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Synthesis and structure of a-azo-2-ketomethylquinolines

H. Loghmani-Khouzani*, H. Sabzyan, A. Rezaei-Pooranari

Department of Chemistry, University of Isfahan, Isfahan 81746-73441, Islamic Republic of Iran

Received 12 June 2006; accepted 2 October 2006

Available online 28 November 2006

Abstract

Sixteen a-phenylazo compounds derived from 2-ketomethylquinolines and two of their N-methyl derivatives were prepared. The structure of
these compounds were studied using IR, UV, Mass, 1H NMR and 13C NMR spectroscopies, which revealed that all of the compounds exist
exclusively in their azo form (A). Quantum mechanical PM3 computations were also carried out on the tautomers of two representative com-
pounds to explain their relative stabilities and structures.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

2-Ketomethylquinolines contain the eNeC]CeC]O
system in their structures and are classified as enaminones
[1]. There have been a few reports on the nucleophilic reaction
of 2-ketomethylquinolines; a-methylation and benzylation of
2-ketomethylquinolines with iodomethane and benzyl bromide
in the presence of sodium hydride have been reported [2e5] in
which it was mentioned that the dominant enaminone tauto-
mer can be converted to the ketone tautomer via these reac-
tions. The reaction of 2-ketomethylquinoline with bromine
in chloroform [6,7] and in glacial acetic acid in the presence
of anhydrous potassium acetate [4] has also been reported.
Furthermore, the tautomerism of 2-ketomethylquinolines, in-
cluding ketoeenaminone equilibria, has been proven by dif-
ferent spectroscopic methods [3,4,8e11]. From previous
studies of tautomerism in diazo compounds, it was shown
that for compound 1, the azo form 1-a is in equilibrium with
the hydrazone form 1-b [12] while compound 2 is only in
its hydrazone form [13] (Scheme 1).

A literature survey showed only one paper concerning an
azo substituent at the a-position of 2-ketomethylquinolines
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(Compound 3j, Scheme 1) [7], in which it was suggested
that the compound is in the hydrazone form, without propos-
ing any clear evidence. In order to have a fixed enaminone
system, it is reported that the N-methyl derivatives of 2-keto-
methylquinolines were prepared using methylketone and
N-alkylquinolinium iodide in 10 N sodium hydroxide solution
[14]. Azo colorants containing a hydroxyl and amino or conju-
gated carbonyl substituent group can, in principle, exist as mix-
tures of azo and hydrazone tautomers. Whilst azoehydrazone
tautomerism is quite interesting from a theoretical viewpoint,
it is also important from practical standpoints, because the two
tautomers have different properties [15].

Cheon et al. [12] studied azoehydrazone tautomerism
and hydrogen bonding in different compounds. These authors
proposed that for a model arylazonaphthol, the equilibrium be-
tween the azo and hydrazone tautomers is rapidly established
(within 0.2 ms on an NMR time scale) which renders 1H NMR
unsuitable for establishing the position of the tautomeric
equilibrium. 15N NMR, 14N NMR and 13C NMR methods
have been employed to study the tautomeric equilibrium quan-
titatively [16e18]; these techniques showed that the model
arylazonaphthol exists as a mixture of the azo and hydrazone
forms.

This paper concerns the effects of diazo substitutents at the
a-position of 2-ketomethylquinoline derivatives on tautomeric
equilibria; both experimental and theoretical studies have
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been carried out to shed some light on these tautomeric
equilibria.

2. Experimental/Materials and methods

Chemicals were purchased from Aldrich, and were used
without further purification. Diethylether was distilled above
CaCl2/Na before use. TLC was carried out using aluminium
plates pre-coated with 0.2 mm silica gel (Kieselgel 60 F256)
obtained from Merck; UV light was employed for visualiza-
tion. Silica gel (Flash Kiesegel 60) was used for column chro-
matography. 1H NMR and 13C NMR spectra were obtained
using deuterated solvents as internal standards; 300 MHz
and 500 MHz spectra were recorded on a Bruker Avance
BVT-3200 and AMX 500 MHz and Bruker Avance DRX
500 MHz spectrometers. Mass spectra were obtained using
a Kratos MS80 RF spectrometer. Infrared spectra were re-
corded using a Nicolet 20-PC FTIR spectrometer; UVevis
spectra were recorded on a Shimadzu 160 spectrometer. All
starting materials (2-ketomethylquinolines, R¼Me, Et, n-Pr,
Ph; Scheme 2) were prepared according to standard methods
[3]. They were purified by passing through silica columns
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followed, for solids, by recrystallization to the corresponding
constant melting points.

