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AN UNEXPECTED LINEAR BR@NSTED CORRELATION

KLAUS D. BAUMANN, INES M. C. BRIGHENTE, MOACIR G. PIZZOLATTI AND ROSENDO A. YUNES™

Departamento de Quimica, Universidade Federal de Santa Catarina, Campus Universitdrio, Trindade, 88040-970,
Floriandpolis, SC, Brazil

The reaction of barbiturate and 1,3-dimethylbarbiturate ions with o0-, p- and 2,4-dinitrobenzaldehyde was
studied. The reactions of barbiturate anion with o- and p-nitrobenzaldehyde exhibit a pH-rate profile different
to that the corresponding to the reactions of barbiturate and 1,3-dimethylbarbiturate ions with 2,4-
dinitrobenzaldehyde. The dependence of the rate constant on the viscosity of the medium in the pH range 2-4,
for all the reactions, indicates the contribution of a diffusion-controlled proton transfer from the hydronium ion
to an addition intermediate, T, in the rate-determining step. Surprisingly, in the reaction of 2,4-
dinitrobenzaldehyde with barbiturate and 1,3-dimethylbarbiturate anions, the Brgnsted plot for general acid
catalysis for carboxylic acids of pK, between 2 to 5 gives a linear relationship with a=0-707 (r=0-991),
whereas a =0 is expected, considering the pK, of the addition intermediate T ~. On the other hand, the point for
the rate constant, considering water as a general acid catalyst, falls approximately 10° times above the
corresponding Brgnsted line. The tautomerism existing in the intermediate T~ permits these surprising facts to

be explained.

INTRODUCTION

Reactions of carbonyl compounds are important in
synthetic chemistry and in biochemical processes. Thus,
the reactions between nitrogen bases and carbonyl
compounds were considered as simple models for
enzymatic reactions involving the formation of imine
intermediates, as in the case of aldolases, decarbox-
ylases, etc.!

Barbituric acid derivatives are a well known class of
compounds having different pharmacological activities.
The ionization of barbituric acids is thought to influence
their conformational and biological properties.?

The kinetics, mechanism and catalysis of the reac-
tions of nitrogen nucleophiles and some carbonyl

compounds have been widely studied.? The mechanisms
involved in product formation are complex, involving
different rate-determining steps under different condi-
tions: nucleophilic attack, proton transfer and
dehydration.** However, the reaction of barbiturates as
nucleophiles with carbonyl compounds has been little
studied. Nikolov and Poneva,® on the basis of spectros-
copic data, suggested a simple two-steP mechanism.
More recently, Girgis and El-Shahawy’ suggested a
mechanism with rate-determining attack of the barbitu-
rate on the protonated benzaldehyde.

In the light of these observations, we studied the
reaction of barbiturate and 1,3-dimethylbarbiturate ions
with o0-, p- and 2,4-dinitrobenzaldehydes to give ben-
zylidenebarbituric acid, as shown in Scheme 1.
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EXPERIMENTAL

Materials. The organic reagents employed were
commercially available products and were either
redistilled or recrystallized. Inorganic chemicals and
carboxylic acids used in buffers were of reagent grade
and were used without further purification.

Kinetics. The reaction of the carbonyl compounds
with barbituric acid and 1,3-dimethylbarbituric acid in
water at 25-0°C, ionic strength 1.0 M (NaCl), was
observed on a Varian DMS 80 spectrophotometer,
equipped with a thermostated cell holder, by monitor-
ing the formation of the product at 355 nm. A sufficient
excess of barbiturate ions (6-0x107*M) was
employed to ensure pseudo-first-order kinetic behav-
iour. The concentration of aldehyde did not exceed
3-33x107* M.

The determinations of the rate constants were
carried out using established procedures.® Reactions
were followed for three half-lives (¢,/,) and first-order
rate constants (k,,) were calculated by computer.
Second order rate constants (k,) were calculated by
dividing the first-order rate constants by the concentra-
tion of the free nucleophile (k, = k,,/[Nu~]), and the
concentration of the free nucleophile was calculated
using the Henderson—Hasselbalch equation
(pK,=pH + log[NuH]}/[ Nu~]).

