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2-n-Butylaminonaphthazarin (2) absorbs at 499 and 532 nm in ethanol but at 539 and 577 nm in alkali
solution, while 2,6-bis(n-butylamino)naphthazarin (3) absorbs at 461, 500 and 540 nm in ethanol but
at 511 and 545 nm in alkali solution, with only a small bathochromic shift of 5 nm. The absorption
curve of 3 was changed by addition of alkali and the A, at around 461 nm completely disappeared.
In the case of 2-bromo-3,8-bis(n-butylamino)naphthazarin (4), tautomerism between the 1 JA-quinone
and 1,5-quinone forms was observed and the isosbestic point was observed at 480 nm. Dye 2 easily
deprotonated to give the 1,4-dianion, but dyes 3 and 4 existed as tautomeric mixtures in solution and

shifted to 1,5-quinone forms in alkali solution.

INTRODUCTION

Considerable advances have been made in our
understanding of the colour—structure relationships of
dye chromophores [1]. This may be attributed to the
development of computational chemistry using a personal
computer. Molecular orbital (MO) software of many kinds
is now available as a practical tool for the evaluation of
absorption properties of chromophores. Conformational
analyses of dye chromophores can also be carried out to
obtain structure—property relationships by means of the
MOPAC calculation [2].

Studies of quinone-quinoneimine tautomerism of
aminonaphthoquinone dyes by means of the PPP MO
method were the subject of our previous papers [3-5]. We
have also established the metal-catalysed alkylamination
of naphthazarin and selective amination of naphthazarin
to give n-butylaminonaphthazarins (2 and 3) [6,7]. Our
current research, reported here, deals with the spectral
properties and tautomerism of aminonaphthazarins
investigated by their absorption spectra, solvent effects
and MO methods together with an evaluation by
temperature-dependent 'H NMR spectroscopic methods.

EXPERIMENTAL

Melting points were determined without correction using
a Yanaco MP-500D apparatus. The '"H NMR spectra were
taken with Jeol INM-GX (270 MHz) and Alpha 500 (500
MHz) spectrometers using CDCl,, dg-DMSO and dg-
toluene as solvent and TMS as internal reference. Mass
spectra were recorded using a Shimadzu LKB-9000
spectrophotometer. Visible spectra were measured using
Shimadzu (UV-265FS and UV-3100) and Hitachi (220A)
spectrophotometers. Microanalyses were carried out with
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a Yanaco CHN Corder (MT-3). PPP MO and MOPAC PM3
calculations were conducted with the aid of commercial
software.

Naphthazarin (1), 2-(n-butylamino)naphthazarin (2}
and 2,6-bis(n-butylamino)naphthazarin (3) were prepared
and identified by methods to be found in the literature
[6,7].

Synthesis of 4

Previously prepared 4,8-diamino-1,5-naphthoquinone 8]
was brominated and hydrolysed to give 2,6-dibromo-
naphthazarin (5). The reaction of 5 with copper() acetate
in ethanol, under reflux for 1 h, gave a copper complex as
a violet powder. This was filtered, washed with water and
ethanol, and dried. To a suspension of the copper complex
of 5 in butanol was added (dropwise) a solution of n-
butylamine in butanol at room temperature: the mixture
was then heated at 60 °C for 24 h. The reaction mixture
was poured into aqueous 10% hydrochloric acid solution
and was extracted with chloroform. The chloroform layer
was then evaporated in vacuo and the residue was
dissolved in benzene and chromatographed on silica gel
to give dye 4 (33%) together with dye 3 (13%) as main
products. Recrystallisation from the cyclohexane-chloro-
form mixture gave dye 4 as a red powder.

Mp 146.5-147.5 °C; A (nm) (UV/Vis) CHCl. 461, 511, 548;
MS m/z (M+) 410, (M+2) 412; anal. (calc.) for
C18H23N204Br C 5356, H 564, N 681; found C 5472, H
5.84, N6.90.

