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Abstract: Azo-hydrazone, acid-base equilibria were examined for the water-soluble dyve FD&C Yellow No. 6
(Y6), with the observation of dynamic NMR effects near, and at, pH 12, where the dye converts from a
predominantly hydrazone tautomer (acidic to moderately basic pH) to a prevailing azo-anion resonance
hybrid (high pH). Semilogarithmatic pH-13C chemical shift plots and a 2-bond, {5N ﬁ-l 3Cgq coupling
constants vs. pH relationship both indicate that the midpoint of the azo-hydrazone equilibrium occurs at ca.
PH 12. Potentiometric titrations further indicate that the pK, of Y6 is ca. 12. These data suggest that the

observed NMR line broadening is due to slow proton transfer between the hydrazone-NH and water.
Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Compounds exhibiting azo-hydrazone tautomerism have been extensively investigated in a variety of
organic solvent systems.! However, partly because of the difficulty of obtaining IR spectra of aqueous
solutions, their water-soluble analogs were long neglected and have only recently begun to be studied 2 We
have earlier examined the azo-hydrazone, acid-base equilibria of FD&C Yellow No. 5 (Y5, 1) by 1SN NMR
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Fig. 1. Hydrazone-azo equilibrium of Yellow No. 5 (Y5).

and found it to exist predominantly as a hydrazone below pH 9, as shown in the anti-configuration, 1a, and
almost exclusively as an azo-anion, e.g., 1b, above pH 11 (Figure 1).2

We now report on the investigation of the bisaryl "azo" compound FD&C Yellow No. 6, (Y6, 2),
which exhibits similar behavior. 15N and 13C NMR were used to characterize Y6 at a variety of pH values
between 7 and 14. Total 13C NMR signal assignments were made on the basis of direct and long-range
heteronuclear chemical shift correlation experiments and observed couplings in the B-15N-labeled isotopomer
of Y6 ([B-15N]-Y6).

RESULTS AND DISCUSSION

1. I5N NMR Spectra and Signal Assignments

The pH values at which 15N NMR spectra were recorded were selected on the basis of preliminary
I3C NMR spectral results. The latter exhibited broadening of most signals between pH 11 and 13, with
maximum line broadening observed at pH 12. 15N NMR spectra were, therefore, determined at pH 7, where
Y6 was believed to occur predominantly as a hydrazone tautomer, and at pH 14, where an azo-anion
resonance hybrid would be the major contributor to its overall structure.

The 15N NMR spectra of Y6, like those of Y5, exhibit significant change from pH 7 to 14. AtpH 7,
chemical shift values are -179.6 and -4.0 ppm (relative to NH415NO3). The former is typical of those
reported for hydrazone sp3-hybridized nitrogens, whereas the latter is characteristic of imino nitrogens.3
These resonances are similar to those of Y5 at pH 7 [1a: -168.9 (Ng) and -11.2 ppm (Np)]? and were
likewise assigned to the a- and B-nitrogens, respectively. Moreover, these chemical shifts strongly suggest
that Y6 also exists as a hydrazone at pH 7. At pH 14, signals were observed at 111 and 106.6 ppm (also
relative to NH415NO3), which are in the range found for azo compounds.# They were assigned by
comparison with the chemical shift of [B-15N]-Y6, which appears at 106.4 ppm. The resonance at 106.6
ppm was, therefore, assigned to the B-nitrogen. These chemical shifts similarly indicate that Y6 occurs as an
azo-anion at high pH. The extremely large changes in 15N chemical shifts with pH (ca. 290 ppm for Ng),
corresponding to a major fraction of the total 15N chemical shift range,5 confirm that deprotonation in Y6 is
associated with substantial electronic reorganization.
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2. 13C and IH NMR Spectra and Signal Assignments

The 13C NMR spectrum of Y6 at pH 7 is consistent with the previous inference that the dye exists
principally as a hydrazone at this pH (Table 1). As the pH is increased to 12, most of the 13C NMR signals
exhibit broadening along with either upfield or downfield shifts. As stated above, maximum line broadening
occurs at pH 12. As the solution pH is further increased to 14, the broadened resonances sharpen and
continue their respective migrations. This dynamic behavior suggests the existence of one or more
intermediate (on the NMR timescale) equilibrium processes.®

Table 1. !H and !3C NMR Data? for Compounds 2a and 2b.