The general procedures used for the preparation of a-azo-
2-ketomethylquinolines are as follows. At 0e5 �C, solutions
of the corresponding benzene diazonium salts (1.0 mmol in
5 mL ethanol) were added dropwise to the solution of 2-keto-
methylquinoline (1.0 mmol in 10 mL ethanol). The reaction
mixture was refluxed and stirred under an argon atmosphere
for 15 min. The resulting crude products were purified by flash
chromatography using 20/80 ethylacetate/normal hexane solu-
tion as eluant. The pure products were obtained in 80e85%
yields.

The synthesized compounds and their tautomeric structures
and equilibria are introduced in Scheme 3 and Table 1.

3. Results and discussion

The a-azo-2-ketomethylquinolines synthesized and charac-
terized in this research (Scheme 3 and Table 1) were studied
using 1H NMR, 13C NMR, IR and UV spectroscopies; the
most important features of the obtained spectra are summa-
rized in Tables 2 and 3. The products contained both imino
and azo groups in their structures, and therefore, several tauto-
meric forms, as shown in Scheme 3, can be predicted. It has
been reported [10] that the 1H NMR spectrum of the fixed en-
aminone shows two distinct doublets in the range 6e8 ppm
due to C3eH and C4eH protons (for numbering of atoms
see Scheme 2) which is a good method of distinguishing be-
tween compounds having aromatic quinoline ring and the
fixed enaminone systems.

In the compounds under investigation, these distinct dou-
blets appear in the range of 6e8 ppm, hence, structures C,
D, E and F which are not considered as fixed enaminones
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due to the lack of the quinoline NeH group, are rejected. 1H
NMR spectra of the azo products do not show any peak for the
methine CeH bond, but the enaminone NeH peak appears in
the limited range 15.8e16.2 ppm (Table 2). The lower and up-
per limits of this range belong to 3c and 3n, respectively.
These results show that electron-withdrawing group, para-
nitro, in the X position, resulted in the deshielding of the
enaminone proton. The electron-donating groups (R) in the
a-position increased shielding of the enaminone proton; simi-
larly, the range of chemical shifts obtained for the carbonyl
13C of the compounds is very limited, i.e. between 191.37
and 201.22 ppm.

These two sets of data support the conclusion drawn al-
ready that only one tautomeric form (as the enaminone) exists
dominantly for compounds 3aep. Furthermore, no strong car-
bonyl band in the IR spectra was observed around 1720 cm�1;
the carbonyl band for all of these compounds is located around
1660e1680 cm�1 due to the enaminone system (Table 3). It
can therefore be concluded that structure C is not present in
the equilibrium due to having a non-conjugated carbonyl
system. Due to the interference with the water OeH band
(3200e3400 cm�1), it was not possible to assign and follow
the enaminone NeH band in the IR spectrum. Furthermore,
since the broad band around 3500 cm�1 appears identically
for both 3c and 6c, it cannot be assigned to the NeH bond
of the enaminone forms.

The 1H NMR chemical shifts of the C3eH and C4eH pro-
tons for the model compound of the 2-ketomethylquinoline 4
with R¼eCOOEt in the a-position were found to be 7.96 and
8.14 ppm (with J¼ 9.5 Hz), respectively [4]. The UV spec-
trum of this compound shows absorption bands at 395, 285
and 218 nm in ethanol solution [19] which is comparable to
that obtained for compounds 3a and 3b (Table 3). In these
compounds, the 1H NMR peaks of the C3eH and C4eH pro-
tons appear at 8.12 and 8.40 ppm (with J¼ 8.96 Hz), respec-
tively. The difference between these data and those of the
model compound of Ref. [4] is due to the lower electron-with-
drawing effect of the azo-phenyl substituent in the a-position
compared to that of the ethylester group.

