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X-ray photoelectron spectra and structure of
2-(2-phenylhydrazono)acetoacetanilide
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2-(2-Phenyihydrazono)acetoacetanilide, its N-methyl derivatives, and model compounds
were studied by X-ray photoelectron spectroscopy. The chemical shifts were obtained from
the 13C NMR spectra. A correlation between the calculated charges, the binding energies on
N atoms, and the '3C NMR chemical shifts was found. The analysis of the XPS data and the
13C NMR chemical shifts led to the conclusion that crystalline 2-(2-phenylhydrazono)aceto-
acetanilide exists mainly in the oxo hydrazone form.

Key words: 2’-(2—phenylhydrazono)accloacetanilide, X-ray photoelectron and 13C NMR

spectra, binding energies, chemical shifts.

2-(2-Phenylhydrazono)acetoacetanilide (1) is the ba-
sis for a number of important dyes.! The properties of
the dyes are determined by structural features and elec-
tronic structures of their molecules. Compound 1 can
exist, in principle, as several tautomeric forms (a—e).
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These tautomers can be divided iunto two groups:
structures (a, b) containing a hydrazo group
(—NH-—N=) and structures with an —N=N-— group
(c—e). There iIs no common opinion among researchers
o1 what particular species reflects the actual structure of
molecule 1. Direct experimental data on its electronic
structure are absent in the literature. Structures lc—e
are at variance with some known facts. According to
X-ray diffraction analysis,? the molecule of p-chloro-
2-(2-phenylhydrazono)acetoacetanilide in the crystal-
line state contains an —NH—N= bond rather than an
—N=N— bond. The polarographic half-wave potential
E, ), corresponds® to molecules with hydrazone struc-
tures, 1a and Ib. Analysis of frequencies and intensities
of the v(C=0) and v(N—H) stretching bands in the IR
spectra of these compounds attests in favor of hydrazone
structures.* However, mass spectrometric study with
I5N labels showedS that in the gas phase, compound 1
exists in hydrazone and azo forms. According to the data
of 'H and N NMR spectroscopy,® compound 1 in
organic solvents occurs mainly in a hydrazone form, but
the presence of an azo form (up to 10%) also cannot be
ruled out.® Structure le is inconsistent with the data of
IR and UV spectra.®’ To interpret the spectral charac-
teristics of the tautomers of 1 (IR and UV-VIS spectra),
derivatives of the hydrazone form of 2-(2-phenyl-
hydrazono)acetoacetanilide were synthesized 3.9 The data
of IR and UV-VIS spectra and calculation of these
molecules by the Pariser—Parr—Pople (PPP) method
led to some qualitative conclusions concerning their
electronic structures.® To study the electronic structure
of 1 in more detail, ie., to choose between species la
and 1b, in this work we used X-ray photoelectron spec-
troscopy {(XPS) and quantum-chemical calculations in
the all-valence (oc—n) approximation (INDO/S), and
also 3C NMR spectroscopy.
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Experimental

Measurements were carried out on an ES-100 Kratos
X-ray electron spectrometer using Al-Ko radiation (Av =
1486.6 eV). Samples were prepared by pressing into a copper
grid. Analyses were carnied out with analytically pure sub-
stances. The Cls line from diffusion oil vapor with an energy
of 285 eV was used as the standard. All measurements were
repeated at least three times both at room temperature and at
<20 °C in vacuo (1077 Torr). The energy values were repro-
ducible to within 0.1 eV. An effect of irradiation on the
samples was not observed. The X-ray photoelectron spectra
were processed on a PDP-11/03 PC using the program for
Gaussian peak synthesis. '3C NMR spectra were run on
XL-100-15 (25.16 MHz) and CFT Varian (20 MHz) spec-
trometers in the pulse accumulation mode with Fourier trans-
form in CDCly (~10%) solutions.

Table 1. Binding energies (£;) for the 1s levels for the N and
O atoms

Compound En/eV
Nis O1s

(FWHM)a

t 2 3 4 5
Ph—~N-—N=C———C—N-—Ph

! | il 1

H Me-C=0 0O H

(12) 400.6 (1.8) 532.0

Ph—N-—N=C~—-C~—N-—Ph (2)
1 | i
MeMe-C=0 O H

400.5 (1.9) §32.2

Ph—~N—N=C—C—N—Ph 3
| [ ||
H Me-C=0 O Me

4009 (1.8) 532.0

Ph—~N-—N=C——C—N—FPh (4)
| | I |
Me Me~-C=0 O Me

400.7 (1.8) 5319

Ph—N-—N=C——C—0 —Et (5)
! ( il
H Me-C=0 O

400.6 (1.9) 532.3,
533.7

Ph—N-—C—CH,, (6) 400.5 (1.8) 532.3
' | c
H O O0=C~Me

Ph—N—C—Me (7)® 4007 (1.9) 531.7
i

Ph—C~—N—N~C—Ph (8) 4007 (1.9) —
bouh b

Ph—N—C—CHz~C~—Me (9) 400.5 (1.8) S31.8

! i
H O O

Ph—~C==N—~FPh (10) 399.4 (1.8)
|
H

Ph—C—N—OH (1174014 (1.9) 531.8.
T 533.8
O H

o Full width at the half maximum height.
7 See Ref. 14.
¢ See Ref. 13,
7 See Ref. 15.

