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Equilibrium Constants for Ionisation and Enolisation of 3-Nitrobutan-2-one
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The equilibrium constant for the keto-enol tautomerism of 3-
nitrobutan-2-one Kt = [enol]/[ketone] has been measured in
water as 4.57 X 1073 (pKr = 2.34) by combining the rate con-
stants for ketonisation of the enolate form and pK, of the ke-
tone at 25 °C. The rates of ketonisation were measured by a
rapid kinetic technique and the pK, was determined spectro-
photometrically and potentiometrically as 5.15. A comparison
with 2-butanone and acetone shows a strong influence of the
nitro group in enhancing the acidity of the substrate and in

stabilizing the enol relative to the keto tautomer. By means
of semiempirical AM1 calculations, good correlations were
found between the atomic charge on the acidic hydrogens
and the pK, (in water at 25 °C) of both tautomeric forms for
a number of simple ketones whose pK,s and pKzs are avail-
able in the literature. The agreement of experimental acidity
constants of the enol, pK,F", the ketone, pK,X", and the tau-
tomeric constant, pKr, with predicted values is satisfactory.

Introduction

There have been several recent investigations!!~®! on keto-
enol interconversion and determinations of the tautomeris-
ation equilibrium constants, K, by combining the rate con-
stants for enolisation and ketonisation in basic aqueous so-
lutions. The substrates studied so far were generally acidic
enough to be (about 10-20%) ionised in relatively dilute
(0.5 mol dm3) NaOH in order to follow the ketonisation
reaction of the enol form accurately by stopped-flow tech-
niques. o-Nitro ketones are acid ketones; it has long been
known!”! that, for example, nitroacetone has a pK, of about
5 and this value can be compared with that of acetone
(pK, = 19.16).181 However, kinetic studies on the tautomer-
ism of nitro ketones are scarce.>*! The enol content for
simple derivatives is believed!'] to be very low but “the pau-
city of the data do not make it possible to examine struc-
tural effects on the enol content of a-nitro ketones in de-
tail.”?! g-Nitro ketones are, in principle, an equilibrium
mixture of the tautomeric forms shown in Scheme 1:

a b c
RCOCH(NO,)R' RC(OH)=C(NO,)R' RCOC(R)=NO,H

keto form enol form aci form

Scheme 1. Tautomeric forms of 3-nitrobutan-2-one

It is considered™!! that ¢ can generally be neglected for
practical purposes, probably due to the high acidity of the
aci form in aqueous solutions.
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Ab initio studies!'” on a-substituted acetaldehydes have
shown that electron-withdrawing groups such as the nitro
group destabilize the keto form a and stabilize the enol
form b by electron delocalization and, possibly, by H-bond-
ing. The enol form is also favoured by apolar solvents, while
polar solvents generally favour the keto form, probably due
to its higher dipole moment.l'>'¥1 Furthermore, for ex-
ample, the keto form of a-nitrocyclohexanone is destabil-
ized!'9 by steric hindrance between the substituent and the
carbonyl group, as well as by electrostatic repulsion be-
tween the two polar functionalities.

With this work we have measured the rates of ketonis-
ation of the enolate of 3-nitrobutan-2-one as well as the pK,
of the keto form in water at 25.0 £ 0.1 °C. From the ob-
tained results the pK, of the enol and the keto-enol tauto-
merisation constant Kt could be derived.

We have also performed some AM1 semiempirical calcu-
lations of the atomic charge located on the acidic hydrogens
of both the keto and the enol forms of 3-nitrobutan-2-one
and some related ketones and enols of known pK, (in
water). The charge density values have been correlated with
pK,s for both tautomers. Experimental and calculated
values have been compared.

Results

Ketonisation Reactions in Aqueous Buffers

The rates of ketonisation of the enolate of 3-nitrobutan-
2-one have been measured in chloroacetate, glycolate, and
acetate buffers at different buffer ratios, r = [A]/[HA]. The
concentration of A-, the conjugate base of the buffer acid
HA, was varied over the range 0.6-6 X 102 mol dm™ at
each buffer ratio. In all cases the observed pseudo-first or-
der rate constants k. were measured at different concentra-
tions (in the range 5-400 X 10~ mol dm3) of NaHSO;
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as the scavenger!!>19l of the keto form (see Experimental
Section). The k. values (see Table 1) showed an increase
with increasing [NaHSO;] at low concentration of
NaHSO;, but levelled off to a limiting value at higher
concentration (Table 1 and Supplementary Material:
Table S1).

