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Correlations between 13C nuclear magnetic resonance protonation shifts and protona-
tion-induced charge densities on the carbon atoms as calculated by the INDO-MO method
have been examined for mono- and dicationic species of 4-aminoazobenzene. The para-
magnetic shielding constants have been calculated with the average excitation energy
approximation. It is concluded that the deviation from the correlation between 13C
protonation shifts and protonation-induced charge densities on some carbon atoms (Cl,
C3, 5 etc.) is mainly due to variations in the average excitation energy term which are
attributable to delocalization of lone-pair electrons assisted by resonance structure which
makes the molecule planar.
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Introduction

The correlation between 13C chemical shifts and electronic charges (o or +-7) as calculated
by molecular orbital methods has been extensively studied in a variety of compounds.?
This is because if there is a good correlation between them, information can be obtained on the
electronic structures of molecules by simply observing their 13C nuclear magnetic resonance
(NMR) spectra. It is now well established that 13C chemical shifts and electronic charges
correlate well in special cases where other factors, that is, average excitation energy (4E)
and bond order ((,g) terms, remain constant throughout the carbons in the molecule.® In
some cases, however, pronounced variations in these two terms are seen, usually in carbons
belonging to nitrogen heteroaromatics.®»% In the nitrogen heteroaromatics, since the molecules
are almost planar, nitrogen lone-pair electrons can easily migrate, more or less affecting the
Q. and AE terms of each carbon. This lone-pair delocalization can be confirmed experi-
mentally by observing 3C NMR spectra of the corresponding protonated molecules in acid
solutions. For example, in pyridine the carbon alpha to nitrogen shifts upfield upon proto-
nation, whereas a downfield shift would be predicted on the basis of electronic charges.?
This decisive discrepancy shows that the lone-pair v B a L S
electrons play an important role in the 13C chemical ‘I<_\>\1"N=Nﬁ<__>f’NH2
shifts of the alpha carbons in the pyridine—pyridinium v la o
lon system.

Previously, in the course of our studies on the I
protonation site of 4-aminoazobenzene 1, we found
good correlations between '3C protonation shifts -\ o =\_ +
and protonation-induced charge densities on the <=>_N_N=<=>ZNH2
carbon atoms of amino (N,)-protonated 4-amino- 1b
azobenzene and of diprotonated (N, and N,) 4-amino- Chart 1
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azobenzene, except for Cl of the latter.® The Cl signal of diprotonated species shifted
upfield upon protonation, whereas charge density considerations predicted a downfield
shift. This situation resembles that of pyridine and suggests that delocalization of
lone-pair electrons belonging to azo nitrogens may be responsible for the discrepancy. We
can easily envisage the delocalization of lone-pair clectrons in nitrogen heteroaromatics, but
not i the substituted benzenes. It is desirable, therefore, to investigate in more detail the
correlation between 13C chemical shifts and charges of 4-aminoazobenzene.

In this work, we have newly observed 3C chemical shifts of azo (N;)-protonated species
of 4-aminoazobenzene and also calculated the paramagnetic shielding constants (s,) for various-
ly protonated models in order to estimate the extents of contribution from the Q,g and AE
terms. By comparing the calculated and observed '3C protonation shifts, it was found that
the resonance structure 1b of 4-aminoazobenzene plays an important role in the lone-pair
delocalization, which may lead to a delocalized excitation of low-lying n-m* transitions.
This view was also supported by the results of an examination of the correlations between
1BC protonation shifts and protonation-induced charge densities on the carbon atoms of
trans- and cis-azobenzene and benzo|c]cinnoline, for which no resonance structure such as 1b
can be expected.

Experimental

Materials——The samples of 4-amino->N-azobenzene-«,$-*N, (AAB-1*N;), 4-aminoazobenzene-a-5N
(AAB-13N}), and cis-azobenzene were taken from the same batches of preparations as those used in the
previous work.%®