Table 1

a-Azo-2-ketomethylquinolines synthesized and studied in this work

Entry R X

3a CH3 H

3b CH2CH3 H

3c CH2CH2CH3 H

3d CH3 Cl

3e CH2CH3 Cl

3f CH2CH2CH3 Cl

3g CH3 NO2

3h CH2CH3 NO2

3i CH2CH2CH3 NO2

3j C6H5 H

3k C6H5 CH3

3l C6H5 Cl

3m CH2CH3 CH3

3n C6H5 NO2

3o CH3 CH3

3p CH2CH2CH3 CH3
The N-methyl derivatives 6c and 6m, (named so to show
the correspondence with 3c and 3m compounds) shown in
Scheme 4 and Tables 2 and 3, were synthesized. The IR spec-
tra of the products 6c and 6m (Table 3 and Fig. 1) do not show
any changes in the position of the carbonyl band compared to
that of the N-methylated derivatives of 2-ketomethylquinoline
5 (introduced in Scheme 2, with R¼ n-Pr and Et) as references
[3]. Furthermore, a comparison of the results reported in Ta-
bles 2 and 3 shows that the carbonyl bands in compounds
3aep appear at the same frequencies as observed for the cor-
responding N-methylated derivatives, 6c and 6m. It is thus ex-
pected that the compounds 3 are in their enaminone tautomeric
forms A and B. Because of the lack of hydrogen bonding and
steric hindrance of the N-methyl substitute, tautomers A and B
are not well-defined distinct forms for compounds 6c and 6m,
and thus only one conformational structure or an average con-
formational structure is possible for these compounds. Hence,
a more direct comparison between the corresponding tauto-
mers of compounds 6 and 3 is not possible. Cheon et al.
[12] have reported that the UV absorption band for the diazo
form 1a appears around 500 nm but for the hydrazone form
1b it appears at 570 nm. Since we did not observe any absorp-
tion band above 415 nm in the UV spectra of 3ae3p, all of
these compounds should be in one of their tautomeric forms
only. Note the small variations of UV wavelengths reported
in Table 3 which is much smaller than the differences between
the two UV bands of 1-a and 1-b.

More information, especially X-ray crystallography and
15N NMR, are necessary for the elucidation of the structures
of the final products to distinguish between tautomeric struc-
tures A and B for these compounds.

4. Theoretical and computational studies

Semiempirical PM3 quantum mechanical computations
[20] were carried out to characterize theoretically, on a com-
parative basis, the structures and stabilities of all tautomeric
forms of the a-azo-2-ketomethylquinolines with R¼ CH3

and X¼H and NO2 (compounds 3a and 3g in Table 1) as rep-
resentatives. Analysis of the results of these computations are
based on several structural and electronic properties such as
intra-molecular hydrogen bond (HB), total binding energy,
HOMOeLUMO gap (HLG), electric dipole moments and
atomic charges, extension of the conjugation system, and aro-
maticity. The HyperChem program [21] was used in this com-
putational study.

Analysis of the total binding energies calculated for the tau-
tomers of these two representative compounds shows the fol-
lowing comparative orders for the thermochemical stabilities.

Stability :
F>A>D>B>E>C>G ð3a :R¼CH3;X¼HÞ
E>A>D>F>B>C>G ð3g :R¼CH3;X¼NO2Þ

For both compounds 3a and 3g, the lack of HB consider-
ably reduced the thermodynamic stability of the G tautomer
compared to its two close relatives, E and F. This tautomer
is the conformational isomer of the enol tautomers E or F in
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Table 2
1H NMR (300 MHz) and 13C NMR (75 MHz) (both in ppm, referenced to TMS) data obtained in CDCl3 for compounds 3aep, 6c and 6m introduced in Schemes 3

and 4, and Table 1

Entry Chemical shift data

3a 1H NMR: 2.71 (3H, s, CH3), 7.00e7.96 (9H, m, C9H4N, C6H5), 8.12 (1H, d, J¼ 8.96 Hz, C3eH), 8.41 (1H, d, J¼ 8.96 Hz, C4eH), 15.85

