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The syntheses of a series of new ketohydrazone dyes and
pigment lakes with a unique structural motif derived from 4-
morpholino-2-naphthol are described. The morpholine sub-
stituent is responsible for the hypsochromically shifted ab-
sorption maxima with significantly enhanced molar extinc-
tion coefficients of the new dyes; this conclusion is supported

by time-dependent DFT (TD-DFT) simulations. The location
of the morpholine substituent at a sterically demanding site
in the pigment lake obstructs further coordination of the
bridging sulfonate groups in the solid state and prevents the
formation of a 1-dimensional polymeric system, which is
common for other pigment lakes.

Introduction

The study of dyes and pigments has been of immense
societal impact since antiquity. Today, our daily interactions
with colourants include traditional textile and polymer col-
oration for aesthetic purposes, dyes in recording media such
as compact discs (CDs) and Blu-ray Discs™, traditional
writing inks to new ink-jet and laser printing systems, as
well as dyes in medicine from the original antibacterial azo
dye Prontosil through to modern antibacterial and antitu-
mour dye sensitizers in photodynamic therapy. Dye chemis-
try research is presently thriving with the design of numer-
ous sensors and functional dyes and, perhaps more import-
antly, the evolution of dyes in the energy arena such as low
power-consumption light-emitting diodes and dyes opti-
mized for efficient solar-energy conversion in dye-sensitized
solar cells. Finally, the economic impact of the industrial
manufacture and application of coulorants makes a signifi-
cant contribution to the gross domestic product (GDP) of
numerous countries, a feature that ensures constant activity
in colourant research.
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4-Morpholino-2-naphthol (1) has been a privileged building
block for the synthesis of commercially successful photo-
chromic naphthopyrans for two decades.l'>! The synthesis
of 1 was first described by Gabbutt et al. and involved the
dichlorination of 2-naphthol to afford 1,1-dichloro-
naphthalenone (2), the in situ nucleophilic addition of
morpholine and concomitant elimination of a chloride ion
to afford 3 and subsequent removal of the remaining
chlorine atom by catalytic hydrogenation (Scheme 1).['l The
foregoing procedure is an adaptation of a route employed
to access 4-methoxy-2-naphthol by the addition of meth-
oxide to 2 reported in 1970.1°! The nucleophilic displace-
ment of the 1-chloro substituent of intermediate 3 by
amines and thiols has been investigated.”! An alternative
route to 1 has been reported and includes the preparation
of a mixture of hydrazones 4a and 4b followed by alkaline
hydrolysis with Wolff-Kishner-like decomposition.’ More
recently, a selection of 4-amino-2-naphthols has been ac-
cessed by the transition-metal-mediated amination of 3-
methoxy-1-(trifluoromethylsulfonyloxy)naphthalene with a
variety of amines and subsequent demethylation.[®!

2-Naphthol and numerous substituted derivatives have
been widely employed in the colourant industry as coupling
components with an extensive array of diazonium salts to
afford commercially significant dyes and pigments.”-!% It is
remarkable that the application of 1 in this respect has
been overlooked. Here, we report preliminary results
on the investigation of the synthesis and spectroscopic
properties of hitherto unexplored ketohydrazone (azoenol)
dyes and pigment lakes derived from 4-morpholino-2-
naphthol.
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Scheme 1. Synthesis of 4-morpholino-2-naphthol.

Results and Discussion

A series of anilines 5 (a: R = H; b: R = Me; ¢: R = MeO;
d: R = Cl) were diazotized and coupled to a suspension of
1 in sodium hydroxide by using standard diazotization and
coupling methodology.®~ "1 A slight change to the standard
diazotization protocol was adopted for 4-nitroaniline
(5e):>-"I A fine suspension of the aniline hydrochloride was
employed for the diazotization reaction rather than a solu-
tion of the aniline hydrochloride as for 5a-d. The crude
dyes 6a—e were isolated, washed well with water and dried
before crystallization from a minimum volume of acetic
acid to afford the pure dyes in 56-69% vyield as bright
orange solids (Scheme 2). The diazotization of orthanilic
acid (2-aminobenzenesulfonic acid)®'!l and coupling to 1
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Scheme 2. Preparation of dyes 6a—e.
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Scheme 3. Preparation of dyes 8 and 10 derived from orthanilic
acid.

to afford dye 8 in 84 % yield was also examined (Scheme 3).
For comparative purposes, dyes 9a (SudanI) and 10
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derived from 2-naphthol and aniline in 71% yield and from
2-naphthol and orthanilic acid in 75% yield, respectively,
were also prepared.

The examination of 6 in CDClj; solution by NMR spec-
troscopy revealed that 5-H and 8-H typically appeared as a
double doublet at 6 = 7.7 and 8.5 ppm, respectively, whereas
3-H appeared as a singlet at 6 = 6.1-6.4 ppm. The signal for
3-H in 9a appeared as a doublet at 6 = 6.89 ppm with J =
9.4 Hz, which reflects cis-alkene-like coupling to 4-H.['2I A
low-field exchangeable signal was apparent at 6 = 16.0—
16.4 ppm, which we have arbitrarily assigned (vide infra) to
the H-bonded NH group of the major hydrazone tautomer
6 rather than the OH group of the azo tautomer 7. The
presence of the morpholine group was established by signals
at 0 = 3.3 and 4.0 ppm for the NCH, and OCH, units,
respectively.

There has been a significant body of work published on
azoenol/ketohydrazone tautomerism with data from X-ray
crystallography,['3-131 solution!!>'®) and solid-state '3C
NMR spectroscopy,!!”l molecular modelling!'® and multi-
nuclear NMR  spectroscopy!!>!°! employed to assign the
major tautomeric form, which is of course dependent upon
both substitution pattern and environment. In the absence
of suitable crystals of 6 for X-ray crystallography coupled
with its generally low solubility, which precluded natural-
abundance ''N NMR spectroscopy, we have commented
upon the azo/hydrazone tautomerism in 6 by comparing
published '*C NMR spectroscopic data for azo dyes derived
from 2-naphthols!>!3-1¢1 with the data recorded for 6a—6e.