Third-order rate constants were obtained from the
slopes of plots of second-order rate constants (k,)
against the concentration of catalytic species.

To determine the nature of the buffer catalysis, third-
order rate constants, using acetic acid—acetate buffer,
were determined and plotted against the molar fraction
of free acid for several different concentrations and a
least-squares fit was made (plots not shown). The right-
hand intercept gives the value of the catalytic constant
for the acid component of the buffer (k,, see Table 2)
whereas the left-hand intercept (where the fraction of
free acid is zero) is zero.

General acid catalysis for these reactions was deter-
mined for cyanoacetic acid, chloroacetic acid, formic
acid and acetic acid, working at a pH corresponding to
the pK, of the catalyst [pK,=pK, determined
previously >~% under the experimental conditions of this
study: water, ionic strength 1.0 M (NaCl), 25°C]. The
pK, values are 2.33, 2.70, 3.63 and 4-60,
respectively,*’

The Brgnsted correlation coefficient was obtained
from the plot of catalytic rate constants vs pK,’ of the
acids, using statistical correction.

The pK,s of barbituric acid and 1,3- dlmethylbarblt-
uric acid are 3-98 and 4-69, respectlvely

The method of Sayer and Edman® was used to deter-
mine rate constants at apparent pHs and the pK, of
barbituric acid in 50% aqueous glycerol and ionic
strength 1-0 M (pK,' = 3-86).

PK, Calculation. The pK, of the negatively charged
oxygen of the T~ intermediate can be calculated con-
sidering that it is the conjugate base of an alcohol.
Alcohols can be regarded as being derived from carbox-
ylic acids by replacement of an oxygen atom by two
hydrogen atoms, so alcohols and acids would be
expected to show similar effects of substituents on pK,
values.

The pK, of the T~ intermediate based on the pK, of
15-9 for ethanol' can be calculated using the correc-
tion for the CgH,-2,4-(NO,), (6™ =1-88)" and for the
complex barbiturate nucleus (o* =1-92)"' that is
calculated from CHO (6*=2-15)"" and from -
NHCONH, (a =1-31)," which should contribute in a
similar way to — NHCONH - of the barbiturate ion.
The total effect would be 2-15+2-15+0-52=4.82
(0-52 is the effect of the — NHCONH - group con-
sidering the attenuation factor for the carbonyl group of
0-4). The attenuation effect of one carbonyl group on
the other carbonyl group is not considered because it
should introduce a negligible error. The attenuation
effect of C-2 with respect to C-1 gives
4.82x0-4=1-92. As the acidities of substituted
alcohols have been satisfactorily correlated with a
value of p*=-1-32," then pK,=15-9-1:32
(1-88 +1-92) = 10-89.

The pK, of the hydroxy group as an acid for the
hydroxydioxo structure is estimated to be similar to that
of dimedone (pK, = 5-23)."2
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Figure 1. pH dependence of the logarithms of second-order

rate constants for the reaction between barbituric acid and p-

nitrobenzaldehyde in water at 25 °C and ionic strength 1-0 M.

The reaction of barbiturate anion with o-nitrobenzaldehyde,
which has a similar profile, is not shown
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RESULTS AND DISCUSSION

Reaction of barbiturate anions with o- and p-
nitrobenzaldehydes

The pH-rate profile for the reactions of barbiturate
anion with o- and p-nitrobenzaldehyde shows complex
behavior between pH 0 and 6, as indicated in Figure 1.
The presence of a break at pH 5-5 is clear, but there is
no definitive break at low pH. A similar kind of pH-rate
profile is observed in the mechanism for the formation
of a neutral tetrahedral addition intermediate from
carbonyl compounds and nitrogen nucleophiles® when a
concerted process (I) is favourable with respect to a
stepwise pathway (II) according to Scheme 2, where the
nitrogen nucleophile was substituted by a carbanion,
considering that their behaviour should be similar.