(1H, s, NH)
13C NMR: 27.31 (CH3), 115.56, 123.17, 124.06, 127.30, 127.47, 128.47, 129.91, 130.19, 133.12, 136.70, 143.35, 145.71, 153.22 (aryl-C),

198.83 (C]O)

3b 1H NMR: 1.30 (2H, q, CH2), 3.21 (3H, t, CH3), 7.10e7.98 (9H, m, C9H4N, C6H5), 8.13 (1H, d, J¼ 8.96 Hz, C3eH), 8.40 (1H, d, J¼ 8.96 Hz,

C4eH), 15.85 (1H, s, NH)
13C NMR: 27.31 (CH3), 31.55 (CH2), 115.08, 122.69, 123.51, 126.95, 127.05, 127.54, 128.08, 129.80, 136.25, 143.06, 145.36, 152.95

(aryl-C), 201.22 (C]O)

3c 1H NMR: 1.00 (3H, t, CH3), 1.80 (2H, m, CH2), 3.11 (2H, t, CH2), 7.10e8.70 (11H, m, C9H6N, C6H5), 15.80 (1H, s, NH)
13C NMR: 14.19 (CH3), 18.87 (CH2), 40.01 (CH2), 115.08, 122.77, 123.51, 127.07, 127.55, 128.08, 129.53, 129.81, 136.26 (aryl-C),

200.59 (C]O)

3d 1H NMR: 2.80 (3H, t, CH3), 7.10e8.70 (10H, m, C9H6N, C6H4), 15.90 (1H, s, NH)
13C NMR: 26.91 (CH3), 116.19, 122.81, 127.24, 128.03, 129.55, 136.43 (aryl-C), 199.23 (C]O)

3e 1H NMR: 1.20 (3H, t, CH3), 3.00 (2H, q, CH2), 7.10e8.50 (10H, m, C9H6N, C6H4), 15.83 (1H, s, NH)
13C NMR: 9.11 (CH3), 31.55 (CH2), 116.11, 122.75, 127.03, 127.57, 128.03, 128.26, 129.53, 132.69, 136.37, 141.80, 145.28, 152.80

(aryl-C), 201.01 (C]O)

3f 1H NMR: 0.95 (3H, t, CH3), 1.70 (2H, m, CH2), 3.00 (2H, q, CH2), 7.30e8.41 (10H, m, C9H6N, C6H4), 15.81 (1H, s, NH)
13C NMR: 14.17 (CH3), 18.79 (CH2), 40.35 (CH2), 116.10, 122.80, 127.01, 127.21, 127.57, 128.04, 128.27, 129.55, 129.85, 132.95, 136.36,

141.85, 145.29, 152.80 (aryl-C), 200.07 (C]O)

3g 1H NMR: 2.76 (3H, s, CH3), 7.31e8.46 (10H, m, C9H6N, C6H4), 16.11 (1H, s, NH)
13C NMR: 27.00 (CH3), 114.40, 123.00, 126.00, 127.35, 127.85, 128.12, 130.30, 136.00, 136.90, 142.85, 145.30, 148.20, 151.85 (aryl-C),

198.24 (C]O)

3h 1H NMR: 1.18 (3H, t, CH3), 3.10 (2H, q, CH2), 7.20e8.40 (10H, m, C9H6N, C6H4), 15.90 (1H, s, NH)
13C NMR: N.A.a

3i 1H NMR: 0.97 (3H, t, CH3), 1.8 (2H, m, CH2), 3.1 (2H, q, CH2), 7.25e8.4 (10H, m, C9H6N, C6H4), 15.81 (1H, s, NH)
13C NMR: 14.09 (CH3), 18.45 (CH2), 40.51 (CH2), 114.23, 122.91, 124.80, 127.31, 127.70, 127.80, 128.14, 130.29, 135.71, 136.08, 142.85,

145.43, 148.31, 152.02 (aryl-C), 200.70 (C]O)

3j 1H NMR: 7.09e8.32 (16H, m, C9H6N, C6H5, C6H5), 16.10 (1H, s, NH)
13C NMR: 115.20, 123.35, 123.55, 127.00, 127.15, 128.04, 129.50, 129.85, 131.55, 132.55, 136.55, 139.45, 143.18, 145.50, 154.08 (aryl-C),