22° 2a2b 2b°
Position 1H 13¢ ELOCK 1H 13¢
1 129.2 H-3, H-8 134.1
2 178.9 H-3, H-4 168.2
3 5.71d(9.5) 126.4 H-4 6.83d (9.3) 129.3
4 6.69d (9.5) 143.0 H-5 755d(93) 136.4
4a 127.4 H-3, H-8 125.5
5 7.15d(1.6) 126.8 H-7 8.05d(2) 126.6
6 141.0 H-8 136.0
7 730 dd (8,1.6) 126.6 H-5 7.93dd (8.9,2) 124.6
8 7244 (8) 122.4 8.73 d (8.9) 123.7
8a 134.5 H-4, H-5, H-7 1339
I 1432 H-3Y5' 156.1
2/6' 6.54d (8.4) 117.1 H-2', H-6' 7.54d (8.5) 121.9
35" 7324 (8.4) 127.7 H-3', H-5' 7.75d (8.5) 127.2
4 140.5 H-2'/6' 141.7

aChemical shifts referenced 1o dioxane at 3.70 ppm (1H) and 67.4 ppm (13C); J-values in Hz in parentheses.
bn D0 at pH 7. ¢InD;0 at pH 14.

13C and TH NMR signals of Y6 at pH 7 (Table 1) were assigned by means of homonuclear (COSY),
direct heteronuclear (HETCOR), and long-range, heteronuclear chemical shift correlation (FLOCK7)
experiments with the distinctive 3-spin system comprising protons 5, 7, and 8 serving as a starting point.
The assignment of selected 13C and IH NMR signals is described below. Comparison of the 13C NMR
spectra of Y6 and its B-15N-labeled isotopomer ([B-15N]-Y6 at pH 7) revealed (i) a 5-Hz coupling in the
signal at 143.2 ppm (quaternary carbon) and (ii) considerable broadening in the double-intensity resonance at
117.1 ppm for {B-15N]-Y6, whereas only single lines were observed in the corresponding signals for Y6. The
former resonance line was then ascribed to C-1' and the latter to C-2'/6".

Carbons 1 and 4a could not be differentiated either by the FLOCK experiment, because both carbons
display correlations with protons 3 and 8 (Table 1), or by couplings to the B-nitrogen in [B-15N]-Y6, because
both are less than 1 Hz. As expected, possible 2-bond correlations between C-4a and H-4 and/or H-5 were
not observed because of negligible coupling between C-4a and these protons.8 Assignment of the lower field
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signals of Y6 at pH 7 and 14 (129.2 and 134.0 ppm, respectively) to C-1 and the higher field resonances
(127.4 and 125.5 ppm, respectively) to C-4a was based on the following line of reasoning. Spin-lattice
relaxation times, T}, were determined at these pH values. At pH 7, the signal at 129.2 ppm had a T} value of
1.4 5; the value at 127.4 ppm was 0.9 s. At pH 14, the resonance at 134.0 ppm had a T; value of 2.3 s; the
value at 125.5 ppm was 1.4 s. Examination of Dreiding models of the hydrazone and azo forms of Y6
demonstrated that C-1 is situated ca. 2.7 A from H-8 and C-4a is located ca. 2.1 A from both H-4 and H-5.
Because of the considerable decrease in effectiveness of the dipole-dipole relaxation mechanism with
increasing internuclear distance,? C-4a would be expected to have a shorter Ty value than C-1. The remainder
of the signals of Y6 at pH 14 (Table 1) were then assigned by means of the same chemical shift correlation
experiments described above.

3. Molecular Conformations and Configurations

13C and 15N NMR have provided evidence that Y6 exists predominantly as a hydrazone at pH 7
(vide supra). Examination of the 2-bond coupling constants between the B-nitrogen and carbons 2 and 8a in
the 13C NMR spectrum of [B-15N]-Y6 at this pH reveals an 8.6-Hz coupling to C-8a and essentially no
coupling to C-2 (Table 2). The difference in magnitude between these two coupling constants indicates that
C-8a is situated cis to the lone-pair electrons of the B-nitrogen and that Y6, therefore, occurs as the syn-
hydrazone (2a) at pH 7.10

Table 2. Y6 13C-15N Coupling Constants.

pH 2INpCy 2INpc,
7.0 8.6 0
11.5 72 -a
12.0 57 -a
12.26 52 A
13.0 35 <1
14.0 3.0 <1

8Could not be determined because of extensive line broadening.