13C NMR spectroscopy for CDCl; solutions of 6a—e re-
vealed low-field signals in the range 0 = 174-181 ppm, as-
signed to a C=0 function, together with a signal at J =
161 ppm for the hydrazone C=N group (Table 1). With sim-
ple azo dyes derived from 2-naphthol and 4-substituted an-
ilines, the chemical shift of the C-2 signal has been used as
a probe to gauge the ratio of the ketohydrazone/azoenol
tautomers; when the phenyl group contains a strong elec-
tron-withdrawing group at the para position, the equilib-
rium shifts almost completely to the ketohydrazone tauto-
mer as indicated by dc., = 180 ppm, and for an alkoxy-
releasing group at the para position, dc, = 161 ppm 131
In this work, although the magnitude of the chemical shifts
are somewhat different, presumably as a consequence of
conjugation with the morpholine unit at C-4, the trend in
chemical shift (decreasing chemical shift of the C-2 signal
with increasing donor group strength) is apparent, and it
would be prudent to accept that, in common with the sim-
ple dyes derived from 2-naphthol, the dominant tautomer

Table 1. Selected '*C NMR chemical shifts for 6 and 9a.

Compound R dc-2 [ppm] dc.1 [ppm]
9a - 172.1 144.7
6a H 178.7 161.2
6b Me 177.8 160.7
6¢ MeO 174.5 159.9
6d al 178.8 161.4
6e NO, 180.9 162.7

Eur. J. Org. Chem. 2013, 8097-8107

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

is the ketohydrazone but appreciate that in solution and in
the solid state a hybrid of the two forms is the reality (Fig-
ure 1). Infrared spectroscopy revealed the presence of an
intense C=0 stretching band at ca. 1590-1606 cm™! for 6,
the band for 6a appeared at 1595c¢cm™!, and the C=0
stretching band for 9a appeared at 1616 cm™'; a comparison
of the data for 6a with that of 9a indicates that the morph-
oline unit does have a marked influence on the CO bond
order.

R R R
N'N‘H N»,N H
e o
) C
o )
6 — - 7

Figure 1. Ketohydrazone 6 and azoenol tautomer 7.

The 'H NMR spectrum of 8 in D,O/[Dg]dimethyl sulf-
oxide ([D¢]DMSO) solution was recorded at low concentra-
tion as a consequence of its poor solubility in [Dg]DMSO
alone; meaningful '3C NMR data could not be obtained.
The morpholine OCH, group resonated at 6 = 3.78 ppm,
the signal of the NCH, group was observed at ¢ =
3.17 ppm, and the signal of 3-H appeared as a singlet at ¢
= 5.96 ppm. In contrast, the '"H NMR spectrum of 10 re-
vealed a doublet at 0 = 6.63 ppm with J = 9.5 Hz for 3-H.
The infrared stretching band for the C=O function ap-
peared at 1573 cm™! for 8 and 1614 cm™' for 10. Thermo-
gravimetric analysis of 8 and 10, after the samples had been
dried at 120 °C, revealed no evidence of hydrates on heating
over the range 25-450 °C. However, decomposition to a
black glass was noted at 340 and 310 °C for 8 and 10,
respectively; this suggests that the morpholine group en-
hances thermal stability.

The low solubility of 8 prompted us to examine its prop-
erties as a calcium lake pigment. Pigment lakes are typically
alkaline earth metal salts of azo dyes containing either sulf-
onate or carboxylate groups and are widely used commod-
ity colourants, which are typically employed for the col-
ouration of paints and polymers and the production of
high-volume printing inks.'%-2% There are several examples
of pigment lakes derived from either 2-naphthol or 3-
hydroxynaphthalene-2-carboxylic acid, especially when
coupled with orthanilic acid derivatives, including 11 (a
dichloro analogue of Ca4B toner), 12 (Lithol red, Pigment
Red 49), 13 (Pigment Red 57:1) and 14 (Pigment Red 53:2;
Figure 2). There has been recent interest in establishing the
structure of pigment lakes by X-ray diffraction techniques,
for example, the structures of 112! and 12021 have been
8099
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determined by single-crystal X-ray diffraction, that of 13
by powder X-ray diffraction!??! and that of 14 by electron
diffraction.”4
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Figure 2. Examples of pigment lakes with known crystal structures.

A hot aqueous solution of CaCl, was added in a single
portion to a vigorously stirred solution of 8 in hot water at
ca. 80 °C, which resulted in the instantaneous production
of an orange precipitate. The hot solution was stirred for a
further 2 h and then cooled to ca. 40 °C, whereupon the
crude lake 15 was collected by vacuum filtration, washed
well with water and then dried (Scheme 4). It is fairly com-
mon practice in the preparation of pigments to use either a
thermal treatment or solvent conditioning step, which may
or may not be incorporated into the initial synthesis
step.[1%23] In this instance, crude 15 was “conditioned” in
two ways: (1) A sample of 15 was dissolved in a minimum
of hot DMSO and allowed to crystallize as the solution
gradually cooled to room temp., whereupon the product
15a as fine red-orange microcrystals was collected by fil-
tration and washed with Et,O. (2) A sample of 15 was dis-
solved in a slight excess of hot DMSO, the solution was
cooled to room temp. and then diluted with water, and the
resulting precipitated orange solid 15b was collected by fil-

2
$-0°

NNy © CaCl NNom ©

‘ !' o H,0, ca. 80 °C O o | MGa?*
X X

8: X =morpholino 15a: X = morpholino, from DMSO

10: X=H 15b: X = morpholino, from aq. DMSO

15¢: X = morpholino, from heating of 15a
16: X =H, from ag. DMSO

Scheme 4. Preparation of pigment lakes 15 and 16.
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tration. Each sample was then dried in an oven at 120 °C.
A similar protocol was employed for the preparation of 16
from 10 with conditioning as for 15b followed by crystalli-
zation from aqueous DMSO.

An examination of the 'H NMR spectrum of 15a in [Dg]-
DMSO revealed the expected signal at 6 = 6.05 ppm for 3-
H and a low-field signal at 6 = 15.7 ppm attributed to the
NH group together with a signal at 6 = 2.54 ppm (s, 6 H).
The latter signal, shifted marginally downfield of the resid-
ual [Ds]DMSO solvent signal (6 = 2.50 ppm), is attributed
to solvated DMSO displaced upon dissolution of the com-
plex. A corresponding signal for DMSO was evident in the
13C NMR spectrum at 6 = 40.9 ppm. In contrast, the 'H
and 3C NMR spectra of 15b exhibited no such DMSO
signal, though the remaining 'H and '3C NMR signals had
nearly identical chemical shifts to those of 15a.

