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Correlation analysis between equilibria for addition of
semicarbazide and hydroxylamine to several carbonyl
compounds and their equilibria for addition of water
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ABSTRACT: Equilibrium constants for semicarbazide and hydroxylamine addition to several carbonyl compounds
are reported and compared with those for addition of water. The results are correlated by the linear free relationship
log K,qq = Sw + B, where w is a measure of the reactivity of a given compound to water addition, S is a measure of the
sensitivity of the examined reactions compared with the model of hydration equilibrium constants and B is a constant
for a given reaction series. Copyright © 2003 John Wiley & Sons, Ltd.
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INTRODUCTION

There is a general consensus that the most reactive
carbonyl compounds to addition of nitrogen nucleophiles
are also the most hydrated in aqueous solutions. This
work was intended to establish a quantitative relationship
between equilibrium constants for addition of semicar-
bazide and hydroxylamine to a series of carbonyl
compounds and their degree of hydration. This relation-
ship is expressed by log K,qq=Sw -+ B, where w is
defined as log K*pya/Khya, K*hya and Kpyq being the
values of the equilibrium constants of water addition to a
given compound and of benzaldehyde respectively, S is a
measure of the sensitivity of the examined series
compared with the model of hydration equilibrium
constants and B is a constant for a given reaction series.

EXPERIMENTAL

Most of the values of the equilibrium constants for
semicarbazide, hydroxylamine and water have been
taken from the literature. Here we describe the evaluation
of the equilibrium constant for the addition of semi-
carbazide to 4-trimethylammoniobenzaldehyde iodide
and the same constant for the equilibrium between
hydroxylamine and 3-nitrobenzaldehyde, data not found
in the literature.
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Materials. 4-Trimethylammoniobenzaldehyde iodide
was prepared by refluxing 4-dimethylaminobenzalde-
hyde with methyl iodide. The product was carefully
recrystallized to a constant melting-point, 157-158°C
(lit.:' 156-157°C). 3-Nitrobenzaldehyde was obtained
commercially. Semicarbazide and hydroxylamine hydro-
chlorides were obtained commercially and purified by
crystallization from ethanol. Solutions of these reagents
were prepared just prior to use to minimize the possibility
of decomposition. Distilled water was used throughout.

Equilibrium constant for addition of semicarbazide to
4-trimethylammoniobenzaldehyde iodide. This con-
stant was determined spectrophotometrically at 283 nm,
30°C, ionic strength 0.5 (KCIl), pH 8.13 in 0.125M
phosphate buffer. An average of 30 determinations were
made. The equilibrium constant was obtained from the
negative intercept of a plot of 1/AA°., vs 1/[amine]s,. A A
value of 15 4= 0.2 was obtained.

Equilibrium constant for addition of hydroxylamine to
3-nitrobenzaldehyde. This constant was determined
kinetically in 0.125 M phosphate buffer, at pH 6.52, ionic
strength 0.5 (KCl), 30°C, at 253 nm, from the depen-
dence of pseudo-first-order rate constants for oxime
formation, kyps, on the concentration of hydroxylamine
free base, at concentrations between 3.16 x 107> and
507 x 1072M. A plot of 1/ky,s against 1/[amine]g, yields
an excellent straight line. The equilibrium constant, K44,
was determined from the negative intercept on the
abscissa. A value of 96 =6 M~ was obtained.
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Figure 1. Logarithmic relationship between equilibrium constants for the addition of hydroxylamine and semicarbazide to a
series of carbonyl compounds and w, the ratio of the equilibrium constants for hydration K*p,o/Knyq. @, Semicarbazide; @,

hydroxylamine

RESULTS AND DISCUSSION

Figure 1 shows plots of the logarithms of the addition
constants for the addition of semicarbazide and hydro-
xylamine to several carbonyl compounds against w,
defined as log K*pyq/Knya, Where K*p, 4 and Kjyq are the
values of the equilibrium constants of water addition to a
given carbonyl compound and of benzaldehyde respec-
tively. Equilibrium constants for the addition to the
unhydrated forms of the series of carbonyl compounds
from this work and the literature are summarized in Table
1. These equilibrium constants, K,qq, Were calculated
from the equilibrium constants for addition to hydrated
plus unhydrated substrates, K**P, according to the
equation,

Kaga = K*P(1 4+ K" pya) (1)

where K*,4 is the equilibrium constant for hydration.

Note in Fig. 1 the good correlation of the experimental
points in both series of reactions (r = 0.99 for both lines),
and also the modest difference that the addition constants
show with the large change in amine basicity. This is in
accord with previous findings® and indicates that the
equilibrium constants for addition of amines to the
carbonyl group are not strongly dependent on the basicity
of the amine. These good correlations have a practical
value, as they permit the evaluation of addition constants
for the addition of semicarbazide or hydroxylamine to
carbonyl compounds when their degrees of hydration,
measured under similar conditions, are known.