Measurements The ¥C NMR spectra were recorded on a JEOL FX-200 FT NMR spectrometer
operating at 50.18 MHz for AAB-*N; and AAB-®*N, or on a Varian CIF'T-20 FT NMR spectrometer operating
at 20.0 MHz for cis-azobenzene. The measurements were made with.complete proton noise decoupling and
in 15 mm (FX-200) or 5 mm (CFT-20) spinning sample tubes. The normal operating conditions were 30—
45° pulses, 0.0-—1.0 s pulse delay, 1.2 Hz (FX-200) or 1.1 Hz (CFT-20) spcctral resolution. The chemical
shifts were referred to internal DMSO-dg (39.6 ppm) for AAB-N; and AAB-1N, and to external dioxane
(67.4 ppm) for cis-azobenzene. The visible absorption spectra were recorded on a JASCO UVIDEC 505
spectrophotometer.  Solutions were prepared in 95%, H,SO,~DMSO-dg (3: 7, v[v, ca. 15 mm) for AAB-1N,
and AAB-N, and in 22N D,SO,-EtOH (7: 1, v/v, 0.5-—0.6 M) for cis-azobenzenc. This acidic condition
employed for 4-aminoazobenzene was sclected so as to give a maximum absorption intensity at about 500 nm
{which is due to Ng-protonated species) while maintaining the concentration at more than 10 mm. The ratio
of absorbances between the bands at about 500 nm and at about 320 nm, A(500)/A(320) was 2.5/1. As was
described previously,® cis-azobenzene isomerizes rapidly to the corresponding trans-form in strong acid
solution. Therefore, several trials with a short number of transients (ca. 1000) for freshly prepared cis-form
materials were necessary to obtain all the 3C chemical shifts of cis-azobenzene. On the other hand, on
account of the poor solubility of 4-aminoazobenzene (maximum ca. 15 mm) under the presently employed
acidic condition, a large sample tube (15 mm diameter) and many accumulations (70000---170000 transients)
were required to obtain a moderate signal-to-noise ratio. '*N-enriched 4-aminoazobenzenes were used to
assist in assigning the !3C resonances from 3C-15N splittings, but no well resolved spin-couplings could be
obtained owing to line broadening.

Results and Discussion

13C protonation shifts of 4-aminoazobenzene observed in 959, H,SO,~DMSO-dg (3: 7,
v/v, solvent I) are shown in the second column of Table I. Our previous experimental data
observed in 209, HCI-DMSO-d; (1: 10, v/v, solvent 1I)® and the predicted changes in chemical
shift upon protonation which were obtained by INDO-MO calculations are also shown in Table
I. The 13C protonation shift is the difference between the 13C chemical shift observed in acid
solution and that observed in DMSO-d;; a positive value corresponds to a downfield shift on
protonation. Assignments for 13C signals observed in solvent I were determined by taking
into account our previous results on the acidity dependence of 3C chemical shifts of 4-amino-
azobenzene,” multiplicity determination by J-modulated spin-echo,” and signal broadening
due to 13C-15N spin-couplings.

NII-Electronic Library Service



No. 8 2669

TaBLe I. Comparison of the Observed and INDO-MO Predicted Changes in
13C Chemical Shift upon Protonation (ppm)

Njp protonation N; protonation
Pan N -

Obsd.#’ Corrected® Predicted?! A4 Obsd.? Corrected®? Predicted?! 49
C1 6.8 7.2 —6.1 —-13.3 6.1 5.8 13.2 7.4
C2, 6 5.9 9.5 7.7 —1.8 —-0.3 —-3.1 —2.4 0.7
C3, 5 11.1 12.1 0.2 —11.9 9.3 8.5 12.9 4.4
C4 -1.3 6.1 9.3 3.2 —14.0 —19.7 —21.9 —2.2
cv —5.7 —8.1 -7.2 0.9 —-1.5 0.4 —1.7 —-2.1
cz’, ¢ 4.1 6.2 4.5 —1.7 0.5 —-1.1 2.5 3.6
C3, 5 4.1 6.2 2.8 —3.4 0.4 —-1.3 0.2 1.5
c4’ 5.0 6.7 6.9 0.2 2.0 0.6 3.2 2.6

959, H,S0,~DMSO-d, (3: 7, v/v) was used as the acidic solvent. Accuracy, +0.1 ppnr.

20% HCI-DMSO-d, (1: 10, v/v) was used as the acidic solvent. Accuracy, +0.1 ppm.

Corrected by taking in to account the absorption intensities at about 320 and 500 nm. See the text.
Predicted value from INDO-MO charge. Conversion factor is 181.8 ppm/e.