Noticeable differences in the thermogravimetric analyses
of 15a and 15b were observed. A mass loss for 15a com-
menced at ca. 200 °C and accounted for 1.7-1.9 equiv.
DMSO; this suggests that 15a is a bis(DMSO) solvate,
which is corroborated by the foregoing NMR spectroscopic
data. The formation of hydrates (and solvates) is common
for various classes of lake pigments.[?>232% Further heating
of 15a revealed decomposition commencing at ca. 320 °C,
and examination of the sample of 15a after completion of
the temperature cycle up to 450 °C revealed a black powder.
By comparison, the thermogram of 15b revealed a minor
mass loss (ca. 2%) over the range 25-60 °C, which we have
assigned to the loss of water, probably adsorbed from the
atmosphere by the sample upon storage. There are no other
mass events until the temperature approaches ca. 335 °C,
whereupon decomposition is observed. This thermal profile
suggests that either 15b was isolated as a monohydrate
(monohydrate requires 2.5% mass loss) that rapidly dehy-
drates at room temperature or as an anhydrate; the absence
of any ligated DMSO was supported by NMR studies. To
date, there has been only one other report of an anhydrate
pigment lake derived from 2-naphthol, Pigment Red
53:2.41 Thermal analysis of the model lake 16 revealed de-
composition at ca. 330 °C.

As 15a eliminated DMSO on thermal analysis, a sample
was gradually warmed to 200 °C in a Biichi drying pistol
under vacuum (5 mbar). The sample gradually darkened
during this period to afford a red solid 15¢; examination of
this sample in [Dg]DMSO by 'H NMR spectroscopy re-
vealed a spectrum that was essentially identical to that of
15a but with the notable absence of any signals for DMSO.

An examination of the powder X-ray diffraction (PXRD)
patterns of 15a and 15b (Figure 3) provided two key pieces
of information. Firstly, the appearance of the pattern for
15a, which had been isolated from DMSO, indicated im-
proved crystallinity over the pattern obtained for 15b, which
was isolated from aqueous DMSO. Secondly, allowing for
the difference in their crystallinity, the two samples have
quite different crystal structures, as evidenced by their dif-
ferent peak patterns, which confirm a different symmetry
and unit-cell size. A simulated PXRD pattern, calculated
by using Mercury®” from the single-crystal data for 15a,

Eur. J Org. Chem. 2013, 8097-8107
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confirmed that the polycrystalline powder sample exhibits
the same crystal structure as the single-crystal sample and
is indeed a single phase. The PXRD pattern for 15¢ was
markedly different from that of its precursor 15a and exhib-
ited poorly resolved and significantly broadened peaks
(humps), which were indicative of a thermal transformation
leading to an amorphous solid.
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Figure 3. Powder X-ray diffractograms of 15a (top) and 15b (bot-
tom).

Scanning electron micrographs (Figure 4) confirmed the
microcrystalline nature of 15a with the presence of aggre-
gated rectangular crystals of varying dimensions up to ca.
24X 16 X9 pm for the largest crystals. Although this size
range falls outside the widely accepted crystal length of 0.1—
0.5 um at which pigments show their optimum colour/size
dependence,'%2%  further solvent conditioning/crystalli-
zation offers potential improvement to the crystal dimen-
sions.

Figure 4. Scanning electron micrographs of 15a.
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Conscious of the fact that there are very few single-crys-
tal X-ray structure determinations for 2-naphthol-derived
pigment lakes?!>?l and acknowledging the difficulty other
groups have experienced in obtaining suitable crystals for
such single-crystal diffraction studies (e.g., small crystals re-
quiring either synchrotron sources,??! powder diffraction
techniques,?* or electron diffraction),*l we were encour-
aged by the ease with which microcrystals of 15a were ob-
tained from DMSO. Thus, crystallization of 15a was ex-
plored, and, gratifyingly, deep red-orange crystals suitable
for X-ray diffraction were obtained from a DMSO solution
after three weeks at room temperature and enabled the crys-
tal structure of 15a to be determined (Figures 5 and 6).1>]

Figure 5. Single-crystal X-ray structure of 15a as a displacement
ellipsoid plot.

Figure 6. Crystal packing diagram for 15a.

In the crystal structure of 15a, the central calcium ion
adopts a nearly octahedral geometry with the metal ion co-
ordinated in the equatorial position by the oxygen atoms
from the sulfonate and carbonyl groups from each ligand.
The oxygen atoms of two trans-disposed molecules of
DMSO complete the coordination sphere. The latter feature
complements the observation of DMSO solvation from the
8101

WWW.Eurjoc.org



FULL PAPER

B. M. Heron et al.

thermogravimetric and NMR analyses. The Ca-O bond
lengths are 2.3151(8) (Ca-06), 2.3183(7) (Ca-Ol) and
2.3303(8) A (Ca—03); these bonds are marginally longer
than those described for an anhydrate phase of Pigment
Red 53:2 (14), for which the Ca—O bond lengths varied be-
tween 2.23 and 2.27 A.24 The O-Ca-O bond angles vary
from ca. 85 to 95° and suggest a slightly distorted octahe-
dron. The N-N bond of 1.3110(11) A is longer than those
(ca. 1.256-1.266 A) reported for a series of nonphenolic
sulfonated azo dyes, which have no opportunity to exhibit
azoenol/ketohydrazone tautomerism,*”! and is marginally
longer than those of several azo dyes derived from 2-
naphthols, which appear in the range 1.277-1.308 A.[14.1531]
A comparison of selected bond lengths for the azoenol/
ketohydrazone unit of Ca?" lake pigments 11 and 14 with
those of 15a confirmed observations that the organic ligand
favours the ketohydrazone tautomer (Table 2).121-23]

Table 2. Selected bond lengths for pigment lakes 15a, 11, and 14.