RESULTS AND DISCUSSIONS

Absorption spectra and tautomerism of 1

Deprotonation of 1 with a base produced a large
bathochromic shift of the absorption peak {Anm,,) as shown
in Figure 1. Absorption maxima at 485, 515, 540 and 557 nm
were observed in ethanol as the first excitation band, and
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Figure 1 Acid-base equilibrium of dye 1, and the spectrat changes in
ethanol by adding excess of sodium ethoxide

peaks at 486, 520, 560, 585 and 623 nm were observed in
alkali solution. It is generally understood that the three
main vibrational absorption maxima for the first excitation
are for 1,4-donor-substituted anthraquinones and naphtho-
quinones, and the two main vibrational absorption maxima
in longer wavelengths for 1,5-analogues [8].
From these results it seems that dye 1 may exist as a
tautomeric mixture of 1,4-naphthazarin (1a) and 1,5-
naphthazarin (1b) because, in Figure 1, the curve can be
divided into two parts at around 530 nm. The absorption
curve of the dianion of dye 1 spread more in the wide
wavelength range and showed much more distinct A,
values. Again, the curve can be divided into two parts at
around 570 nm. The PPP MO calculation revealed that the
calculated Ap,, of each tautomer was 469 (1a), 496 (1b), 519
(1¢) and 523 (1d) nm, respectively; the A, of the 1,5-
forms (1b and 1d) are larger than those of the 1,4-forms (1a
and 1c). From these observations, we deduce that
naphthazarin and its dianion exist as a tautomeric mixture
of 1,4- and 1,5-quinone forms.

Absorption spectra and tautomerism of 2 and 3
Naphthazarin was oxidised by copper cations to give the
tetraquinone which was selectively alkylaminated at the 2-
and 2,6-positions. Copper-promoted n-butylamination of
dye1gave 2 and 3 [6,7]. Dye 3 showed a large third-order
nonlinear susceptibility on thin film. This is attributed to
strong three-dimensional molecular stacking [9].

Dye 2 absorbed at 465, 499 and 532 nm in ethanol but at
465, 504, 539 and 577 nm in alkali solution as shown in
Figure 2. On the other hand, dye 3 absorbed at 461, 500

and 540 nm in ethanol but at 511 and 545 nm in alkali
solution as shown in Figure 3. Dye 3 also absorbed at 466,
508 and 549 nm in dimethylsulphoxide (DMSQ) but the
Amax values were shifted to 570 nm by adding tetrabutyl-
ammonium hydroxide. A large bathochromic shift of 45
nm in dye 2 was observed, while only a small shift of 5 nm
was observed in dye 3. The absorption curve for dye 2
changed little by the addition of alkali solution (Figure 2);
that of dye 3, however, changed drastically and the

absorption band at around 461 nm completely
disappeared (Figure 3).
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Figure 2 Acid-base equilibrium of dye 2, and the spectral changes in
ethanol by adding sodium ethoxide
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Figure 4 Tautomerism between 1,4- and 1,5-isomers of dye 3
depending en the solvent polarities

The solvent effects of dye 3 in ethanol, DMSO and
cyclohexane also supported the tautomerism, as shown in
Figure 4; the A, values shifted by 10-15 nm to longer
wavelengths in polar solvents (ethanol and DMSO) but
the relative strength of A, greatly changed. The Ay«
peaks at 495 and 534 nm were stronger than that at 459 nm
in cyclohexane although those in polar solvents were
almost comparable. These results showed that the 1,5-
isomer was predominant in nonpolar solvent but both
isomers existed comparably in polar solvents. From these
results, it was proposed that dye 2 was easily deproton-
ated to give the 1,4-quinone form in alkali solution, but
dye 3 existed as a tautomeric mixture of the 1,4-quinone
(461 nm) and the 1,5-quinone forms (500 and 540 nm) in
solution. When dye 3 deprotonated in alkali solution, the
1,5-quinone form became the predominant species and
the 1,4-quinone form disappeared completely. The
absorption spectra of 1,5-dianion form of dye 3
represented a typical curve for 4,8-bis(donor)-substituted-
1,5-naphthoquinones [8].

Otherwise, from MOPAC PM3 calculations, the heat of
formation for the 1,4-isomer of dye 3 was —657 k]/mol, and
that of the 1,5-isomer was —631 kJ/mol, and the 1,4-isomer
was more stable than the 1,5-isomer. The ab initio
calculations of total energies for the 1,4- and 1,5-isomers of
dye 3 indicated that the 1,4-isomer was more stable than
the 1,5-isomer, but the energy difference was rather small.
However, the 1,5-isomer became much more stable than
the 1,4-isomer by the BLYp/6-31G base set in which
intermolecular hydrogen bonding was evaluated [10].
These results also support the proposal that dye 3 exists as
a tautomeric mixture of the 1,4- and 1,5-quinone forms in
solution.