Table 1. First order rate constants (k) for the reaction of 3-nitrobu-
tan-2-one with bisulfite ion in acetate buffer (r = 1, [AcO] = 0.03
mol dm3) at 25 °C and ionic strength 0.4 mol dm3

[HSO;)/mol dm™3 kJ107! 57!
0.020 0.699
0.030 0.805
0.050 0.915
0.070 1.026
0.100 1.117
0.125 1.208
0.150 1.274
0.170 1.246
0.200 1.281

In the “plateau” region the reaction is zero-order in
NaHSOs;, showing that the ketonisation step becomes rate-
determining and that NaHSOj; indeed performs as a good
scavenger of the keto form of 3-nitrobutan-2-one. Under
these conditions the “plateau” value k', is linearly related
to the molar concentration of HA by Equation (1).

Ke=kot kya [HA] 1

Table 2. Slopes, kya, and intercepts, k., from the plot of the experi-
mental pseudo-first order rate constants (k./s ') of ketonisation of
the enolate of 3-nitrobutan-2-one against concentration of buffer
acid in aqueous solution at 25 °C and ionic strength 0.4 mol dm™3

Buffer r PHeyp  kofs™! kpgal®!
/ dm? mol ! s!

Chloroacetate 0.5  2.88 0.101 (£0.007)  4.96 (£0.17

37312 0072 (£0.002)  5.67 (£0.14)

5 3.43 0.059 (£0.002)  5.79 (£0.29)
Glycolate 1 361 0063 (£0.002) 2.49 (+0.07)

3399 0050 (£0.001) 3.23 (£0.06)

5 445 0047 (£0.001) 3.19 (£0.15)
Acetate 0.5 418  0.051 (£0.002) 1.52 (+0.03)

1 4.42 0.051 (£0.001) 1.52 (£0.01)

[al The concentrations of buffer acid used to calculate kg values
have been corrected allowing for the dissociation of the acid at the
experimental pH values and the ionic strength of the solutions.

The buffer-independent rate constants k, are reported in
Table 2 together with the corresponding pH values of the
solutions. The values of kya (Table 2) are essentially inde-
pendent of the buffer ratios r for glycolate and acetate buf-
fer systems. The (about 16%) increase of kya for chlo-
roacetate buffer on passing from r = 0.5 to » = 5 can be
accounted for by an incomplete correction of the dissoci-
ation of this relatively strong acid in terms of activity coeffi-
cients (see footnote of Table 2). We can therefore conclude
that ki values represent the general acid-catalysed contri-
bution by the undissociated buffer acid HA [Bronsted o =

1642

0.29 from a plot of log kya vs log (1/K,)]. No general base
contribution by the conjugate base A~ was observed as ex-
pected for the reaction of a negatively charged substrate
with an anionic catalyst.

Ketonisation Reactions in Dilute Hydrochloric Acid and pH
Profile

The pseudo-first-order ketonisation rate constants k',
were similarly measured at different concentrations of HCI
(in the range 9-151 X 10* mol dm3) and with NaHSO;
concentrations within the “plateau’” region. The obtained
results are reported in Table 3. By using k, values from
Table 2, k', values from Table 3 and the corresponding ex-
perimental pH values, the pH-profile diagram shown in
Figure 1 could be drawn.
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Figure 1. pH-Profile for the ketonisation reactions of the enolate
of 3-nitrobutan-2-one; the k values are either the buffer-independ-
ent rate constants, k, of Equation (1), measured in the different
buffers, or the experimental k', values determined in dilute HCI
solutions; pH values are those measured experimentally in the dif-
ferent solutions

Table 3. Pseudo-first order rate constants (k') for the ketonisation
of the enolate of 3-nitrobutan-2-one in HCI at 25 °C and ionic
strength 0.4 mol dm3

[HCI}/102 mol dm pHexp k' ofs!