Compound Bond length [A]
N-N C-N Cc-O
15a 1.311 1.327 1.270
11 from ref.2!! 1.304 1.333 1.257
14 from ref.[>4! 1.29 1.35 1.31

For the most part, the structure is similar to that of the
other reported pigment lakes in that the dye acts as a biden-
tate ligand and coordinates to the calcium ion through
sulfonate and carbonyl oxygen donor atoms in a trans
geometry. The previously reported lake pigments of this
type result in 1-dimensional coordination polymers formed
as the sulfonate group bridges two metal ions to give an
eight-membered [MOSOMOSO)],, (M = group 2 metal ion)
repeat unit.”?! However, in this example, the steric hin-
drance of the morpholine unit obstructs further coordina-
tion of the sulfonate group and prevents the formation of a
polymeric system. Arguably, the prevention of a polymeric
species increases the solubility of the lake and allows the
formation of larger crystals, as opposed to the microcrys-
talline powders that are often observed in similar systems.
To the best of our knowledge, this is the first crystal struc-
ture of a pigment lake that has been isolated from
DMSO,?-24 and the nature of the solvent may also in-
fluence the aggregation of this species, because changes in
solvent can change the aggregation of coordination poly-
mers.

With a series of new dyes 6a-e and 8 and pigments
15a,b,c synthesized, their colour properties were next evalu-
ated and compared with those of the morpholine-free refer-
ence compounds 9a, 9b, 10 and 16. The absorption spectra
of series 6 and 9 in CHCIl; solution were recorded and are
presented in Figure 7 and Table 3. The absorption bands of
the new dyes 6 appear as single maxima in the range 475—
491 nm, whereas the maxima for reference dyes 9a and 9b
appear as broadened bands suggestive of two overlapping
bands with maxima at 482 and 489 nm, respectively. Such
broadening of the absorption bands of 9a and 9b renders
comparison of the absorption-band full-width at half-maxi-
8102
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mum intensity with those of 6a—e of little value. On com-
parison of the spectrum of 6a with that of 9a, it is clear that
the morpholine unit induces a small hypsochromic shift in
Amax Of 7 nm but with a significant hyperchromic effect, that
1s, the extinction coefficient for 6a is ca. 1.5 times that of 9a;
this constitutes a beneficial feature. A similar comparison
between the absorption data for the nitro-substituted dye
6e and the reference compound 9b revealed that the morph-
oline group again induced a small hypsochromic shift in
Amax Of 9nm, and the extinction coefficient of 6e is 1.9
times larger than that of 9b. The small hypsochromic shift
induced by the morpholine residue may be rationalized by
the limited additional electron donation from the morph-
oline unit, which is rather twisted relative to the naphthal-
ene ring plane owing to the peri interaction between the
N(CH,), unit and 5-H (Figure 5).

0.6

0.5
- dye 9a
dye 6a
dye 6b

0.4

~——dye 6¢c
03 —dye 6d
—dye 6e

0.2 =—dye 9b

®O03>®DOo 00T >

0.1

400 450 500 550 600 650
Wavelength/nm

Figure 7. Absorption spectra (CHCl; solution) of dyes 6 and refer-
ence dye 9.

Table 3. Spectroscopic data for dyes 6, 8, 9 and 10.

Compound Jmax (CHCI3) [nm] £max [mol ' dm3cm!]
6a 475 26250
6b 482 35100
6¢ 491 25650
6d 476 31200
6e 480 45650
9a 482 17400
9b 489 23950
8lal 466 36950
100 481 16500

[a] Data recorded in DMSO.

The optical spectra of the structures represented in
Schemes 2 and 3 have been analyzed by first-principle meth-
ods, and the main theoretical results are summarized in
Table 4. Firstly, it should be noted that, consistent with ex-
perimental IR and '*C NMR spectroscopic and X-ray crys-
tallographic data, the tautomeric equilibrium is systemati-
cally in favour of the hydrazone form. Indeed, the azo tau-
tomer is by 1.5-3.8 kcalmol ™! less stable depending on the
substituents. In addition, the equilibrium is more displaced
for the nitro-substituted structures, which also fits the ex-
perimental findings. Consequently, only the computed spec-
troscopic results obtained with the hydrazone structures are
discussed. As expected from the results from earlier investi-

Eur. J. Org. Chem. 2013, 8097-8107
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gations of azobenzenes,*?! the computed A, values are
smaller than those determined experimentally. However, the
auxochromic effects are well predicted by time-dependent
DFT (TD-DFT). Indeed, starting from 9a, the addition of
a nitro group induces a measured +7nm (computed
+10 nm) bathochromic displacement, whereas the morph-
oline group has the opposite effect and induces a displace-
ment of =7 nm (-7 nm); the simultaneous addition of both
groups leads to an insignificant impact on A,,,,. Likewise,
the inclusion of the morpholine group systematically in-
duces a significant increase of the oscillator strength, which
is consistent with the larger ¢.,, obtained experimentally
(Table 3).

Table 4. Parameters computed by DFT and TD-DFT. AG is the
relative stability of the hydrazone form (compared to the azo form),
Jmax 18 the vertical transition wavelength, f is the corresponding
oscillator strength (computed in SS-PCM, LR-PCM data in paren-
theses), gct and dcr are the computed charge-transfer charge and
distance, respectively.

Compound  AG [kcal/mol] A, [nm]  f[au] gerlel  der [A]
9a -1.57 401 (412) 0.53 (0.64) 046 1.21
6a -2.76 394 (404) 0.73 (0.87)  0.50 1.40
9b -2.41 411 (419) 0.68 (0.82) 049 0.68
6Ge -3.75 404 (412) 099 (1.16) 0.53 047
10 -2.16 394 (402) 040 (0.57) 049 1.14
8 -2.80 385(393) 0.61(0.81) 052 1.27

The density difference plots shown in Figure § allow the
qualitative understanding of the small variations of the ab-
sorption wavelengths induced by the nitro and morpholine
groups. For 9a, one notices that, though the excitation is
highly delocalized, there is a small charge transfer (CT)
from the two phenyl rings (mostly in blue) to the keto group

o »
. v 9 > o
FJ
9a 9 10

8

Figure 8. Density difference plots for the six dyes investigated. The
blue (red) regions indicate decrease (increase) of the electron den-
sity upon photon absorption.
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(in red). In the dipolar approximation, this CT corresponds
to the transfer of ca. 0.5¢ over 1.2 A (see Table 4). In 9b,
the addition of the nitro group allows extension of the con-
jugated path but at the price of a smaller CT (0.7 A); these
opposite effects explain why the obtained bathochromic
shift is rather small. For 6e, one clearly notices that the
expected push—pull effect is very limited: There is no clear-
cut electron transfer from the morpholine ring to the nitro
group but rather a fully delocalized m—n* transition. The
estimated CT distance is actually the smallest of the series
(0.5 A).