193.40 (C]O)

3k 1H NMR: 2.25 (3H, s, p-CH3), 7.1e8.4 (15H, m, C9H6N, C6H4, C6H5), 16.0 (1H, s, NH)
13C NMR: 19.22 ( p-CH3), 113.55, 120.58, 125.27, 125.45, 126.50, 128.22, 128.40, 129.05, 129.80, 131.53, 134.60, 138.07, 139.11, 143.82,

152.18 (aryl-C), 191.37 (C]O)

3l 1H NMR: 7.0e8.25 (14H, m, C9H6N, C6H4, C6H4), 16.00 (1H, s, NH)
13C NMR: 116.18, 122.18, 126.33, 127.62, 128.12, 129.28, 130.05, 130.60, 131.80, 133.11, 136.51, 141.82, 145.44, 152.18 (aryl-C),

192.37 (C]O)

3m 1H NMR: 1.25 (3H, t, CH3), 3.05 (2H, q, CH2), 2.30 (3H, s, p-CH3), 7.10e8.50 (10H, m, C9H6N, C6H5), 15.87 (1H, s, NH)
13C NMR: 9.34 (CH3), 20.90 (CH2), 31.53 ( p-CH3), 115.05, 122.61, 126.89, 127.51, 128.04, 129.71, 130.05, 133.23, 136.16, 140.83,

145.34, 153.12 (aryl-C), 201.18 (C]O)

3n 1H NMR: 7.31e8.35 (15H, m, C9H6N, C6H4, C6H5), 16.20 (1H, s, NH)
13C NMR: 114.25, 122.25, 125.80, 127.20, 127.70, 127.90, 128.00, 128.07, 130.55, 135.55, 136.20, 137.00, 138.02, 142.52, 145.50, 152.60

(aryl-C), 192.24 (C]O)

3o 1H NMR: 3.00 (3H, s, CH3), 2.30 (3H, s, p-CH3), 7.10e8.40 (10H, m, C9H6N, C6H4), 15.90 (1H, s, NH)
13C NMR: 20.93 (CH3), 26.89 ( p-CH3), 115.12, 122.63, 126.76, 126.90, 127.49, 128.07, 133.05, 133.37, 136.15, 140.70, 145.22, 152.86

(aryl-C), 198.33 (C]O)

3p 1H NMR: 1.00 (3H, t, CH3), 1.75 (2H, m, CH2), 3.05 (2H, q, CH2), 2.3 (3H, s, p-CH3), 7.1e8.4 (10H, m, C9H6N, C6H4), 15.85 (1H, s, NH)
13C NMR: N.A.a

6c 1H NMR: 1.00 (3H, t, CH3), 1.80 (2H, m, CH2), 2.90 (3H, s, NeCH3), 3.10 (2H, q, CH2), 7.10e8.40 (11H, m, C9H6N, C6H5)
13C NMR: 12.17 (CH3), 18.45 (CH2), 39.63 (NeCH3) 117.15, 123.02, 124.02, 127.04, 127.67, 129.05, 129.51, 129.75, 134.24, 138.24,

147.11, 148.35 152.09 (aryl-C), 200.95 (C]O)

6m 1H NMR: 1.20 (3H, t, CH3), 2.30 (3H, s, p-CH3), 2.92 (3H, s, NeCH3), 3.10 (2H, q, CH2), 7.00e8.40 (10H, m, C9H6N, C6H4)
13C NMR: 9.25 (CH3), 20.01 (CH2), 31.18 (CH3), 34.57 (NeCH3) 117.73, 124.48, 127.38, 128.04, 129.05, 129.94, 135.34, 135.31, 147.72,