Y6 has also been inferred to be present as an azo-anion species at pH 14. The corresponding
couplings between the B-nitrogen and carbons 2 and 8a at this pH are the following: 3 Hz to C-8a and
essentially zero to C-2 (Table 2). These data suggest that C-8a is similarly located cis to the B-nitrogen lone-
pair electrons and that Y6 exists as the #rans-azo compound (2b) at pH 14.10

4. Dynamic NMR Spectra

A final matter to be addressed concerns the nature of the interconversion of hydrazone and azo
species with changing pH. As previously mentioned, Y6 exhibits significant 13C NMR line broadening
between pH 11 and 13. Both the 2-bond Np-Cg, coupling constant data and 13C NMR signal broadening can
be ascribed to an acid-base equilibrium involving species 2a and 2b depicted in Figure 2. Two experimental
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Fig. 2. Hydrazone-azo equilibrium of Yellow No. 6 (Y6).

observations support this interpretation. First, the pK, for Y6 has been determined potentiometrically to be
ca. 12.11 This figure can be regarded only as approximate, however, because it lies outside the range of pK,
values normally accessible by titrations of this type.

Second, semilogarithmatic plots of the (absolute value of) log [(8pH 10 - 8)/(8 - 8pH 14)] versus pH, 12
which is derived from the Henderson-Hasselbalch equation,13 have been constructed for carbons 3, 4a, and 7
over the pH range 11-13 (Table 3). The V-shaped plots (Fig. 3) which result are typical of those observed
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Fig. 3. pK, Determination for Y6 using the Data of Table 3.

for acid-base systems and support the above, potentiometrically determined, pK, value of ca. 12. This
agreement lends further credence to the conclusion that an acid-base equilibrium exists between 2a and 2b. It
should be noted that carbons 3, 4a, and 7 were selected for examination over those exhibiting even larger
chemical shift separations, viz., carbons 1, 4, 6, and 2'/6,' because their chemical shifts could be precisely
determined over a range of pH values without uncertainties due to accidental signal overlap and appreciable
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Table 3. Y6 pH-Chemical Shift Data

c3 C4a 7
pH 8 log(8°:5/(5-8% 3 log(8"-5Y/(5-8 8 log(8"-8)/(5-8%
10.0 126.4 - 127.4 - 126.6 -
11.0 126.6 1.130 1273 0.954 126.4 0.954
11.25 126.8 0.796 127.2 0.753 126.3 0.753
11.5 127.1 0.497 127.1 0.602 126.2 0.602
11.75 127.3 0.347 126.9 0.368 126.0 0.368
12.0 127.9 0.030 126.6 0.087 125.8 0.176
12.25 128.3 0.279 1263 0.176 125.4 0.176
12.5 128.8 0.681 126.0 0.477 125.1 0.477
12.75 128.9 0.796 125.9 0.602 125.0 0.602
13.0 129.1 1.130 125.7 0.954 124.8 0.954
14.0 1203 - 1255 - 124.6 -
2pH 10. PpH 14.

line broadening. The Y6 system is atypical in that the azo-anion conjugate base (2b) is considerably different
structurally from the hydrazone acid (2a) from which it is derived. The relatively fast (although still slow on
the 13C NMR timescale) proton transfer between the hydrazone-NH and water was unexpected since
corresponding tautomeric equilibria for organic solvent-soluble analogs of this dye typically exhibit separate
13C NMR signals for each tautomer.14 However, similar dynamic effects have been observed for a
considerably different, nitrogen-acid system, viz., a protonated tertiary-nitrogen aniline.15

The existence of signal broadening in the 13C NMR spectra raises the possibility of calculating
average lifetimes of the hydrazone and azo-anion species. The standard practice of variable-temperature
experiments is largely precluded in these systems because of both the temperature dependence of solution
pH and the difficulty of buffering over the pH range 10-14. As an approximate alternative, the linewidths of
nine carbon resonances were measured at pH 10, 12, and 14. If the assumption again is made that the pK,
occurs at pH 12, these linewidths, together with the chemical shift separations, can be inserted into the

following equation for the near-fast exchange regime:16
(T = N (T, ) + Np(Tyn) ! + N2 NG2 (@ - 0 )2 (T4 + 4!
20" =Na(Tz,)" + Np(Tap) ! + N2 Np? (@, - @ )* (T4 +1p) )