The absorption spectra of 8 and 10 are presented in Fig-
ure 9. On comparison of the spectra of 8 and 10, it is evi-
dent once again that the morpholine unit induces a hyp-
sochromic shift in A, of 15nm accompanied by signifi-
cant hyperchromism; the extinction coefficient for 8 is ca.
2.2 times that of 10, and these data are again nicely pre-
dicted by theory (see Table 4). It is acknowledged that
changes in dye structure do result in modification of molar
extinction coefficients. However, for some representative
azo dyes these changes are typically up to a maximum of
+20% of the value of the reference compound,3! whereas
in the current study the extinction coefficients increase in
the range 50-120% upon inclusion of the morpholine unit.
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Figure 9. Absorption spectra (DMSO solution) of dyes 8 and refer-
ence dye 10.

The evaluation of the colour of the pigment lakes 15 and
16 was accomplished by reflectance measurements of a
polyurethane film containing the pigment sandwiched be-
tween two microscope slides. The Commission Internatio-
nale de I’Eclairage (CIE) L*a*h*B34 colour coordinates are
presented in Table 5. These data reveal broadly comparable
a* values; significant variations in the »* values lead to pig-
ments 15, 15a and 15b appearing orange owing to the larger

Table 5. CIE L*a*b* colour coordinates for pigment lakes 15 and
16.

Compound L* a* b*
15 49.55 42.93 39.36
15a 49.85 45.07 42.48
15b 53.77 44.17 46.30
15¢ 33.76 25.06 14.41
16 39.80 43.59 25.23

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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b* (yellow) contribution, whereas 16, which has a signifi-
cantly decreased b* contribution, appears red. Pigment lake
15¢, derived from 15a, was the least bright, most red sample
in accord with the observation that 15a darkened as it was
heated under vacuum.

Notably, in comparison to the wealth of red and yellow
lake pigments,l!? there are relatively few available orange
pigment lakes derived from substituted 2-napthols, for ex-
ample, the barium lake Pigment Orange 17 and the alumin-
ium analogue, Pigment Orange 17:1; this new pigment lake
15 may be a useful addition to the armoury of the colourist.

Conclusions

The presence of the morpholine substituent at C-4 in a
new series of ketohydrazone dyes derived from 4-morphol-
ino-2-naphthol and a series of anilines results in enhanced
molar extinction coefficients relative to those of their
morpholine-free counterparts. The increased molar extinc-
tion coefficients are consistent with increased oscillator
strengths ascertained by TD-DFT computations. The crys-
tal structure of a new pigment lake DMSO solvate is de-
scribed. In the solid state, the steric bulk of the morpholine
substituent obstructs further coordination of the bridging
sulfonate groups and prevents the formation of a 1-dimen-
sional polymeric system involving the eight-membered re-
peating unit that has been proposed for other pigment lakes.
The colour enhancement combined with the relative ease of
crystallization may render such pigments, with a hitherto
unexplored substitution pattern, useful as new colourants.

Experimental Section

Equipment and Reagents: Unless otherwise stated, reagents were
used as supplied by major chemical suppliers. 4-Morpholino-2-
naphthol was provided by Vivimed Laboratories (Europe) Ltd.,
Leeds Road, Huddersfield. Para Red [l-(4-nitrophenylazo)-2-
naphthol] 9b was purchased from Acros Organics and crystallized
before use. NMR spectra were recorded with a Bruker Avance
400 MHz spectrophotometer (‘H NMR 400 MHz, '3C NMR
100 MHz) for sample solutions in CDCl; with tetramethylsilane as
an internal reference unless stated otherwise. FTIR spectra were
recorded with a Nicolet 38 FTIR spectrometer equipped with a
diamond attenuated total reflectance (ATR) attachment (neat sam-
ple). The powder X-ray diffraction patterns were recorded with a
Bruker D2 Phaser instrument operating in reflection mode [Cu-K,,
radiation (1.5418 A), step size 0.02°, angular range 5 < 20 < 50°
over a period of 3 h]. The single-crystal X-ray diffraction data were
collected with a Bruker Apex Duo diffractometer./*”! Scanning elec-
tron microscopy was performed with a Jeol JSM-6060LV instru-
ment; samples were coated with Au(80%)/Pd(20%) prior to analy-
sis. Thermogravimetric analyses were performed with a Mettler-
Toledo TG50 Thermobalance with a TC15-TA controller over the
range 25-450 °C at a heating rate of 10 °Cmin~! under a flow
(10 mLmin ") of N,. UV/Vis spectra were recorded for solutions of
the samples in either spectroscopic-grade CHCl;, EtOH or DMSO
[10 mm pathlength quartz cuvette, poly(tetrafluoroethylene)
(PTFE) capped, concentration range ca. 1 X 104-10"°moldm ]
with an Agilent (Cary) 60 spectrophotometer. The reflectance spec-
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tra of pigment lakes were measured in a polyurethane film (10%
pigment to polyurethane w/w), sandwiched between microscope
slides against a white card background by using a Minolta spectro-
photometer model CM-3700d (Xe flash simulating natural day-
light, D65, diffuse illumination, collected at 10° to normal). All
new dyes were homogeneous by TLC with a range of eluent systems
of differing polarity. Mass spectra [Thermo (Finnigan) LTQ Or-
bitrapXL] were recorded at the National EPSRC Mass Spectrome-
try Service Centre, Swansea.