Tautomerism of 4

Dye 4 absorbed at 466, 508 and 546 nm in ethanol but at
520 and 554 nm in alkali solution as shown in Figure 5. The
absorption curve of dye 4 mostly changed by the addition
of alkali, and the absorption at around 466 nm completely
disappeared. These observations were also made in the
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case of dye 3. The absorption maximum of dye 4 in
ethanol shifted to longer wavelengths by 8 nm (i.e. from
546 nm to 554 nmy in alkali solution. Dye 4 was deproton-
ated in alkali solution and shifted to the 1,5-quinone form.
Dye 4 showed tautomerism between the 1,4- and 1,5-
quinone forms in the solvent mixtures of aqueous DMSO
and acetone solution. Tautomerism was affected by the
solvent polarity and the isosbestic point was observed at
369, 412 and 480 nm, as shown in Figure 6. The PPP MO
calculated A, of 1,4-quinone, form 4a, was 430 nm and
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Figure 5 Acid-base equilibrium of dye 4, and the spectrat changes in
ethanol by adding sodium ethoxide; for key see Figure 3
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Figure 6 Tautomerism between 1,4- and 1,5-isomers of dye 4
depending on the solvent polarities
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Table 1 Observed and calculated

absorption spectra of dyes 1—4

Calc. Amax 414 nm
0bs. Amax 461 nm

Calc. Amax 460, 530 nm
Obs. Amax 511, 548 nm

The proton chemical shifts of dye 3 in deutero-
chloroform (CDCl;) at 24 °C (270 MHz) and in deutero-
dimethylsulphoxide (de-DMSO) at 25 °C (270 MHz) are
shown in Figure 7. This shows the chemical shift §in ppm
from TMS in CDCl; and (in parenthesis) in dg-DMSO.
These values are reasonable for identifying the structure,
and the hydrogen-bonded OH proton was observed at

(14.89) £.19 (broad)

& \ 3.24 1.45
6. 9") OH © }

(1 33) (326) NH- CHZ CH2 CH,—CH3

Amay {NM}
Dyes Obs.2 Calc. f
1 515 469 0.28
Dianion® 560 519 0.32
2 499 452 0.31
Dianion® 539 499 0.35
3 540 505 0.80
Dianion® 545 513 0.71
4 466 460 0.15
546 530 0.45

DianionP 554 534 0.48

a Measured in ethanol
b Deprotonated dianion form by sodium
ethoxide

the other 1,4-quinone tautomer, form 4b, was 414 nm but
that of 1,5-quinone, form 4¢, was 460 nm. From these
results, the Ionger wavelength absorption over 510 nm
was attributed to 4¢, as shown in Scheme 1

The heats of formations of 4a—4c were calculated by the
MOPAC PM3 method (Scheme 1). These are -605 (4a),
—606 (4b) and -570 (4¢) kJ/mol. Both 1,4-isomers were more
stable than the 1,5-isomer which was also observed in the
case of dye 3, but the energy differences of each tautomer
were rather small and the results depend on the
calculation method [10]. The tautomerism was affected
largely by solvent polarity and the 1,5-isomer (4c) became
predominant depending on the increments of solvent
polarity (Figure 6). An addition of a drop of acetic acid to
the aqueous ethanol solution of dyes 14 did not change
their absorption spectra, and these dyes did not exist as
deprotonated species in the solution.

The calculated and observed absorption spectra for
dyes 1-4 are summarised in Table 1.

NMR spectra of dyes 3 and 4

Tautomerism of dyes can be evaluated by the 1H NMR
spectra in which two tautomers should have different
chemical shifts if the proton-exchange speed is slower
than the sensitivity of NMR measurement. Temperature-
dependent NMR gave more precise details of the
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Figure 7 Proton chemical shifts of dye 3

Table 2 Solvent effects of chemical shift on dye 4

CHa—~CHy~CHo~CHp—HN

3 "NH-CHz-CHp—CH,—CHj3

m | k joi (o] OH d e t g h
a
4

CDCl, CDClL; + DO dg-DMSO

(28 °C) (28 °C) (24 °C)
a 14.70/14.62 (s} 15.20/15.09
b 13.39/13.31 {s) 13.81 (broad}
c 5.841/5.837 (s) 5.920/5.915 6.07/6.03
d 6.57 7.90 (broad)
e 3.89/3.85 (q} 3.950/3.905 (t) 3.86/3.81
f 1.69 1.685 1.60
9 1.45 1.450 1.33
h 0.91 (t) 0.98 0.90
i 5.88 7.89 {broad)
i 3.25/3.18 (q) 3.25(1) 3.28
k 1.62 1.685 1.55
I 1.38 1.450 1.33
m 0.91 (1) 0.98 0.90