0.0900 3.05 0.078 (£0.001)
0.284 2.55 0.110 (£0.002)
0.583 2.23 0.121 (£0.002)
1,51 1.82 0.126 (+0.002)

Semiempirical Calculations

The adopted procedure for performing the calculations
mentioned in the Introduction was as follows: (i) Only mon-
ocarbonyl compounds with known pK,s (in water) for both
tautomeric forms were chosen; (ii) Preliminary structure
optimisations, search for conformations and optimisation
of their geometries were performed by molecular mech-
anics; (iii) Only conformers within 3 kcal mol™! from the
minimum were selected; (iv) Further optimisation of the
geometries of the selected conformations was achieved by
the AM1 semiempirical method; (v) Charge densities on the
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Table 4. Compounds selected for the semiempirical calculations; (a) keto form, (b) enol form

N. Ketoform  pK.XY Ref. N. Ketoform pK.X! Ref
1 /ﬁ)\ 1927 M ¢ CE’@ 1322 WM
O
2 O/@/E\ 1890 1 17 % 1320 1
CH; I/
3 /@/ﬁ 1880 M 18 @i:fo 1290
O
4 V@/& 1840 M 19 O 'O 12,58 1 (1
5 ©/ﬁ>\ 1831 W 20 (D=0 1220
N 0
6 @vﬁ 1824 W g1 QI 'O 1220
7 1809 M 22 1205 4
I/
8 I/@/ﬁ)\ 1800 M 23 ©\/€ 1152 W
N
C H
Qy
9 /@/E\ 1790 M 24 994 W
Br Ry
10 /ég\ 1761 ™M 25 Oy O 944 M
O
11 O I 1475 B 26 N 902 W
@ S
12 % 1460 M 27 VIR 758 [N
) ®
13 % 1440 © 28 e 690 B4
) ®
S O
14 % 1370 M 29 'O 6.64 1
[ 1 23]
15 L, 1327 30 Rono, s100 0=

[al Averaged value of literature data.

acidic hydrogens were averaged in terms of the Boltzmann
probability of each conformation.

The calculated atomic charges for the compounds of
Table 4(a) and Table 4(b) were plotted against their literat-
ure pK, values. The obtained linear correlations

charge (keto form) = —0.004 pK,XH + 0.1817
charge (enol form) = —0.0072 pK,*" + 0.2934

are shown in Figure 2(a) and Figure 2(b), respectively. Cor-
relation coefficients are: r (ketones, 2a) = 0.973; r (enols,
2b) = 0.951. Standard pK errors are: pK,X™ (ketones) =
0.97; pK,FH (enols) = £0.50. The validation plot of calcu-
lated against experimental pKy values has a correlation co-
efficient r = 0927 and a standard error of =0.85
(Figure 3).
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N. Enol form pKa Ref.
1 ©’°H 11.7 1
2 2 109 W
3 EH 1069 M
4 PH 1034 W

10.34 m

OH [23]
6 () 9.6

7 P 9.0 o6l
.
8 H 8.83 =
NG
9 oH 8.75 24

10 Y ™ 8.5 m

11 8.5 B3]
=
W,
H [24]
12 Hi 59
|/
Discussion

The pH-profile for the ketonisation reaction (see Fig-
ure 1) shows a pH region for apparent H;O* catalysis (2.5
= pH = 3.5) and two regions where the reaction becomes
pH-independent. The pH-independent region at higher pH
is probably due to the complete ionisation of the enol to
the enolate anion and its subsequent reaction with water to
give the ketone. The curve at intermediate pH represents
the H;O" catalysed reaction of the enolate according to
Scheme 2.

The pH-independent region at lower pH corresponds to
the complete conversion of the enolate to the enol form. A
contribution of H;O™ catalysis to the ketonisation reaction
of the undissociated enol was not detected in the investig-
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Figure 2. Linear relationship between charge density and pK, for
both the keto (upper plot) and the enol (lower plot) forms; open
and full symbols refer to compounds reported in Table 4 and
3-nitrobutan-2-one, respectively.
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Figure 3. Validation plot of calculated against experimental pKr
values for compounds reported in Table 5; full symbol refers to 3-
nitrobutan-2-one.
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Scheme 2. H30"-catalysed ketonisation of the enolate (E~ of 3-
nitrobutan-2-one

EH
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ated range of pH values as it is known!! that such a contri-
bution is detectable only at higher H;O" concentrations for
very acidic enols.

