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Abstract: The decarboxylation di-carboxy-2-imidazolidinone has previously been established as a model for the
transfer of carbon dioxide from(1')-carboxybiotin. The present paper reports the pH-dependence of the reaction

as well as the acceleration of the reaction in methanol and in acetonitrile. These results suggest that enzymic reactions
of N(1')-carboxybiotin in a hydrophobic active site with decreased hydrogen bonding can be rapid if the energy of
desolvation is compensated by the energy made available by association of the substrate and protein. In addition,
a report on the decarboxylation Nfcarboxy-2-imidazolidinone in organic solvents containing macrocycles (Kluger,

R.; Tsao, B.J. Am Chem Soc 1993 115 2089-90) must be reinterpreted on the basis of the inherent instability

of the substrate under the reaction conditions.

The transfer of carbon dioxide from the enzymic intermediate to a reactant through desolvatibh. The energy for this
N(1")-carboxybiotin to a carbanionic acceptor is a key step in desolvation can be derived from coupling of favorable binding

biosynthetic carboxylation pathwaysKnowledge of the re-
activity patterns oN(1')-carboxybiotin can reveal the potential
catalytic functions in an enzymic pathway associated with this
intermediatéz. Caplow and Yager uselN-carboxy-2-imidazo-
lidinone (1) to model the reactivity expected foN(1')-
carboxybiotin?
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They observed that the species is relatively unreactive. If
the reactivity ofN(1')-carboxybiotin is similar, an enzyme would

interactions between the substrate and the enzyme. Could such
a mechanism contribute to increased reactivity NfL')-
carboxybiotin upon the binding of substrate? In order to
consider this possibility, we have extended the studies of Caplow
and Yaget to find the effects of the reaction medium on the
stability of N-carboxy-2-imidazolidinonely).

Experimental Section

General. Chemicals and reagents obtained from commercial
suppliers were of the highest available grade. Liquids were distilled.
UV spectra were recorded with a double-beam spectrophotometer
employing a double-pass monochromator to minimize noise at high
absorbance.!H NMR spectra were recorded at 200 MHz whif€
NMR spectra were recorded at 100 MHz (chemical shifts for carbon
refer to dioxane at 67.4 ppm). pH measurements were done with a
meter equipped with a combination electrode. IR spectra were
performed on a FT instrument. Kinetic data were fit to integrated rate

have to utilize Catalytic functions or alter the structure of the expressions by nonlinear regression on a computer.
cofactor to make it more reactive. Since the formatiohf)- Synthesis. N-carbomethoxycarbonyl-2-imidazolidinone was pre-
carboxybiotin on an enzyme may occur in the absence of anpared according to the published procediife. The product was
acceptor substrate, this stability may be necessary to preventrystallized from water: mp 173175 °C; *H NMR (CDCl;) 6 3.51
abortive reactions in which carbon dioxide is transferred to and 3.93 (m, 4H~CH,CH,—), 3.86 (s, 3H,~—OCHs), 6.45 (broad,
solvent water rather than to a metabolic acceptor. Wallace, 1H, NH); **C NMR (CDCLs) 6 36.84 and 43.31 (NCH,CH,—N),
Keech, and co-workers showed that in pyruvate carboxylase, aigg'ge 1&7%%2%1152.50 (N-CO-0), 156.31 (N-CO-N); IR (KBr)
typical biotin-dependent enzyme, the reactivity bf1')- ' i . . .
carboxybiotin is altered once the acceptor substrate (or its N-Carboxy-2-imidazolidinone 1) was obtained by hydrolysis of
. ! L . -methoxycarbonyl-2-imidazolidinorfe The ester (0.13 g, 0.9 mmol)
analogue) is bountl. The mechanism for such activation is

) was suspended in 10 mL of water. Potassium hydroxide solution (1.8
unknown although several schemes have been suggested involviy,| 1 M) was added with stirring. After 15 min, the solution was

ing structural changes in the protein and COfaéﬁff: An freeze-dried. NMR analysis revealed that the residue is an 80:20
alternative utilization of a structural change in a protein is one mixture ofN-carboxy-2-imidazolidinone and 2-imidazolidinone. Since
that leads to specific stabilization of a transition state relative decarboxylation oN-carboxy-2-imidazolidinone is slow under these
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Figure 1. Log of observed rate constant for decarboxylatiorl afs
a function of solution acidity (water, 25%; see Experimental Section).