The fact that both series of the reactions examined
have S values near 1 (semicarbazide=0.96 and hy-
droxylamine = 1.00) means that they show the same
sensitivity to the substituent effects as do the hydration

Copyright © 2003 John Wiley & Sons, Ltd.

equilibria, which is not surprising and is the expected
behavior when a model reaction, in this case hydration, is
very similar to the examined reactions. In all equilibria,
an sp> carbon in the reactants is converted to an sp’
carbon connected to two electronegative atoms in the
product, hence the energy difference between the
products should be small, and it is the energy content
of the reactants that principally is responsible for the
value of K,qq; since the carbonyl compounds examined
are common with those of hydration reactions, the values
of the K44 are only a consequence of the nucleophilicity
of the amines, and as this factor is constant along the
series it therefore determines the slopes of the lines. With
this argument it is easy to understand that both series of
reactions show the same sensitivity.

In an earlier study, Sanders and J encks? noted that the
addition of several nitrogen nucleophiles to formalde-
hyde, 4-pyridinecarboxaldehyde and 4-chlorobenzalde-
hyde showed the same sensitivity to the affinity of amines
towards the carbonyl group. The relationship was
expressed by log K,qq=Avy+ A, where y was defined
as a measure of the ability of a given nucleophile to add to
the carbonyl group, and its values were calculated from
log Kyx/Ky,NCH3, where Kyx and Ky NCHj represent
the values of the addition constants of a given amine to 4-
pyridinecarboxaldehyde and of methylamine, respec-
tively, A is a measure of the sensitivity of a particular
carbonyl compound to the affinity of amines toward the
carbonyl group and A is a constant for a given reaction
series. Note that the chosen model is again a reaction of
addition to the carbonyl group: constants of addition of a
given amine to 4-pyridinecarboxaldehyde. The differ-
ence between the study presented here and the relation-
ship proposed by Sanders and Jencks” is that y is a
measure of the affinity of a given amine to add the
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Table 1. Values of equilibrium constants for the addition of water, semicarbazide and hydroxylamine to carbonyl compounds

Kaddb (M’l) (semicarbazide)

Kaaa® (M) (hydroxylamine)

C

Carbonyl Compound K*4yq" (Water) w

2-Quinolinecarboxaldehyde® 154° 1.27 x 10" 4.15
2-Pyridinecarboxaldehyde® 778 ' 5% 10* 3.85
4-Pyridinecarboxaldehyde® 528 9 x 10™ 4 x 10* 3.67
3-Pyridinecarboxaldehyde® 5.1% 52 % 10" 2.67
Pyruvic acid 1.86 3.5 x 10°* 2.23
Methyl pyruvate 2.8 2.7 x 10°™ 241
4-Pyridinecarboxaldehyde 1.53¢8 2.78 x 10> 1.2 x 10° 2.14
2-Quinolinecarboxaldehyde 1.47° 8.25 x 10 2.13
2-Pyridinecarboxaldehyde 0.5018 3.30 x 10* 1.66
4-Nitrobenzaldehyde 0.25° 5.01 x 10P 1.53 x 10% 1.36
3-Pyridinecarboxaldehyde 0.1048 1.06 x 10™" 0.98
3-Nitrobenzaldehyde 0.08" 2.1 x 10P 10.37 x 10 0.86
4-Trimethylammoniobenzaldehyde iodide 0.11° 1.67 x 10 8.72 x 101 1.00
Pyruvate anion 0.087 1.09 x 10" 6.3 x 10 0.90
4-Chlorobenzaldehyde 0.016" 4.21P 2.4 % 109 0.16
Benzaldehyde 0.011° 1.45° 1.76 x 101 0.00

* K*pyq = [hydrate]/[aldehyde].

® All K,qq values have been corrected by the equation K,qq = K*"P (1 + K¥*pyq).
w =log K¥,ya/Kpyq (K*hya and Kyyq are the values of water addition to a given compound and benzaldehyde, respectively).

c

9 Conjugate acid.

¢ Ref. 5.

" Ref. 6.

2 Ref. 7.

" Ref. 8.

' Taking as a model 4-formyl-1-methylpyridinium ion.’
J Ref. 10.

" Ref. 11.

! This value was calculated at 30° from Ref. 12.
™ Ref. 13.

" Ref. 2.

© Ref. 14.

P Ref. 3.

9 Ref. 4.

" Ref. 15.

* Ref. 1.

' Ref. 16.

carbonyl group and w is a measure of the affinity of a
given carbonyl compound to water addition. The results
in both studies indicate that there is no difference in
sensitivity to the carbonyl compound or amine used.

The advantages of using values of w instead of
Hammett ¢ values are that they permit a comparison of
addition constants of carbonyl compounds not struc-
turally related to benzenoid molecules and they avoid the
unwanted negative deviation observed in Hammett plots
when resonance effects on substrate stabilization are
present.**
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