In this case, the profile exhibits only one negative
break corresponding to the transition from the

——— H—C:

rate-limiting attack of the nucleophile on the carbonyl
compound at low pH to the hydronium ion-catalysed
dehydration of the addition intermediate at moderate
pH. It was demonstrated® that the pH-independent
reaction occurs by a stepwise mechanism involving rate-
limiting solvent-catalysed isomerization of T~ (see
Scheme 2).

In the case of the reaction of barbiturate anion with p-
nitrobenzaldehyde, the solid curve was calculated
employing equation (1) on the basis of Scheme 2,* with
the assistance of the rate constants in Table 1 (Figure 1).

o Ut + K kK gkal!
> kaH* + K, ko + K,gksaH"*

where k,=the observed second-order rate constant (in
terms of carbanion free base) for the benzylidenebarbit-
uric acid formation at zero buffer concentration. It
involves the second-order rate constant for the addition
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Table 1. Rate and equilibrium constants for benzylidenebarbituric acid formation from substituted benzaldehydes™®

Reaction k¢ k, Kk, K.k, K,
(dm® mol2s7") (dm* mol~2s™) (dm®mol%s™") (dm’ mol2s7!) (mol™)

2,4-Dinitrobenzaldehyde 5-62x 10? 1.00 x 10? 1-78 x 10* 1.12 1-78 x 10°¢

with barbituric acid

2,4-Dinitrobenzaldehyde 5-62x 10° 6-31 x 107 1-00 x 10° 251 1-00x 107°

with 1,3-dimethylbarbituric

acid

2-Nitrobenzaldehyde 5-62 % 10% 3-16

with barbituric acid

4-Nitrobenzaldehyde 1-99 x 10° 3.84

with barbituric acid

*Water, 25 °C, ionic strength 1-0 M (NaCl).
®In most cases the data agree to within 3%.
¢See Scheme 2.

step (kq=kaH*+ K k;) and the second-order rate
constant for the dehydration of the addition intermediate
step (kgn = ksaH* Ko/ 1 + ksaH K ).

The term Kk, which corresponds to the solvent-
catalysed proton transfer in the tetrahedral addition
intermediate T~ (see Scheme 2), was calculated taking
into consideration the small pH-independent region
existing between pH 4-0 and 4-5. It is observed that the
experimental values do not correspond to the theoretical
curve between pH 2 and 6.

Considering that this difference might be caused by
the participation of a rate-determining proton transfer
from the hydronium ion to the addition intermediate T,
formed from the attack of barbiturate ion on the car-
bony! compound (see Scheme 2), the effect of the
solvent viscosity (50% aqueous glycerol) was studied in
this region. Water and glycerol form relatively ideal
mixtures'” and it has been demonstrated that the
increase in viscosity, increasing with proportion of
glycerol, decreases the rate of diffusion-controlled
reactions but has little effect on non-diffusion-limited
reactions.'* The retardation expected can be calculated
from the relation ky,o/kpy. = Maye/ Ms0, Which is 6-03 in
50% aqueous glycerol without added salt."® The relation
kyyo/ kgye = 3-56 obtained at pH 1-51 in the reaction of
4-nitrobenzaldehyde and barbiturate ion indicates
clearly that some contribution of a diffusion-limited step
exists in the mechanism of this reaction.

The importance of pathway Il relative to I is determined
by the stability of the intermediate T~ relative to the
transition state for the ‘concerted” mechanism of pathway
I. The contribution of the hydronium ion proton transfer to
the intermediate T~ in the rate-determining step of the
above mentioned reactions indicates that the intermediate
T~ is relatively stable with respect to the transition state of
the ‘concerted’ mechanism. For this reason, the reaction
between 2,4-dinitrobenzaldehyde and barbiturate ions was

studied, assuming that the two nitro groups should
stabilize the intermediate T~ more than the transition state
of the ‘concerted’ mechanism, considering both polar and
electronic effects.

Reaction of barbiturate ions with 2,4-
dinitrobenzaldehyde

The profiles of the reactions of barbiturate and 1,3-
dimethylbarbiturate anions with 2,4-dinitrobenzalde-
hyde are similar to those of methoxyamine and p-
nitrobenzaldehyde,* showing clearly the presence of two
breaks at ca pH 2:0-3.0 and 5-0-7-0 approximately, as
shown in Figure 2. This kind of profile with two nega-
tive breaks is also observed with amines of moderate
basicity and moderate equilibrium constants (K,y) for
addition intermediate formation® (Scheme 2).