As the H;O" catalysed reaction of the enolate E~ is kin-
etically indistinguishable from the “water” reaction of the
enol EH, rate constants for the “water’ ketonisation of the
enolate, k,F = 0.046 s!, and of the enol, k,F" = 0.140
s, and a value of the acidity constant of EH, pK,FH =
2.81£0.10, could be obtained from the best fit of experi-
mental data to the sigmoid curve of Figure 1 by means of
Equation (2).

o+ E
k = 0 H
1+ ((H*]1/ KEH) @)

where kyF = k,FH/K,FH. Owing to the fact that the inde-
pendently measured pK,*PParent = 515 (average value ob-
tained by the spectrophotometric and potentiometric
methods described in the Experimental Section) turned out
to be much higher than pK,*H, the influence of the enol in
the determination of the pK,X" is negligible and the above
value of pK,2PParent can be taken as coincident with the
value of pK,XH. It is interesting that this value of pK, X is
considerably lower than those of typical B-diketones such
as acetylacetone (pK,X" = 8.84)1 and indandione
(pK,*H = 7.41 in 1% methanol/99% water mixture).!'$!

By combining pK,*" and pK,F" the value of the tauto-
meric constant of 3-nitrobutan-2-one ([enol]/[ketone] =
4.57 X 1073; pKt = 2.34) can finally be obtained. This value
is lower than that reported for 2-butanone (pKy = 7.50),1"]
showing that the presence of a nitro substituent, for the
reasons mentioned in the Introduction, effectively increases
the amount of enol in the tautomeric equilibrium of a
simple ketone.

Our semiempirical calculations provide a method for pre-
dicting the acidities (pK, in water) of the keto and enol
forms of simple monocarbonyl ketones. This method is
based on the determination of the atomic charge density
located on the acidic hydrogen of the substrate by following
the steps illustrated in the Results section. Figure 2 shows
that a good linear relationship exists between charge density
and pK, for both the keto [Figure 2(a)] and enol [Fig-
ure 2(b)] forms. The validation curve of calculated pKr
values (according to the equation: pKt = pK,XH — pK,FH)
against literature pKrt values also shows a good correla-
tion (Figure 3).

We conclude that the proposed semiempirical approach
is of some general use in predicting pK, values of simple
ketones and enols which are experimentally not easily ac-
cessible in water, as well as the corresponding tautomeric
constants pKr.

The experimental results obtained for 3-nitrobutan-2-one
(Table 5) can be used to test the validity of our approach.
A comparison of the predicted and experimental values
ApK KT = 0.67, ApK,F! = 0.10, ApKy = 0.57 is satisfact-
ory and provides additional confidence on the semiempir-
ical method.
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Table 5. Comparison of predicted and experimental equilibrium constants for ionisation and keto-enolisation of selected ketones and 3-

nitrobutan-2-one

N. Ketoform pK, pK. ApK, Enolform pK. pKa ApK, pKr pKr ApKr
(KH) Exp. Pred. [E-P| (EH) Exp. Pred. [E-P| Exp. Pred. [E-P|
OH
1 é 18.09 17.55 0.54 Cf 11.7 11.19 0.51 6.39 6.36 0.03
H
2 /ﬁ)\ 19.27 18.55 0.72 /p\ 1094 11.13 0.19 833 7.42 091
H
3 /@:9\ 17.61 19.13 1.52 /@% 10.69 10.76 0.02 692 837 145
H
4 ©/?\ 18.31 18.33 0.02 ©/1 10.34 10.76 0.42 797 7.57 040
5 ©\/ﬁ)\ 18.24 15.65 2.59 mm{ 10.34 9.81 0.53 790 584 2.06
0 OH
6 Q IO 1475 15.00 0.25 O & O 9.6 941 0.19 515 559 044
0
7 O IO 1370 14.50 0.08 [ /H 883 9.58 0.75 487 492 0.05
H
8 12.05 1293 0.88 Z 8.75 8.89 0.14 330 4.04 074
'/ I/
) O OH
9 L 12.58 13.65 1.07 # O 85 933 0.83 4.08 432 024
H
10 % 1440 1428 0.12 P 85 874 024 590 554 036
N/ \_/
H
11 690 6.53 037 > 59 523 067 1.00 1.30 030
l = I =
H
12 /9\‘( 515 582 0.67 /%/ 2.81 291 0.10 234 291 057
02 N02

Experimental Section

Instruments: The kinetic experiments were carried out with a Jasco
V-550 UV/Vis spectrophotometer equipped with a Hi-tech rapid
kinetic accessory for the faster reactions or with a Varian Cary 1E
spectrophotometer. A 93 Radiometer pH-meter was used for the
potentiometric titrations and pH measurements.