A=predicted —corrected.

oA SR

It is well-known that in weak acid solution
4.—amino.azobenzene exists as a tautomeric equilib- <_>Ag+=N—<_>—NH2
rium mixture of the Nj-protonated (z.e., azonium) = 5 =
2 and the N,-protonated (¢.e., ammonium) 3 cations; 2

the former is responsible for the absorption 1
maximum at around 500 nm and the latter for that !

at around 320 nm.» Therefore, strictly speaking, — H N
the experimental 3C protonation shifts observed <=>"N“N=<=>=NH”
in solvent I and solvent Il are not those of a 2b

single species. As suggested by Sawicki,® the ratio Chart 2
of the absorbances A(500)/A(320) gives an
approximate measure of the concentration ratio

(2)/[3]. Thus, in order to determine the correlation <=>“N=N‘<=>“NH3
between ““intrinsic’’ 33C protonation shifts of each 3
single species and the corresponding changes in Chart 3

charge densities, we calculated the 13C protonation

shifts of each single species by taking into account the ratios A(500)/A(320) obtained in
solvent I (2.5/1) and in solvent II (1/3.5). The corrected 13C protonation shifts thus calcu-
lated are shown in the third and the seventh columns of Table I.

Examination of Table I indicates that the observed !3C protonation shifts and the corre-
sponding corrected values do not differ greatly from one another, except for C4 of the Nj-
protonated species. This finding means that solvents I and II gave almost pure Ns- and N,-
protonated species, respectively. Overall agreement between the corrected and the predicted
values is good for N,-protonated species, but not so good for Ns-protonated species, especially
at the Cl and C3, 5 positions. Interestingly, the corrected value for C4 of the Ns-protonated
species agrees better than the observed value. Furthermore, it is of special interest that Cl
shifts downfield whereas Cl’ shifts upfield upon Nj-protonation. As reported previously,
as for the dicationic species 4 in which N, and N, H
nitrogens are protonated, both C1 and Cl’ showed <‘>-N=Ni<_>—1:m3
upfield shifts, the former being much smaller than = =
the latter.® TFor both these cations, the calculated
charge densities followed well the large upfield shift of Cl’ but not the large downfield
shift or the small upfield shift of Cl. Therefore, we can find no simple rules as to the

Chart 4
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relative direction of the 3C protonation shifts of Cl and Cl’, nor any correlation between
13C protonation shifts and protonation-induced charge densities at the Cl position. These
findings tell us that other factors, that is, the Q,5 andjor AE terms, may be affecting the Cl
carbon’s chemical shift. Moreover, since carbons that deviate largely from the correlation
usually belong to the aminobenzene ring (for example, Cl and C3, 5 of Ng- and N,-protonated
species and Cl and C4 of dicationic species), there seems to be some relation with the resonance
structure 1b of the neutral molecule, in which the electronic structure of the aminobenzene
moiety is highly perturbed, in contrast to that of the other benzene ring.

To obtain more explicit or quantitative information on the contribution of the Q0,5 and
AE terms to the C protonation shifts and also on the relationship of these terms with the
resonance structure 1b, we calculated the paramagnetic shifts o, of neutral and protonated
4-aminoazobenzene using Pople’s theory based on the average excitation energy approxima-
tion.319  The MO method used was the INDO approximation and the necessary parameters
were the standard ones of Pople ef all?  Geometrical parameters of neutral and protonated
4-aminoazobenzene were the same as those employed previously.® The results are shown
in Table Il as the difference (—A40,) of paramagnetic shift between protonated and neutral
species; a positive value indicates a downfield shift upon protonation. The —AQ,s and —
— Ag, columns represent the contributions from the bond order and the charge density terms,
respectively. The method of calculation is rather simple in that it substitutes the average
excitation energy AE for summing over all the excited states. Therefore, the absolute
magnitude of g, itself is strongly dependent on the choice of AE. However, since we use
the difference of ¢, but not its absolute magnitude, an appropriate value of 4E may not
introduce much error. In addition, since we have no means to estimate a prior: the changes
in AE upon protonation, the AE values of neutral and protonated molecules were assumed
to be 8 eV as a matter of convenience. Thus, 1f the calculated and experimental values

TaBrLi II. Calculated and Experimental Changes in *3C Chemical Shift of
4-Aminoazobenzene on Protonation (ppm)

Atom —AQ Ap® — Aga® —Ag,© Exptl. A AE®

Monocation (Nz—H)

Cl 2.4 —-3.8 —-1.4 7.2 8.6 Down
Cz, 6 —1.1 4.5 3.4 9.5 6.1 Down
C3, 5 0.0 0.1 0.1 12.1 12.0 Down
C4 1.1 5.9 7.0 6.1
Ccr -3.2 —4.5 -7.7 —8.1

Monocation (N;~H)
C1 0.0 8.3 8.3 5.8 —-2.5 Up
C2, 6 0.1 —1.4 -1.3 —-3.1
C3, 5 —0.6 7.5 6.9 8.5
C4 —2.5 —13.7 —16.2 —19.7 —3.5 Up
Cclr 0.1 —1.1 -1.0 0.4