The profile exhibits two negative breaks and five
kinetically significant regions which correspond to
major contributions from the observed rate constants k,,
k,, K.k, Kk, and K k; (see Scheme 2). The five
regions are (i) at pH lower than 2.0, the concerted
pathway for the hydronium ion-catalysed attack of the
barbiturate ion on the carbonyl group (k;), (ii) between
pH 2-0 and 3.0, the uncatalysed attack (k,), (iii)
between ca pH 3-0 and 5-0, the proton transfer from the
hydronium ion to the T~ intermediate (K,k;), (iv)
between pH 5-0 and 7.0, the solvent-catalysed
intramolecular proton transfer in the intermediate
(K, ky), and (v) above pH 6, the region of hydronium-
catalysed elimination of the hydroxide ion.

Steady-state treatment of the mechanism in Scheme 2
yields equations (2) and (3) for product formation in the
regions where the addition intermediate formation and
elimination of the hydroxide ion, respectively, are the
rate-determining steps. The theoretical curves were
calculated with the assistance of the rate constants in
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Figure 2. pH dependence of the logarithms of second-order
rate constants for the reaction between 1,3-dimethylbarbituric
acid and 2,4-dinitrobenzaldehyde in water at 25 °C and ionic
strength 1-0 M. The reaction of barbiturate anion with 2,4-
dinitrobenzaldehyde, which has a similar profile, is not shown

Table 1, and the experimental values correspond to the
calculated curve (Figure 2).

ky = koK aksaH' kg + K 4ksaH" (2)

where k, = observed second-order rate constant (for free
carbanion), and

kad = klaH+
+ oK Ky + K kyaH") ks + K ks + K kyaH*  (3)

Consequently, according to this mechanism in the
region of the hydronium-catalysed proton transfer to the
intermediate T~ (between pH 3 and 5), the effect of the

viscosity gives ky,o/ky,=6-2, which is the value
expected for a diffusion-controlled process.’

In this region, experimental general acid catalysis is
observed. If a simple proton transfer is rate determining,
it was predicted" that the Brgnsted slope will give an
‘Eigen curve’ with a =0 when this proton transfer is in
a thermodynamically favourable direction and a appro-
aching —1 as the reaction becomes thermodynamically
unfavourable with increase in the pK, of the acid
catalyst.

In this case, considering the pK, of the intermediate
T~ formed by the attack of the barbiturate ion on the
carbonyl compound (pK, calculated=10-89), it is
surprising to observe that the Brgnsted plot among the
logarithms of the catalytic rate constants as a function of
the pK, of the carboxylic acids gives a linear relation-
ship with a=0-707 and r=0-991 for the barbiturate
anion and a = 0-846 and r = 0-975 for the 1,3-dimethyl-
barbiturate anion (Table 2). Further, two particular
aspects should be noted.

(i) First, the points corresponding to the catalytic rate
constant for the hydronium ion show a negative deviation
of 14-fold for the reaction of barbiturate anion with 2,4-
dinitrobenzaldehyde and a negative deviation of 53-fold
for the reaction between 1,3-dimethylbarbiturate anion
and 2 A4-dinitrobenzaldehyde (Figure 3). On the other
hand, it is known that the proton exhibits a positive
deviation of 10—50-fold from the line of diffusion-limited
proton transfer.'® This indicates that the negative devia-
tion of the hydronium ion catalytic rate constant from the
Brgnsted line corresponding to the carboxylic acid is
significant, suggesting that the carboxylic acid catalytic
effect must take place via a different mechanism to that
indicated for the hydronium ion, which is for diffusion-
controlled proton transfer to the intermediate T ™.

