yield 0.26 g,
74%); mp 264265 °C (dec after melt); IR (KBr) 1643 cm−1 (νCN);
precise MS (FAB+) m/z 355.2395 (calcd for M + H+ 355.2385); 1H
NMR (CDCl3) δ = 0.92 (t (J = 7.2 Hz), 6H), 1.35−1.41 (mult, 8H),
1.73 (quint (J = 7.2 Hz), 4H), 3.65 (t (J = 6.8 Hz), 4H), 7.23 (s, 2H),
7.65 (s, 2H), 8.50 (s, 2H), 12.90 (br s, 2H); 13CNMR (CDCl3) δ = 14.1,
22.5, 29.4, 30.4, 60.2, 111.1, 123.1, 129.3, 130.8, 155.0, 164.5.

Data for 2b (octylamine derivatives): yellow needles (yield 0.41 g,
94%); mp 230231 °C; IR (KBr) 1641 cm−1 (νCN);MS (FAB+)m/z
439.4 (calcd for M + H+ 439.33); 1H NMR (CDCl3) δ = 0.88 (t (J = 6.9
Hz), 6H), 1.27−1.44 (mult, 20H), 1.73 (quint (J = 7.3 Hz), 4H), 3.65 (t
(J = 6.9 Hz), 4H), 7.23 (s, 2H), 7.65 (s, 2H), 8.50 (s, 2H), 12.90 (br s,
2H); 13C NMR (CDCl3) δ = 14.1, 22.7, 27.2, 29.2, 29.3, 30.8, 31.8, 60.2,
111.0, 123.1, 129.3, 130.8, 155.0, 164.4. Anal. Calcd for C28H42N2O2: C,
76.67; H, 9.65; N, 6.39. Found: C, 76.40; H, 9.67; N, 6.28.

Data for 2c (benzylamine derivatives): yellow platelets (recrystallized
from DMSO, yield 0.25 g, 64%); mp 290291 °C (dec after melt); IR
(KBr) 1644 cm−1 (νCN); MS (FAB+) m/z 395.1 (calcd for M + H+

395.18); 1HNMR (DMSO-d6) δ = 4.89 (s, 4H), 7.27 (s, 2H), 7.30−7.34
(mult, 2H), 7.36−7.40 (mult, 8H), 8.00 (s, 2H), 8.87 (s, 2H), 12.67 (s,
2H); 13C NMR spectra could not be measured due to low solubility.
Anal. Calcd for C26H22N2O2·0.25H2O: C, 78.27; H, 5.68; N, 7.02.
Found: C, 78.36; H, 5.64; N, 6.85.

Crystallographic Data. For X-ray diffraction of single crystals, data
were collected on diffractometers, λ(Cu Kα) = 1.5418 Å (for 1a and 1c)
and λ(Mo Kα) = 0.71075 Å (for 1b). The structure was solved by direct
methods and expanded using Fourier techniques. All calculations were
performed with the crystallographic software package SHELX-97.57

Crystallographic data have been deposited with the Cambridge
Crystallographic Data Centre: deposition numbers CCDC-939325 to
CCDC-939327 for compounds 1a, 1b, and 1c. Copies of the data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Rd., Cambridge CB2 1EZ, U.K.; fax +44 1223 336033; e-mail
deposit@ccdc.cam.ac.uk).
Data for 1a: C22H30N2O2,Mw = 354.48, monoclinic, a = 8.638(1) Å, b =
11.502(1) Å, c = 9.890(1) Å, β = 101.376(2)°, V = 963.36(17) Å3, Dcalcd
= 1.222 g/cm3,T = 193 K, space group P21/n (No. 14), Z = 2, μ(Cu Kα)
= 6.1 cm−1, 9088 reflections measured and 1720 unique reflections
(2θmax = 145.9°, Rint = 0.024), which were used in all calculations, R =
0.053, Rw = 0.143.

Figure 10. Approximate quadratic potential curves for the tautomers of
(a) 1 and (b) 2. Energy is plotted against a geometrical parameter
related to the loss of aromaticity.
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Data for 1b: C28H42N2O2,Mw = 438.64, monoclinic, a = 49.85(5) Å, b =
4.657(5) Å, c = 10.848(11) Å, β = 99.408(14)°, V = 2485(4) Å3,Dcalcd =
1.173 g/cm3, T = 93 K, space group C2/c (No. 15), Z = 4, μ(Mo Kα) =
0.73 cm−1, 7380 reflections measured and 1707 unique reflections
(2θmax = 55.0°, Rint = 0.039), which were used in all calculations, R =
0.054, Rw = 0.161.
Data for 1c: C26H22N2O2, Mw = 394.46, triclinic, a = 9.168(1) Å, b =
10.975(1) Å, c = 11.722(1) Å, α = 65.579(2)°, β = 70.746(2)°, γ =
70.183(2)°, V = 985.28(16) Å3, Dcalcd = 1.330 g/cm3, T = 193 K, space
group P1 ̅ (No. 2), Z = 2, μ(Cu Kα) = 6.7 cm−1, 8762 reflections
measured and 3474 unique reflections (2θmax = 146.5°, Rint = 0.044),
which were used in all calculations, R = 0.088, Rw = 0.366.
Computational Details. The geometry of the molecules was

optimized by means of the Hartree−Fock method using the 6-311G**
basis set. Since the optimized structure has not been obtained for 2NH/NH
under the default criteria of convergence, we adopted the structure
obtained under looser criteria (with the Opt=Loose keyword) limitedly
for this case. The structure optimized under in vacuo conditions was
used as an initial structure for geometrical optimization incorporating
solvent effects (ε = 25, assuming ethanol) using the SCRF keyword. The
structures thus obtained were used for DFT (B3LYP) calculations using
the 6-311G** basis set. All the calculations were performed with the
Gaussian 0358 and Gaussian 0959 programs.
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