Dication (N,—H and N,—-H)
Cl —3.3 4.8 1.5 —1.2 —2.7 Up
C2, 6 —0.3 1.6 1.3 2.4
C3, 5 —-0.3 8.2 7.9 11.9 4.0 Down
C4 —2.5 —8.1 —10.6 —18.9 —8.3 Up
cr 2.6 —4.9 —-2.3 —8.7 —6.4 Jp

a) Changes in bond order term upon protonation.
b) Changes in charge density term upon protonation.
¢) Changes in paramagnetic shift upon protonation.
—Aap,=—A4Qap—Aq,. Positive value of —do,, corresponds to a downficld shift upon protonation.
d) The difference between exptl. and —dop; only values of more than 2 ppm are shown.
e) See the text.
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disagree substantially, this can be ascribed to the fact that we have employed the same value
of AE for both the neutral molecule and the corresponding protonated molecule.'® The ex-
perimental and calculated shifts are shown in the last column of Table II, where down (up)
means that 4E of the protonated molecule should be reduced (increased) compared to that
of the neutral molecule in order to obtain better agreement with the experimental value.
Examination of these results clearly shows that the AE values of the N,-protonated mono-
cation and those of the dication should increase upon protonation, whereas the AE values
of the N;-protonated monocation should decrease upon protonation. The former trend seems
straightforward, but not the latter, since protonation removes the low-lying n-n* transition
which results in increase of 4E. In fact, all the 3C protonation shifts of nitrogen hetero-
aromatics so far reported are upfield, reflecting well the increase of AE.#  Ior this rather
puzzling situation, we can consider the following explanation in connection with the resonance
structure of 4-aminoazobenzene. As can be seen in 2b, this resonance structure of the Nj-
protonated species is the same as that of the neutral species 1b, leaving lone-pair electrons
on the N, atom. The 4E values of aminobenzene ring carbons would then be expected to be
smaller than those of the neutral molecule since lone-pair delocalization via the ¢ pathway
becomes easier owing to the stabilized planar structure of the aminobenzene ring moiety,
just as in the cases of nitrogen heteroaromatics. On the contrary, both N,- and N,-proto-
nations suppress such resonance stabilization as 2b and thus result in increased 4E compared
to that of the neutral molecule.

It would naturally be expected that if we choose azo compounds having no such resonance
structure as 1b, the '3C protonation shifts and protonation-induced charge densities would
correlate better than in the case of 4-aminoazobenzene. This is in fact observed, and is
shown in Fig. 1, where we show the correlations for frans- and cis-azobenzene and benzo-

[c]cinnoline. The 13C chemical shifts of cis-azobenzene in strong acid media were observed
in the present work and the other data were taken from our previous paper.®” The charge
densities were calculated using the same
geometries as described previously.®
The protonation-induced charge densities ‘ ;@ ppm c-4
were converted into the chemical shift o 10 4
scale by using the conversion factor of fmm-a:;b)*"""e_- o °
181.8 ppm/e.’®  Moreover, since the NN 8
protonation can be considered to occur d ‘bs £ 6F B-6. B-4
at both azo nitrogens of these molecules, ciu—azo(b};?z‘enc 5 6, ¢ 2,6
. ! . 4 B-3
the calculated charge densities (or the % c-3,5 o
converted shifts) are the mean values of % 9l ° 3,5 t-2,6
the two benzene rings for each compound. benzo{ cJeinnoline B-5
The good correlations shown in Fig. 1, -8 =6 4 —2 0 2 4 6 Sppm

especially at the Cl positions of trans-
and cis-azobenzene lend further support
to our interpretation that lone-pair delo-
calization promoted by the resonance
structure 1b greatly affects the AE values
of 4-aminoazobenzene. Large discrep-
ancies observed at C1 and C2 of benzo[c]-
cinnoline may be due to variations in 4E
analogous to those seen 1n the cases of

nitrogen heteroaromatics or 4-amino-

azobenzene. Finally, it is interesting to
note that the C6 position of this molecule

Fig. 1.

T

Predicted from INDO-MO

charge

B-2e (181.8 ppm/e)

Changes in 13C Chemical Shifts upon Pro-

tonation predicted from INDO-MO Charge vs.

Expeimental Values

t, frans-azobenzene; c, cis-azobenzene; B, benzo[c]cinnoline.
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shows a good correlation, suggesting that lone-pair electrons migrate in the direction of
N-C1-C2 but not N-C1-C6 as the preferred delocalization pathway.
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