(ii) Second, the rate constants corresponding to a
mechanism where water is considered as the general
acid show a positive deviation of 2-05 x 10°-fold from
the corresponding point in the Brgnsted line for the
reaction of the barbiturate anion with 2,4-dinitroben-

Table 2. General acid catalysis of benzylidenebarbituric acid formation from 2,4-dinitrobenzaldehyde
in proton transfer step.>”

Log k. /p
1,3-Dimethylbarbituric
Catalyst pK,+log p/q Barbituric acid acid
Hydronium -1-26 3.77 4.52
Cyanoacetic acid 2:03 2-68 3.68
Chloroacetic acid 2:40 2:21 2-99
Formic acid 3.33 1-74 2:21
Acetic acid 4.30 0-98 1.67

*Water, 25 °C, ionic strength 1-0 M (NaCl).
®In most cases the data agree to within 3%.
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Figure 3. Brgnsted plot for general catalysis (in the region of
pH = 3-5) of the reaction between 1,3-dimethylbarbituric acid
and 2,4-dinitrobenzaldehyde in water at 25°C and ionic
strength 1-0 M. The reaction between barbituric acid and 2,4-
dinitrobenzaldehyde, which has a similar plot, is not shown

zaldehyde and 5-55 x 10%-fold from the Brgnsted line
for the reaction of 1,3-dimethylbarbiturate anion with
2,4-dinitrobenzaldehyde.

How is it possible to explain this remarkable positive
deviation? Millefiori and Millefiori'” have shown that in
the case of the S-nitro derivative of barbituric acid, the
tautomeric dioxo-hydroxy form prevails over the trioxo
form, and that in the dioxo-hydroxy form there should
exist an intramolecular hydrogen bond between the
hydroxy and the nitro groups.

In the case of the T~ addition intermediate of the
reaction under study, the large deviation observed of the
value of the rate constant that would correspond to a
mechanism of water-catalysed reaction could be
explained by a mechanism in which the intermediate T~
tautomerizes to the predominant dioxo-hydroxy form,
permitting strong hydrogen bonding in a six-membered
ring between the hydroxy group of the barbiturate group
and the negatively charged oxygen atom of the ben-
zaldehyde as a first step for a subsequent rapid

K. D. BAUMANN ET AL.

intramolecular proton transfer. This idea is supported by
consideration of the pK, values of the hydroxy group
and the negatively charged oxygen atom, which were
calculated to be 5-6 and 10-89, respectively. This
mechanism may also give some insight into the mechan-
ism of some enzymes, e.g. the general acid—base
catalysis by imidazole of His-57 of chymotripsin.'

The fact that a+0 in the region of pH 3-5 of the
Brgnsted plot for carboxylic acids, which would be
expected from the pK, of the addition intermediate T~
(pK, = 10-89), could be explained if the proton transfer
were not diffusion controlled. It seems probable that the
proton transfer from the carboxylic acids to the
intermediate T~ occurs together with the tautomeriz-
ation of the intermediate in same kind of ‘concerted’
mechanism. Eigen'? has established that ‘if the acid and
its conjugate base differ in their electron distribution
and molecular structure, i.e. if the recombination with
H* or OH " is associated with a resonance or tautomeric
transformation, then the reaction rates may be relatively
slow’. Hence this explains why the proton transfer is
not diffusion controlled and why the ‘Eigen curve’ is
not observed in the Brgnsted correlation as in other
cases.

The proton transfer of the carboxylic acid to the
addition intermediate T~ could be similar to that for the
addition of a proton of HBr to 2-methyl-1,3-
diphenylpropane-1,3-dione and to 2,2-dimethyl-1,3-
diphenylpropane-1,3-dione, where the proton is first
located between the keto groups in a very strong
intramolecular hydrogen bond.' This implies that some
break of the carbonyl double bond and some double
bond formation between the carbon atoms should exist
in the transition state, as is indicated in Scheme 3.

The present studies have the following implications:
(a) they show the importance of the study of differences
and similarities in the reactions of nitrogen bases and
carbanion ions with carbonyl compounds; (b) the
existence of a special behaviour of the Brgnsted rela-
tionship that indicates that its analysis is not trivial; and
(c) The notable effectiveness of the tautomeric catalysis
in the spontaneous reaction region. This leads to the
consideration that a detailed study of its mechanism may
give an insight into why enzymes are such effective
catalysts.
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