36.99 and 45.06 (NCH,CH,—N), 158.25 (N-CO,"), 161.38 (N~
CO—N); IR (KBr) 1661, 1723 cm™.

Kinetics. Solutions ofN-carboxy-2-imidazolidinone (0.005 g in 0.2
mL of water) were stored on ice and kept for no longer than 8 h.
Samples contained about 20% of the decarboxylation product, 2-imi-
dazolidinone (from the initial preparation). Since the decarboxylation

reaction is first order in substrate and is irreversible, the presence of
the product does not affect the results. Reactions were maintained at

25.0°C with a circulating bath. Portions of the solution (0.005 mL)
were added by microsyringe to 3 mL of 0.010 M buffer (ionic strength
maintained at 0.1 with potassium chloride). The decarboxylatidh of

was monitored by observing the decrease in absorbance at 200 nm.
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in Figure 1. The curve contains a concave upward turn. This
curve requires the existence of two mechanisms for the
conversion, with each dominant in a different range of acidities.
On the basis of the structure dfit is reasonable to expect that
these mechanisms are (1) reaction of the neutral, undissociated
form of 1 (shown as “SH” in Scheme 1) leading to a transition
state with no net change in protonation and (2) reaction via a
transition state at the same state of protonation as the conjugate
base ofl (“S” in Scheme 1).

Thus, the rate data were fit to the expression (points at high
acidity show a small upward deviation that may indicate acid
catalysis but the term is too small to evaluate with certainty):

v =KypdSly = K[SH] + K[S] 1)

The observed first-order rate coefficientkis,s and [S} is
the concentration dfl-carboxy-2-imidazolidinone in the reaction
solution. The values for the rate constants that give a best fit
to the data were sued to generate the plot relaktipgto pH.
Scheme 1 summarizes the kinetic terms and formal mechanisms.

The relationship betweédky,s and the specific rate constants
in eq 1 was obtained by substituting the value of the acid
dissociation constant df-carboxy-2-imidazolidinone and the
conservation expression.

The double-pass monochromator instrument was necessary for these

measurements due to high background absorbance at this frequency.

Acetate buffers were used at pH 3.5.2, MES at pH 5.56.8, HEPES
at pH 7.0-8.0, BICINE at pH 8.2-9.0, and phosphate at pH 4Q2.
The data were fit to the integrated first-order rate equation by nonlinear
regression.

Kinetics utilizing *H NMR were conducted at the temperature of
the instrument’s probe (22C) in 0.6 mL of phosphate buffer (0.5 M
in DO, pD 9.0). Spectra were recorded at intervals, and relative

concentrations were estimated from the integrals and normalized agains

the residual HDO peak at 4.85. The reaction was followed by
measuring the integrated intensity of the signals from the produktt at

L

[Sl = [SH] + [S] )
Ka = [SIH V/[SH] 3)
Kops = (K[H T + KK)/(H +Kp) )

At pH > 8, the rate of reaction is independent of pH. This
is consistent with a mechanism in which carbon dioxide is lost
from the ionized form of the substrate S. The simplified rate
expression for the observed rate coefficient under these condi-
tions iskops= k' = 5.2 x 10°°s™L. Below pH 8, the reaction
increases in rate with increasing acidity. At pH8, the rate
is proportional to acid concentratiokyfs= k[H")/Ky), requiring

3.38 and 3.82. This was accompanied by the disappearance of thef€action via a neutral transition state. The acidity constant

signal of the reactant af 3.50.

(5.6 x 1075, pK; = 4.2) andk (= 0.35 s'1) were obtained from

Rate data for the reaction in other solvents were collected under the & self-consistent fit of the data to eq 4.

conditions described for aqueous reactions monitored with the UV

Studies of solvent effects on reactions were conducted in

spectrophotometer. Methanol and acetonitrile in aqueous mixtures werecombinations of organic solvents and aqueous solutions at pH

used for observation of solvent effects. Reactions were initiated by
adding a stock solution containing the substrate (typically 0.005 mL)
to 3 mL of the solvent mixture. The reaction product was identified

as imidazolidinone by isolation of samples run on a preparative scale,
followed by *H NMR analysis.