Materials: All inorganic salts [NaCl, NaHSOj3] were samples of An-
alaR grade (Aldrich, Merck or Carlo—Erba) and were used without
further purification. 3-Nitrobutan-2-one was prepared and purified
according to reported methods.[20-21]

UV/Vis Spectra: The UV spectrum of an aqueous solution of 3-
nitrobutan-2-one (about 5 X 107> mol dm~3) shows an intense ab-
sorption band (Ayn.x = 315 nm) which slowly disappears after 24
h, presumably due to the hydration reaction of the ketone. This
absorption band strongly increases in alkaline solution (NaOH >
1 X 10* mol dm3) while it immediately disappears upon acid-
ification. In cyclohexane as a solvent this same band is absent. The
above results suggest that the absorbing species in aqueous solution
is the enolate of 3-nitrobutan-2-one, while the enol and keto forms
apparently do not absorb in the same region.

Chemical Tests
Halogen Test: Upon addition of an I,/I;~ (or Br,/Brs™) solution to
a freshly prepared aqueous solution of excess 3-nitrobutan-2-one,
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the dark violet colour of I3~ (or the reddish colour of Br;") suddenly
disappears suggesting that the substrate is present, to some extent,
in its enol and/or enolate form.

FeCl; Test: This test is specific for enols and aci forms. The experi-
ment was performed following a described procedure®? and gave
a positive response, confirming the results of the halogen tests.

Ionisation Constant: The ionisation constant K,*H of 3-nitrobutan-
2-one in aqueous solution was determined spectrophotometrically
at A = 315 nm in glycolate, acetate, phosphate and borate buffers
of different buffer ratios. The obtained value is, in principle, an
“apparent” equilibrium constant due to the possible contribution
of the dissociation of the enol form. A value of pK,Pparent =
5.12£0.15 was obtained as the intercept of the straight line of a —
log I vs pH plot, where I = (A,,.x — A)/A and A and A, are the
absorbances of equimolar solutions of 3-nitrobutan-2-one at the
specified wavelength in the above buffer systems, and of the fully
ionised ketone, respectively. The value of pK,*PParet was also deter-
mined potentiometrically by titrating an aqueous 10> mol dm3
solution of 3-nitrobutan-2-one with standardized 107! mol dm™
NaOH. The potentiometrically measured value, pK,*PParent = 519
+ 0.15 is in satisfactory agreement with that measured spectropho-
tometrically.

Kinetic Measurements: The rate of ketonisation of the enolate form
of 3-nitrobutan-2-one was measured by using NaHSO; as the
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“scavenger’’ of the ketone following a previously described proced-
ure.l'>16] The disappearance of the absorption of the enolate at
315 nm was followed for at least three half-lives at 25.0 £ 0.1 °C in
different buffer solutions and in hydrochloric acid at a constant
ionic strength of 0.4 mol dm3 (NaCl).

The pH of the solution was measured before and after each experi-
ment. A few microlitres of 3-nitrobutan-2-one sampled from a rela-
tively concentrated stock solution in anhydrous dioxane were dir-
ectly added to the cuvette immediately before the experiment in
order to minimize the hydration of the substrate. The initial con-
centration of 3-nitrobutan-2-one was about 10> mol dm 3 in all ex-
periments.

Semiempirical Calculations: Semiempirical calculations were per-
formed on 30 keto and 12 enol forms whose pK, values (in water)
are available in the literature [Table 4(a) and Table 4(b)]. All mo-
lecular mechanics calculations were performed with the MM2 force
field. A conformational search was carried out by the Monte Carlo
stochastic algorithm on internal coordinate system and the minim-
isation method was the PR conjugate gradient as implemented by
the MACROMODEL v. 4.5 program.

The selected conformations (i.e. within 3 kcal mol™! from the global
minimum) were optimised by a semiempirical calculation using the
MOPAC v. 6.0 program and the following keywords: AMI1 EF
GNORM = 0.001 GEO-OK. Coulson's charge densities were aver-
aged in terms of the Boltzmann probability (at 25 °C) of each con-
formation.
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