where N and Np are the respective mole fractions of the hydrazone and azo species, T,  and Ty, are the
natural linewidths, w, and wg represent the chemical shift separation, T, is the linewidth at pH 12, and 7,
and 1y are the lifetimes. Average lifetimes (1/2 [t, + tg]) were obtained which are in relatively good
agreement with each other (Table 4) and are, for the sake of consistency, also in the range of 0. 1-107 s, where
dynamic NMR effects are observed.6¢ Because the occurrence of dynamic NMR effects is dependent on the
chemical shift separation of individual resonances in exchanging species, the relative amounts of these
interconverting species, and their rate of exchange, it is noteworthy that the 15N NMR signal for N (but not
for Np) is noticeably broadened at pH 14. Even though one would expect only ca. 1% of the conjugate acid
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hydrazone to be present at pH 14, the chemical shift difference for Ny in the hydrazone and azo-anion forms
is apparently so large (vide supra) that the effects of incomplete averaging are observed in this case.

Table 4. Y6 Azo-Hydrazone Average Lifetime Calculations.

Position Wun(pH 10) Wun(pH 14) Wun(pH 12)  AS (H2) 2(ms)

5 34 33 33 26 -2
378’ 34 2.6 3.0 56 -a
8a 1.9 18 43 81 29
4 1.9 2.1 5.2 100 26
4a 18 1.1 9.5 211 1.4
7 32 3.0 12.6 217 1.6
3 4.0 3.6 178 246 19
1 1.7 1.8 ca. 40 454 1.5
276 45 35 68 455 25
6 1.6 2.1 ca. 50 503 1.5
4 49 22 ca. 15 674 1.3
2 1.9 1.6 b 1079 -
I 2.1 28 b 1256 -

®Not exchange broadened. PToo Broad to be observed.
EXPERIMENTAL

The disodium salt of 2-hydroxy-1-[(4-sulfophenyl)azo]-6-naphthalenesulfonic acid (Y6) (Hilton-
Davis) was used without further purification. The B-!15N-labeled isotopomer ([B-15N]-Y6) was prepared by
diazotization of 4-aminobenzenesulfonic acid (Fisher) with Nal>NO; (95 at.% 15N, Merck) and coupling to
6-hydroxy-2-naphthalenesulfonic acid, sodium salt (Hilton-Davis).

Proton, 13C, and 15N NMR spectra were recorded at 400, 100, and 40.6 MHz, respectively, in D0
on a Varian NMR Instruments VXR-400 spectrometer (Table 1). Both proton and 13C chemical shifts are
reported relative to TMS. 15N chemical shifts are reported relative to the 15NO3” resonance; aqueous,
saturated ammonium [15N]nitrate solution was the external standard.

COSY NMR spectra were recorded with a spectral width of 1000 Hz in each domain and with 512
data points in the F2 dimension. A 1H pulse width of 30 s (90°) and a 1-s repetition rate were used to
acquire 512 incremented proton NMR spectra of 64 scans each. Free-induction decays were processed as a
1024 X 1024 matrix with appropriate zero filling and pseudo-echo weighting.

Directly bonded, heteronuclear chemical shift correlation NMR spectra were obtained at 100.6 MHz
(XL-400) with spectral widths of 3150 and 960 Hz in the carbon and proton dimensions, respectively, and
with 256 data points in the 13C dimension. Sixty-four incremented 13C spectra of 32 scans each were
acquired by using 11.5-us (90°) 'H pulse widths and a 1-s repetition rate. Free-induction decays in both
dimensions were processed as a 128 X 512 matrix with appropriate zero filling and modified pseudo-echo
weighting. The value 1J(CH) = 165 Hz was used for calculating the delays A} and A;.
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Long-range, heteronuclear chemical shift correlation NMR spectra were recorded at 100.6 MHz (XL-
400) with spectral widths of 7450 and 960 Hz in the carbon and proton dimensions, respectively, and with
1024 data points in the 13C dimension; 192 incremented 13C spectra of 256 scans each were acquired by
using 11.5-ps (90°) IH pulse widths and a 1-s repetition rate. Free-induction decays in both dimensions
were processed as a 512 X 2048 matrix with appropriate zero filling and modified pseudo-echo weighting.
The value "J(CH) = 7.5 Hz was used for calculating the delays A; and A,, and 1J(CH) = 165 Hz was used
for © in the bilinear rotation decoupling (BIRD)17 pulses.
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