Results and Discussion

In order to determine the type of the hydrazone
structure (la or 1b), X-ray photoelectron spectra of
2-(2-phenylhydrazono)acetoacetanilide and its mono-
and disubstituted derivatives (2—4) and also model com-
pounds (8—11), containing various fragments of mol-
ecule 1, were studied. The results are summarized in
Table 1. Structures 1a and 1b can be divided conven-
tionally into the "left” and "right” parts (at the C(3) and
C(4) atoms). The "left” parts of both molecules are
identical.

Comparison of the positions of lines corresponding
to the Nls level (Fig. 1) and the full width measured at
the half maximum height (FWHM) (see Table 1) for
structure la and its "left” (5) and "right” parts (6—9)
shows that the N atoms in compound 1a in the crystal-
line state are energetically equivalent and bear approxi-
mately equal charges. This conclusion is consistent®10
with the nearly planar structure of the system of bonds
of the two chelate rings in 1a. Mono- (2 and 3) and di-
fixed (4) species are characterized by close binding
energies (£,) for the Nis level and close FWHM, indi-
cating that their structures are identical to that of mol-
ecule la. By comparing the data on the binding energies
for the Nls levels in compounds 1a and 4, we find that
the presence of an intramolecular hydrogen bond does
not significantly influence?? the energy state of the N
atoms. The measured binding energies for the Ofs level
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Fig. 1. Nls lines in the X-ray photoelectron spectra of
2-(2-phenylhydrazono)acetoacetanilide (1), its mono- and di-
substituted derivatives (2, 4), and model compounds (6, 9. 10).
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i compound la and the corresponding mono- and di-
fixed structures lic in the 531.8—532.3 eV range, which
corresponds to the normal values for an O atom in a
carbonyl group rather than in a hydroxy group, for
which £, > 533 eV (see Table 1, compound 11).

Since the "left" parts of molecules la and 1b are
identical, let us consider the position of the N1s peak for
the “right" part of molecule 1b, whose fragment is
represented by compound 18. In this case, £, for Nls is
399.4 eV. Compound 10 does not contain an —O—
fragment, and the shifting increment of a directly at-
tached atom in the presence of —O— istl 0.4 eV,
therefore, it can be expected that the £ value for the
Nls level for the N atom located in the B-position in
relation to the —O— fragment would increase by 0.2—
0.3 eV (due to the withdrawal of the electron cloud
away from the C atom by the O atom). Therefore, the
E, value for the NIs level for ~COH=N- should not
exceed 400 eV, and the peak shown as a dotted line in
Fig. | may be expected to appear in the spectrum.
Peaks of this type can be either resolved or substantially
broadened. Superposition of the spectra of Nls for
compounds 5 and 10 (Fig. 2) implies that if compound
1 contains a —COH=N- fragment, the Nls line should
be considerably broadened (FWHM is 2.4 ¢V). In the
case where the "right” part of the compound under study
is represented by an amide group, as shown by structure
1a, then, taking into account the £ value for Nls in
model compound 6, the £ (N1s) values for both parts of
molecule la would coincide and the FWHM would
correspond to an encrgetically uniforrm N atom.

As has been shown previously,58 2-(2-pheny!-
hydrazono)acetoacetanilide can exist as several tautomers
both in the gas phase and in a solution. YC NMR
spectroscopy can be used most efficiently to analyze the
structures of the tautomers. By this method, one can
identify the structure of the carbon skeleton of the
molecule and, when fixed forms are present, draw con-
clusions about the type of tautomerism. 3C NMR spec-
tra were recorded for compounds with both unfixed (la,
5, 9) and fixed (2—4) structures. All of the spectra
exhibit a signal with & 194—203. According to the
published data,!? this § value can be unambiguously
assigned to one C atom in an oxo group. Thus, it can be
concluded that both unfixed (la, 5, 9) and mono- and
dimethylated (2—4) molecules contain an oxo rather
than an enol group. The chemical shifts observed in the
5 161—167 range can be assigned to the 13C nucleus in
an amide!?2 (>NC=0) rather than in an azomethine
(>C=N-—) fragment. Thus, the presence of signals char-
acteristic of C atoms in oxo and amide groups in the
spectra of compounds 1a, 2—5, and 9 permits one to
reject all the hypothetical structures except for 1a.

This conclusion is in agreement with the results of
PPP and INDO/S calculations for structures 1a and 1b.
The quantum-chemical calculations show that structure
1a is energetically more favorable than 1b, because the
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Fig. 2. Nis lines in the X-ray photoelectron spectra for
compounds 5 (/) and 10 (2) and their superposition (3).

energy of atomization for molecule la is 179.54 eV,
while that for 1b is 178.70 eV. The change in the
electronic structure of the molecule on passing from
structure la to 1b is significant. The electron density at
the N(5) atom in molecule 1b is much greater (5.35 €)
than in 1a (5.16 ¢), in which it is close to the electron
densities at the N(1) and N(2) atoms. This finding
suggests that "abstraction” of an electron from N(5) for
structure 1b is markedly facilitated compared to that
from the N(1) and N(2) atoms; this is consistent with
the assumed resolution of the N1s line in £ or broaden-
ing of this band for compound 1b.

The set of data considered here attests that the com-
pound in question is more likely to occur as species la.
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