148.35 155.19 (aryl-C), 200.65 (C]O)

a No satisfactory 13C NMR spectra could be obtained for 3h and 3p compounds due to their low solubility in the NMR solvent CDCl3.
which the eOH group is located away from nitrogen atoms of
both the azo and the quinoline groups and, thus, has no intra-
molecular HB (Scheme 5). Although this tautomeric form is
not stable and thus does not contribute to the tautomerization
equilibria, it acts as a reference for the accuracy of the theoret-
ical comparative results throughout this theoretical analysis.
As can be seen from the two trends, for both compounds, C
is the next least stable tautomer. In addition to the lack of HB,
the p-conjugation system in this tautomer is disconnected at
the site of the a-carbon. It is thus expected that tautomer C
will have the lowest stability, even lower than G. However,
the stability of the ketone form of the local ketoeenol
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tautomerism has compensated the instability resulting from
the shortened conjugation system. The higher stability of the
D tautomer compared to the C tautomer can be justified con-
sidering longer length of the conjugation system and possibil-
ity of forming intra-molecular HB in D, even though both have
the same aromatic system. Steric hindrance between the
methyl and quinoline hydrogen atoms does not allow strong
intra-molecular HB within the co-planar structure of the E
tautomer; the eC]O, and the ]NeNeH groups cannot be
co-planar. In 3g, the increased tendency for HB formation be-
tween the eC]O and the ]NeNeH groups, induced by the
p-NO2 substitution, is so strong that it imparts distortion to the
co-planar structure with two independent aromatic groups
tilted out of the HB plane. The strong HB thus compensates
for the disconnection of the two p-systems and determines
the binding energy of the most stable E tautomer for com-
pound 3g. Note that these results correspond to the isolated
gas phase species (i.e. in the absence of any solvent and
aggregation).

A comparison of the stability trends of the two compounds
3a and 3g shows that the NO2 substitution at the X position

Table 3

IR and UV spectral data (in cm�1 and nm, respectively) obtained for the a-

azo-2-ketomethylquinolines and N-methyl-a-azo-2-ketomethylquinolines in-

troduced in Schemes 3 and 4, and Table 1

Entry IR (neat) UV (methanol)

C]O/C]C C]C/C]O N]N lmax1 lmax2 lmax3

3a 1660 1590 1510 398 307 247

3b 1665 1560 1515 399 305 246

3c 1665 1600 1540 399 302 246

3d 1600 1590 1520 399 302 246

3e 1660 1600 1520 400 306 245

3f 1660 1590 1510 402 325 242

3g 1675 1590 1510 412 322 244

3h 1675 1600 1510 414 329 244

3i 1680 1520 1500 415 327 243

3j 1645 1590 1510 402 335 241

3k 1640 1600 1515 415 335 241

3l 1640 1590 1520 404 330 244

3m 1665 1600 1515 406 330 248

3n 1660 1600 1510 419 328 241

3o 1660 1600 1530 406 304 247

3p 1660 1520 1500 407 328 244

6c 1665 1605 1510 405 305 245

6m 1660 1600 1515 405 327 248

N
Me N

N

X

O

R

(6)

Scheme 4.
significantly stabilizes E compared to all other tautomers
and, at the same time, reduces the stability of the F tautomer.
Both effects can be attributed to the fact that tautomer E has
the closest exchange proton to the substituted eNO2 group
and, therefore, has the largest induced positive charge on
this proton prior to HB formation; this results in a stronger
HB involving this proton. It is obvious that the asymmetric
HB (such as that exists in E) is much more sensitive to the
changes in the bridging hydrogen than a symmetric HB (as
is formed in D). Therefore, stabilization of the E tautomer is
greater than that expected for the D tautomer upon introducing
the p-NO2 substituent on the phenyl ring. Induction of the p-
NO2 substitution in the F tautomer acts on the quinoline nitro-
gen atom electrons much more effectively than that on the
enol oxygen atom electrons, and does makes the former less
basic. This results in a weaker HB bond in F and makes it
less stable.

The comparatively untouched positions of the C and G tau-
tomers in the stability order can easily be understood if consid-
ering the non-HB hydrogen of C and the isolated (and thus
non-HB) hydrogen of the G tautomer both of which remain al-
most intact upon the introduction of the p-NO2 substituent.
The effect of the eNO2 group on the tautomers A and B is
very small because of their farthest HB hydrogen atoms
from this substitution.

Quantitatively, different effects would be expected for
o-NO2 and m-NO2 substitutions on the same phenyl ring.

N

O

N

R

N

X

H

(G)

Scheme 5.