TD-DFT Calculations: For general azobenzene dyes, a benchmark
investigation was performed previously,??! and the recommended
method has been applied. All quantum mechanical simulations
have been performed with the Gaussian 09 program.?31 The CAM-
B3LYP exchange-correlation functional was selected for all calcula-
tions,1*¢! which provided consistent estimates of the auxochromic
shifts, though the absorption wavelengths are typically underesti-
mated. First geometry optimizations in both chloroform and
DMSO have been performed by using the C-PCM (conducting po-
larizable continuum model) solvent model®”! and the 6-311G(d,p)
atomic basis set. In the second step, vibrational calculations were
used to establish that the optimized structures corresponded to true
minima of the potential energy surface. In the third stage, the first
five lowest-lying singlet excited states were determined within the
vertical C-PCM-TD-DFT approximation by using the 6-
311+G(d,p) atomic basis set. The latter calculations were per-
formed with the state-specific nonequilibrium PCM (SS-PCM) ap-
proach,®® though the differences with the standard linear-response
PCM approach were negligible for the considered dyes. For the
first strongly dipole-allowed states, we determined the difference of
electronic density between ground and excited states with LR-
PCM-TD-DFT, which allows chemically sound representations of
the impact of the electronic transitions implying a complex orbital
blend. A threshold of 0.0004 au (atomic units) has been used to
plot these density differences. A recently developed approach to
estimate the charge transfer has been applied to further character-
ize the excited states.3*4%]

General Method for the Preparation of Dyes Derived from a 2-
Naphthol and an Aniline: A freshly prepared cold (ca. 5 °C) solution
of sodium nitrite (55 mmol) in water (25 mL) was added portion-
wise to a cold (ca. 5°C), stirred solution of aniline (50 mmol) in
aqueous HCI (50% v/v, 32 mL) at such a rate so as to maintain the
temperature below ca. 10 °C. Upon completion of the addition,
the cold solution was stirred for 15 min. The cold solution of the
diazonium salt was slowly added to a cold stirred solution/suspen-
sion of a 2-naphthol (50 mmol) in aqueous NaOH (10% wlv,
50 mL). The resulting cold intense red-orange suspension was
stirred for 1 h. The precipitated crude product was collected by
vacuum filtration and washed well with water and then air-dried.
The pure compounds were obtained by crystallization from a mini-
mum volume of glacial acetic acid, washed with a minimum volume
of ice-cold ethanol and subsequently dried overnight at 70 °C. The
following compounds were prepared by this general protocol.

(Z)-1-(2-Phenylhydrazono)-4-morpholinonaphthalen-2(1H)-one (6a):
Bright orange microneedles, 11.5 g (69 %), m.p. 203-205 °C. UV/
Vis (CHCl3): Zmax (€max» mol 'dm3em™) = 475 (26250) nm. UV/
Vis (MeOH): Jmax (€max. mol 'dm?cm ') = 472 (24700) nm. FTIR:
Vmax = 2977, 2838, 1595, 1584, 1489, 1371, 1248, 1202, 1113, 1020,
893, 725, 682, 430 cm™'. 'H NMR (400 MHz, CDCl;): 6 = 3.28 [t,
J=4.7Hz, 4 H, N(CH,),], 3.99 [t, / = 4.7 Hz, 4 H, O(CH,),], 6.28
(s, 1 H, 3-H), 7.20 (m, 1 H, Ar-H), 7.39 (m, 1 H, Ar-H), 7.45 (m,
2 H, Ar-H), 7.54 (m, 1 H, Ar-H), 7.61 (m, 2 H, Ar-H), 7.76 (dd, J
=8.1,0.9 Hz, 1 H, 5-H), 8.49 (dd, /= 8.2, 1.0 Hz, 1 H, 8-H), 16.24
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(br. s, 1 H, NH) ppm. 3C NMR (100 MHz, CDCl5): § = 52.4,
66.7, 111.6, 116.6, 122.9, 124.7, 125.1, 125.3, 125.7, 128.9, 129.2,
129.6, 134.8, 1429, 161.2, 178.7 ppm. HRMS: caled. for
C50H9N;0, [M + HJ* 334.1550; found 334.1554.

(Z)-1-|2-(4-Methylphenyl)hydrazono]-4-morpholinonaphthalen-
2(1H)-one (6b): Bright orange microneedles, 10.4 g (60%), m.p.
197-199 °C. UV/Vis (CHCL): Amax (émax» mol'dm3ecm™) = 482
(35100) nm. FTIR V., = 2974, 2836, 1597, 1584, 1489, 1365, 1251,
1113, 884, 764, 506, 433 cm™!. 'H NMR (400 MHz, CDCl5): § =
2.40 (s, 3 H, Me), 3.26 [t, J = 4.7 Hz, 4 H, N(CH,),], 3.98 [t, J =
4.7Hz, 4 H, O(CH,),], 6.27 (s, 1 H, 3-H), 7.24 (m, 2 H, Ar-H),
7.37 (m, 1 H, Ar-H), 7.53 (m, 3 H, Ar-H), 7.77 (dd, J = 8.1, 0.9 Hz,
1 H, 5-H), 8.49 (dd, J = 8.2, 1.0 Hz, 1 H, 8-H), 16.35 (br. s, 1 H,
NH) ppm. '3C NMR (100 MHz, CDCl;): § = 21.1, 52.4, 66.8,
111.7, 116.8, 122.7, 124.5, 124.9, 125.4, 128.5, 129.0, 130.1, 134.8,
135.5, 140.8, 160.7, 177.8 ppm. HRMS: calcd. for C,;H;,;N;0, [M
+ H]" 348.1707; found 348.1710.

(Z£)-1-|2-(4-Methoxylphenyl)hydrazono]-4-morpholinonaphthalen-
2(1H)-one (6¢): Bright orange microneedles, 11.7 g (64 %), m.p.
180-182 °C. UV/Vis (CHCL3): Amax (émax» moltdm?*cm™) = 491
(25650) nm. FTIR: V.« = 2967, 2830, 1606, 1584, 1555, 1493,
1371, 1241, 1203, 1177, 1113, 1021, 894, 827, 765, 728, 520,
434 cm™'. 'TH NMR (400 MHz, CDCls): § = 3.27 [t, J/ = 4.7 Hz, 4
H, N(CH,),], 3.88 (s, 3 H, OMe), 3.99 [t, J = 4.7 Hz, 4 H, O(CH,)
o], 6.38 (s, 1 H, 3-H), 7.00 (m, 2 H, Ar-H), 7.38 (m, 1 H, Ar-H),
7.54 (m, 1 H, Ar-H), 7.62 (m, 2 H, Ar-H), 7.81 (dd, / = 8.2, 0.7 Hz,
1 H, 5-H), 8.53 (dd, 1 H, J = 8.1, 0.8 Hz, 8-H), 16.40 (br. s, 1 H,
NH) ppm. '3C NMR (100 MHz, CDCl;): § = 52.5, 55.6, 66.8,
111.1, 114.9, 118.8, 122.5, 124.2, 124.8, 125.1, 128.1, 128.8, 134.8,
137.7, 158.3, 159.9, 174.5 ppm. HRMS: calcd. for C;;H;,;N;05 [M
+ H]* 364.1656; found 364.1658.