The &values of n-butyl group at 3-position gave larger vaiues than the

i

098

separation of tautomers at lower temperatures.

corresponding n-butyl group at 6-position due to the inductive effect
of bromine atom at 2-positicn
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Table 3 Temperature dependence of the hydroxy proton chemical shifts on dye 4

§ ppm, 500 MHz

25°C 30°C  50°C  60°C
cDCl, 14.78 1470 1464 1461
14.70 1462 1456 1453
13.44 13.39 1342 1343
13.37 1331 1334 1335
24°C 80°C
dg-DMSO  15.20 15.00
15.09 14.89
13.81 (broad) 13.83
13.78
27 °C Re 80°C  Re 80°C Ra 100¢C  Ra
dg-Toluene  15.42 1.46 1523 150 1513 138 1503  1.03
15.34 15.15 15.05 14.94
13.99 1.37 1397 132 1396 116 1394 091
13.92 13.90 13.89 13.87

a R - ratio of peak strength in each pair

the very low field of 14.40 ppm and the NH proton was
observed at 6.19 ppm as a broad signal in CDCl; but at 7.90
ppm as a triplet in DMSO. These results show that either
only one species existed in solution or that the proton
exchange reaction of tautomers was too fast to afford
detection. Then 'H NMR of dye 3 at the lower temper-
ature was measured in dg-toluene. The hydrogen-bonded
OH proton was observed at 15.19 ppm as a singlet at —20
°C although slightly divided into 15.65 and 15.70 ppm at —
50 °C and divided clearly into 15.83 and 15.84 at -70 °C.
The corresponding NH proton was observed at around
5.80 ppm as a broad peak at -20 °C but slightly divided
into a double triplet at around 5.79 ppm at -50 °C and 5.80
ppm at -70 °C. These results showed that two tautomers
existed at the lower temperature (-70 °C).

The 'H NMR data for dye 4 are summarised in Tables 2
and 3. Dye 4 showed tautomerism in solution (Figures 5
and 6) and two kinds of tautomers were observed in the
NMR spectra; two couples of the hydroxyl proton (four
peaks) indicated the mixture of two tautomers and their
existence ratio was estimated from the peak strength, as
shown in Table 3. The values changed at around 1.4 at 27
°C to 1.0 at 100 °C in dg-toluene. These results show that
tautomeric equilibrium was affected by temperature. The
existence of two tautomers was also shown by a couple of
signals in the methylene protons of the n-butyl group.
When one drop of heavy water was added to the CDCl;
solution of dye 4, the spectral pattern changed
appreciably; the signals for the OH and NH protons
completely disappeared and the multiplet corresponding
to methylene protons adjoining the imino group changed
from quartet to triplet due to lack of the imino proton
coupling. All observations obtained from NMR spectra are
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well in accordance with the existence of two tautomers in
solution.

CONCLUSION

Deprotonation of dye 1 gave the dianion in the mixtures
of the 1,4- and 1,5-forms, while deprotonation of dye 2
gave the 1,4-dianion form only. Dyes 3 and 4 existed in the
tautomeric mixture of the 1,4 and 1,5-forms in ethanol but
shifted to the 1,5-dianion forms by adding sodium
ethylate. The shift of the A,,, absorption peak to longer
wavelengths are rather small at about 5-8 nm in dyes 3
and 4. Dye 3 absorbed at 461, 500 and 540 nm in ethanol
but the A, peaks were shifted to 511 and 545 nm by
adding alkali solution, and the absorption band at about
461 nm completely disappeared. This indicates that the
mixture of isomeric tautomers (1,4- and 1,5-forms) were
shifted to the 1,5-dianion form. It was found, by the
MOPAC calculation, that in dye 4 the 1,4-isomer was more
stable than the 1,5-isomer but that their tautomerism was
largely affected by solvent polarity, and the absorbance at
511 and 548 nm increased with increasing solvent polarity.
The 'H NMR spectra of dyes 3 and 4 clarified the existence
of both tautomers in solution and their ratio changed
depending on the solvent polarity and the temperature.
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