Fig. 1. Typical IR (in KBr disc) spectra of the enaminones (3c and 6c) studied

in this work.
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Fig. 2. PM3 calculated UVevis spectra of 3a(AeF) and 3g(AeF).
In polar and especially protic solvents with HB capability,
the preferred structures of these tautomers may be totally
changed and therefore, the two trends obtained for stabilities
of the two representative compounds may not be exactly fol-
lowed. The actual comparative stabilities can be obtained via
SCRF computations in which solvent effect is taken into ac-
count implicitly by different solventesolute interaction
models; such a demanding computation is beyond the scope
and computer hardware facilities of the present work. How-
ever, solvent effects on the stability of the solute molecules
can be studied indirectly by inspection of the electric dipole
moments and atomic charges, as well as capability of forming
one or two-way HB. A larger dipole moment results in stron-
ger stabilizing interactions with the polar solvent molecules as
bulk, and similarly, larger electric charges on the exposed
atoms results in stronger local interactions with solvent mole-
cules as individuals.

The calculated dipole moments show the following trends
for the tautomers of the two compounds.

Dipole moment :

B> C > A > D> E >G > F ð3a : R¼ CH3; X¼ HÞ
B> A > E > G> D > F > C ð3g : R¼ CH3; X¼ NO2Þ
The comparative analysis summarized in these trends

shows that tautomer B has the largest bulk electrostatic inter-
action with polar solvents. Furthermore, the differences be-
tween the electric dipole moments of A and the next
tautomer of the series are so significant that in polar solvents,
A can be regarded to be more stable than all other tautomers
having smaller dipole moments. This is while the larger dipole
moment obtained for C cannot overcome the difference in
their binding energies and thus cannot be accounted for any
higher stability in the polar solvent. It can therefore be pre-
dicted that tautomers A and B are the most stable tautomers
in polar solvents.

In protic solvents, all tautomers can form HB via their sin-
gle exchangeable hydrogen and their basic centers (non-bond-
ing electrons of the N and O atoms). The hydrogen atom
engaged in HB is not readily accessible to the solvent mole-
cules unless destroying the intra-molecular HB structure.
Therefore, for protic and highly polar solvents with small
molecules, it can be predicted that all protic tautomers (i.e.
C is an exception) undergo severe conformational changes
which can consequently alter the given gas phase PM3 stabil-
ity orders and their relative statistical populations.

For the case of compound 3a (with X¼H), it seems that
charges on and the separation between the oxygen atom (as
the most negative center) and the exchanging hydrogen atom
(as the most positive center) determines the size and direction
of the dipole moment vector. Since these two atoms have the
smallest separation in F and G, these two tautomers have the
smallest dipole moments, and thus the least initial interaction
(prior to any conformational changes induced by the solvent
molecules to achieve thermodynamically more stable states)
with polar solvents. For compound 3g (with X¼NO2), in ad-
dition to the separation between these two oxygen and hydro-
gen atoms, their relative positions with respect to the position
of the NO2 group also play important role, because its oxygen
atoms (as negative centers) together with the positive exchang-
ing hydrogen atom form considerably larger local dipole mo-
ments. The two local component dipole moments may thus
result in an increased or a decreased overall (resultant) dipole
moment. Compared to all tautomers of 3a, size of the dipole
moment is significantly larger in the corresponding tautomers
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Table 4

Numerical values of the PM3 calculated quantities and parameters of all tautomers of compounds 3a and 3g

Tautomer Compound 3a Compound 3g

jEbj m EHOMO ELUMO Eex (dipole) jEbj M EHOMO ELUMO Eex (dipole)

A 4182.0 3.800 �8.041 �1.205 653 (1.16) 4371.6 9.032 �8.425 �1.628 634 (8.34)

B 4181.0 5.133 �8.042 �1.219 705 (5.16) 4370.3 10.256 �8.446 �1.740 797 (8.92)

C 4179.1 4.220 �9.301 �0.790 472 (4.39) 4368.7 5.665 �9.522 �1.717 538 (9.11)

D 4181.7 2.645 �8.457 �1.082 499 (6.27) 4371.4 6.901 9e9.02 6e1.54 6469 (5.5)

E 4180.5 2.204 �8.616 �0.868 420 (1.93) 4372.1 8.090 �9.3815 �1.131 437 (7.78)