(Z£)-1-|2-(4-Chlorophenyl)hydrazono]-4-morpholinonaphthalen-
2(1H)-one (6d): Bright orange microneedles, 12.5 g (68%), m.p.
226-228 °C. UV/Vis (CHCI3): Amax (Emaxs mol'dm3cm™!) = 476
(31200) nm. FTIR: V., = 2974, 2835, 1592, 1581, 1487, 1386,
1364, 1251, 1216, 1202, 1112, 882, 765, 733, 504, 426, 418 cm !. 'H
NMR (400 MHz, CDCl,): 6 = 3.27 [t, J = 4.7 Hz, 4 H, N(CH,),],
398 [t, J = 4.7Hz, 4 H, O(CH,),], 6.23 (s, 1 H, 3-H), 7.40 (m, 3
H, Ar-H), 7.53 (m, 3 H, Ar-H), 7.54 (m, 1 H, Ar-H), 7.74 (dd, J
= 8.1, 0.8 Hz, 1 H, Ar-H), 7.81 (dd, J = 8.2, 0.7 Hz, 1 H, 5-H),
8.45 (dd, J = 8.1, 0.8 Hz, 1 H, 8-H), 16.20 (br. s, 1 H, NH) ppm.
13C NMR (400 MHz, CDCls): 6 = 52.3, 66.7, 111.4, 117.6, 122.9,
124.8, 125.2, 125.9, 129.2, 129.3, 129.6, 130.2, 134.6, 141.7, 161.4,
178.8 ppm. HRMS: calcd. for C,H 3CIN;O, [M + H]" 368.1160;
found 368.1165.

(Z)-1-]2-(4-Nitrophenyl)hydrazono]-4-morpholinonaphthalen-2(1 H)-
one (6e): 4-Nitroaniline (50 mmol) was dissolved in hot aqueous
HCI (50% v/v, 32 mL), and the mixture was cooled rapidly to 0—
5°C to afford a fine suspension of 4-nitroaniline hydrochloride. A
freshly prepared cold (ca. 5°C) solution of sodium nitrite
(60 mmol) in water (25 mL) was added portionwise to the cold (ca.
5°QC), stirred fine suspension of 4-nitroaniline (50 mmol) at such a
rate so as to maintain the temperature below ca. 10 °C. The re-
sulting cold solution of the diazonium salt was slowly added to a
cold stirred suspension of 4-morpholino-2-naphthol (50 mmol) in
aqueous NaOH (10% w/v, 50 mL). Upon completion of the ad-
dition, the resulting cold intense red-orange suspension was stirred
for 1 h. The precipitated crude product was collected by vacuum
filtration, washed well with water and then air-dried. Crystalli-
zation from a minimum volume of glacial acetic acid and washing
with a minimum volume of ice-cold ethanol gave 6e as a bright
orange powder after drying at 70 °C overnight; 10.6 g (56%), m.p.
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257-259 °C. UV/Vis (CHCl3): Amax (Emax» mol 'dm3cm™!) = 480
(45650) nm. FTIR: V,,,, = 2854, 1590, 1566, 1498, 1388, 1368,
1324, 1220, 1105, 1024, 837, 776, 731, 418cm'. 'H NMR
(400 MHz, CDCly): 6 = 3.33 [t, J = 4.7 Hz, 4 H, N(CH,),], 3.98 [t,
J = 4.7Hz, 4 H, O(CH,),], 6.14 (s, 1 H, 3-H), 7.45 (m, 1 H, Ar-
H), 7.56 (m, 3 H, Ar-H), 7.71 (d, J = 8.0 Hz, 1 H, 5-H), 8.27 (m,
2 H, Ar-H), 8.41 (d, J = 8.0 Hz, 1 H, 8-H), 16.00 (br. s, 1 H, NH)
ppm. 3C NMR: § = 52.2, 66.5, 111.0, 115.4, 123.7, 125.6, 125.8,
127.2, 129.8, 131.4, 134.1, 143.4, 148.0, 162.7, 180.9 ppm. HRMS:
caled. for C,0H sN4O4 [M + H]* 379.1401; found 379.1405.

General Method for the Preparation of Dyes Derived from a 2-
Naphthol and Orthanilic Acid: A solution of sodium nitrite
(60 mmol) in water (20 mL) was added in a single portion to a
cool (ca. 10 °C) solution of orthanilic acid (55 mmol) and sodium
carbonate (50 mmol) in water (100 mL). This solution was added
slowly to a mixture of concentrated HCI (12 mL) and ice (50 g),
and the mixture was maintained at ca. 5 °C. A cool suspension of
the naphthol (50 mmol) in aqueous NaOH (10% w/v, 50 mL) was
steadily added to the cool, stirred suspension of the diazotized or-
thanilic acid, and the resulting deep orange-red suspension/slurry
was stirred for 30 min. The resulting paste was heated to ca. 70 °C,
NaCl (25 g) was added, and the mixture stirred for 10 min and then
cooled to ca. 5 °C in an ice bath. The crude product was collected
by vacuum filtration and washed with a little cold water followed
by a little EtOH and then Et,O. The crude product was dissolved
in a minimum volume of hot water, and the solution was then di-
luted with ethanol until crystallization/precipitation commenced.
The pure product was collected from the cold solution by vacuum
filtration and was washed with a little EtOH and finally with Et,O.
Samples were dried in an oven at 110 °C for 6 h. The following
compound was obtained by this general procedure.