F 4182.4 1.510 �8.572 �0.876 473 (3.31) 4371.3 6.467 �8.935 �1.492 582 (8.20)

G 4171.2 1.737 �8.519 �0.755 476 (1.32) 4364.4 7.344 �9.207 �1.424 555 (9.83)

Binding energy jEbj are given in kcal/mol, dipole moment m in Debye, resistance to oxidation in terms of HOMO energy EHOMO in eV, electron capture potential in

terms of LUMO energy ELUMO in eV, and non-optical CI excitation energy Eex in nm (and the excited state dipole moment in Debye).
of 3g. Exceptional behavior (displaced position) of the C tau-
tomer of 3g is due to the fact that the two component dipole
moments mentioned above cancel each other effectively as op-
posed to the cooperative addition happening in other
tautomers.

Analysis of the atomic charges on the electronegative ele-
ments in the PM3 optimized structures shows that strength
of local electrostatic interactions and the basic centers (O
and N atoms) HBs with the polar solvents having small mol-
ecules and the protic solvents have the following orders.

Atomic charges :

A > B > E> D> F> C > G ð3a : R¼ CH3; X¼ HÞ
A> B > D > F> CyE > G ð3g : R¼ CH3; X¼ NO2Þ
As can be seen from these trends, tautomers A and B of both

compounds are very similar in their local charge interactions
(via the exposed electronegative atoms) with molecules of polar
solvents. Since dipole moment vectors of the A and B tautomers
of both compounds show a reverse trend, are larger than those
of the corresponding A tautomers, it can be concluded that
the overall polar solvent effects on these two tautomers are
identical. Therefore, the comparative stability trends found
for these two tautomers are valid also in polar solvents. The
two trends show also that compared to other tautomers, A and
B are engaged in much more stronger stabilizing local interac-
tions with polar solvent molecules in addition to their strongest
bulk interactions inferred from dipole moments. Therefore, it
can safely be predicted that A and B are the dominant tautomers
in polar solvents.

The opposite orders of the PM3 atomic charges and dipole
moments found for the couple D and E, predict overall similar
solvent effects on the structural and electronic characteristics
of these two tautomers. It can thus be predicted that the com-
parative thermodynamic stabilities of tautomers D and E in
polar solvents be the same as that we obtained for the gas
phase species. Note that the atomic charges define the short
range and local interactions and HB capability, while dipole
moments determine the global interactions with solvent.
Both sets of interactions contribute to the solvent stabilization
or destabilization of the solute molecules.

The calculated vibrational spectra, while clearly differenti-
ating between the tautomers, cannot be used to predict relative
susceptibility of these tautomers to the environmental
(thermal) degradation via environmental radiations in the
range of IR and longer wavelengths.

No satisfactory correspondence could be established be-
tween the PM3 calculated and experimental IR and UVevis
spectra. This failure could be attributed to the large contribu-
tions from gas-to-liquid shifts and intermolecular interactions
(both solventesolute and soluteesolute) to both wavelength
and intensity of the experimentally observed spectra [22e
24]. Analysis of the calculated vibrational spectra suggests
that the eOH band in the IR spectra would be a useful char-
acteristic to differentiate among possible tautomers. Practi-
cally, it is always a difficult task to avoid water vapor and
impurity in the experimental setup.

In spite of the fact that the numerical values of the peak po-
sitions in the calculated UVevis spectra (Fig. 2) do not corre-
spond to the experimental results, the structures of the
calculated spectra of 3a-A and 3g-A are almost identical to
the respective experimentally observed spectra of 3a and 3g
compounds (Fig. 3). The interesting point is that the experi-
mental spectra of both compounds (actually all 3aep com-
pounds) have very similar structures. This similarity suggests
that these two compounds adopt one single tautomeric form
dominantly. Furthermore, the PM3 computational results pre-
sented in Figs. 2 and 3 confirm that this single tautomeric form
is A.

The numerical values of the quantities analyzed in this the-
oretical study are provided in the supplementary data.

A kinetic study [25] could also be carried out on the tauto-
merization rates, provided the experimental data could have
been obtained. The numerical values of the quantities analyzed
in this theoretical study are provided in Table 4.

Appendix. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.dyepig.2006.10.003.
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