Sodium  (Z£)-2-{2-|[4-Morpholino-2-oxonaphthalen-1(2 H)-ylidene]-
hydrazinyl}benzenesulfonate (8): Bright orange powder; 18.3 g
(84%), m.p. 340°C (dec.). UV/Vis (DMSO, D;0): Apax =
466 (36950) nm. FTIR: V., = 2952, 3835, 1573, 1494, 1480, 1240,
1190, 1019, 894, 710, 611, 425cm™'. "H NMR (400 MHz, D,0,
[Dg]DMSO): 0 = 3.17 [t, J = 4.7 Hz, 4 H, N(CH,),], 3.78 [t, J =
4.7Hz, 4 H, O(CH,),], 5.96 (s, 1 H, 3-H), 7.13 (m, 1 H, Ar-H),
7.31 (m, 1 H, Ar-H), 7.41 (m, 1 H, Ar-H), 7.49 (m, 1 H, Ar-H),
7.60 (m, 1 H, Ar-H), 7.67 (d, J = 7.1 Hz, 1 H, Ar-H), 7.98 (d, J =
8.2Hz, 1 H, 5-H), 8.18 (d, J = 8.3 Hz, 1 H, 8-H) ppm. 'H NMR
(400 MHz, D,0): oy = 3.11 [br. s, 4 H, N(CH,),], 3.74 [br, s, 4 H,
O(CHy),], 5.80 (s, 1 H, 3-H), 7.09 (m, 1 H, Ar-H), 7.17 (m, 1 H,
Ar-H), 7.29 (m, 1 H, Ar-H), 745 (m, 2 H, Ar-H), 7.67 (d, J =
7.8 Hz, 1 H, Ar-H), 7.85 (d, J = 8.3 Hz, 1 H, 5-H), 7.96 (d, J =
8.0 Hz, 1 H, 8-H) ppm. HRMS: calcd. for C;sH;1N,O,S [M —
Na] 412.0973; found 412.0963.

General Method for the Preparation of Calcium Pigment Lakes De-
rived from (Z)-2-{2-]2-Oxonaphthalen-1(2H)-ylidene]hydrazinyl}-
benzenesulfonates: A hot (80 °C) solution of CaCl,*6H,O (6 g) in
water (40 mL) was added in a single portion to a vigorously stirred
red-orange solution of a sodium (Z£)-2-{2-[2-oxonaphthalen-1(2H)-
ylidene]hydrazinyl} benzenesulfonate (5 g) in hot (80-90 °C) water
(175 mL). The resulting voluminous precipitate was stirred at ca.
80 °C for 2 h and then cooled to 40 °C. The crude pigment lake
was collected by filtration and washed well with water before air-
drying and subsequent oven-drying at 110 °C overnight. A sample
of each of the crude red-orange pigment lakes (1.50 g) was then
purified by the following methods: (1) The pigment lake was dis-
solved in hot DMSO (ca. 15 mL) and precipitated by the addition
of water. The precipitated pigment lake was collected by vacuum
filtration, washed well with water and then dried at 120 °C. (2) The
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pigment lake was crystallized from DMSO (ca. 15 mL); the crys-
tallized pigment lake was collected by filtration, washed well with
Et,0 and dried at 120 °C.

Calcium lake 15 derived from sodium (Z)-2-{2-[4-morpholino-2-
oxonaphthalen-1(2 H)-ylidene]hydrazinyl} benzenesulfonate (8) was
obtained as an amorphous orange solid; crude yield 3.65 g. Condi-
tioning: (1) crystallization of a 1.50 g sample from DMSO (15a);
recovery 1.41 g (94%) as red-orange microneedles; m.p. 320 °C
(dec.). FTIR: V. = 2952 (w), 2812 (w), 1591, 1574, 1492, 1446,
1390, 1371, 1252, 1206, 1174, 1111, 1077, 1016, 964, 894, 750, 706,
610, 596, 826, 445 cm™'. 'TH NMR (400 MHz, [Dg]DMSO): = 2.54
[s, 6 H, (CH3),SO from solvate], 3.18 [br. m, 4 H, N(CH,),], 3.86
[br. t, J = 3.8 Hz, 1 H, O(CH,),], 6.05 (s, 1 H, 3-H), 7.13 (apparent
t, 1 H, Ar-H), 7.44 (m, 2 H, Ar-H), 7.56 (apparent t, 1 H, Ar-H),
7.72 (dd, J=17.7,1.0 Hz, 1 H, Ar-H), 7.77 (d, J = 8.0 Hz, 1 H, Ar-
H), 8.02 (d, /= 8.2 Hz, 1 H, 5-H), 8.38 (d, / = 7.9 Hz, 1 H, 8-H),
15.72 (s, 1 H, NH) ppm. '3C NMR (100 MHz, [D¢]DMSO): § =
40.9, 524, 66.4, 111.6, 116.4, 123.1, 123.8, 125.2, 126.0, 126.6,
127.9, 129.1, 129.7, 130.7, 134.9, 135.9, 140.1, 160.8, 178.3 ppm.
(2) Precipitation of a 1.50 g sample from DMSO/H,O (15b); recov-
ery 1.38 g (92%) as an orange powder, m.p. 335 °C (dec.). FTIR:
Vmax = 2848 (w), 1587, 1572, 1544, 1480, 1435, 1397, 1249, 1205,
1163, 1101, 1024, 996, 895, 753, 708, 615, 593, 514, 454 cm™!. 'H
NMR (400 MHz, [Dg]DMSO): 6 = 3.18 [br. m, 4 H, N(CH,),], 3.85
[br. m, 1 H, O(CH,),], 6.05 (s, 1 H, 3-H), 7.13 (apparent t, 1 H,
Ar-H), 7.46 (m, 2 H, Ar-H), 7.56 (apparent t, 1 H, Ar-H), 7.74 (m,
2 H, Ar-H), 8.02 (d, J=8.2 Hz, 1 H, 5-H), 8.37(d, J=8.0 Hz, 1 H,
8-H), 15.73 (s, 1 H, NH) ppm. '*C NMR (100 MHz, [D¢]DMSO): ¢
=524, 664, 111.6, 116.4, 123.1, 123.9, 125.2, 126.0, 126.6, 127.9,
129.2, 129.8, 130.8, 134.9, 135.8, 140.1, 160.9, 178.3 ppm.

Supporting Information (see footnote on the first page of this arti-
cle): Additional experimental details, characterization data, and
copies of the 'H and '*C NMR, IR, and mass spectra of key inter-
mediates and final products.
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