Results

The observed first-order rate coefficients for decarboxylation
of N-carboxy-2-imidazolidinone as a function of pH are shown

= 10.2. At this acidity there is no net protonic change from
the reaction: the protonation of the conjugate base of the
imidazolidinone product is compensated by the release of a
proton that results from formation of carbonic acid. In a control
experiment, the pH of the reaction in water initially at pH 10.2
was monitored for 10 half-lives. The acidity remained constant
throughout the reaction with first-order kinetics as described in
Table 1. The rate of the reaction increases as increasing
amounts of methanol replace water. In pure methanol, the rate



Decarboxylation of N-Carboxy-2-imidazolidinone

Table 1. Solvent Effects on the Decarboxylation bfat 25°C
(samples prepared at pH 10.2)

solvent 16k (s7h) Krel

water (pH 10.2) 5.2 1
33.3% MeOH 10.3 1.8
66.6% MeOH 33.7 6
100% MeOH 273.0 48.7
33.3% CHCN 121 2.2
66.6% CHCN 39.0 7.0
100% CHCN 2680 517

Table 2. Temperature Dependence of the Rate Coefficients for
Decarboxylation ofl

pH T(°C) k(s
6.12 25.0 4.0x 103
35.0 1.2x 1072
45.0 3.2x 102
10.2 25.0 6.1x 10°°
45.0 6.5x 104
65.0 4.4x 1073
aMES buffer (10 mM).
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is 50 times that in pure water (Table 1). The acceleration is an
order of magnitude greater in acetonitrile (520 times).

Activation parameters for the reaction in water are the
following: AH* = 20 kcal/mol andASF = 56 eu, pH 10.2;
AH* = 22 kcal/mol andAS" = 54 eu, pH 6.1, calculated from
the data in Table 2.

Discussion

N-Carboxy-2-imidazolidinone is stable in neutral agueous
solution, consistent with earlier repoftsThe predominant form
is the anion, witht;, = 3.2 h for decarboxylation at 2%C.
The undissociated form ®f-carboxy-2-imidazolidinone is much
more reactive, with a first-order rate constant for decarboxylation

6000 times greater than that of the anion. This large difference
suggests that the proton makes available a route that :~:i(‘;nificamtlyp
stabilizes the transition state. For the anion, the reaction should

follow the reaction patterns of carbonate monoesteshere
the unimolecular transition state produces carbon dioxide

concerted with departure of the leaving group, in this case the

cyclic urea enolate (Scheme 2).

The mechanism of reaction of the neutral species must be

consistent with its much larger reaction rate. One possibil-
ity is a parallel to the family of mechanisms for the decarboxy-
lation of 3-ketocarboxylic acids in which the equivalent of the

proton of the carboxyl group becomes associated with the
B-carbonyl group in the transition stae!® In this mechanism,
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3283-6.
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the presence of an internal hydrogen bond provides stabilization
that is not on the path to the transition state for the decarboxy-
lation (Scheme 3).

Alternatively, formation of one of the N-protonated zwitte-
rionic tautomers could lead directly to the keto form, avoiding
the high-energy enol. Protonation of the carbamate nitrogen
also destroysr overlap across the €N bond. If this species
is sufficiently reactive it may represent a transition state rather
than an intermediate (Scheme 4).

The rate-determining transition state involves fragmentation
in either process and is consistent with the large and positive
AS = 65 eu. (The enthalpy of activationH* = 20 kcal/mol
is normal for decarboxylation reactions in which the developing
stability of carbon dioxide contributes to the reduced potential
energy of the transition staté&?)

The decarboxylation dfl-carboxy-2-imidazolidinone is more
rapid in solvents less polar than water, paralleling the trend in
dielectric constant of the medium (Table 1; the dielectric
constants are water (78.3), acetonitrile (37.5), and methanol
(32.6)15 Acceleration in organic solvents necessarily results
from more favorable solvation of the transition state or less
favorable solvation of the reactant or béthThe observed rates
show an inverse correlation to the hydrogen-bonding ability of
the solvent, suggesting that decreasing such interactions may
contribute to the acceleration.

The possibility of more favorable solvation of the transition
state for decarboxylation is difficult to visualize from simple
models if the neutral form oN-carboxy-2-imidazolidinone
reacts in the less polar solvents. However, if the increase in
rate is due to the conjugate base becoming much more reactive,
then the transition state may contain a more delocalized charge
that can be better solvated in lower dielectric media.

The subject of accelerated decarboxylation in nonaqueous
media has focused on 3-carboxybenzoxyisoxazoles. The reac-
tions are accelerated to very large extents in solvents of lower
olarity and decreased hydrogen-binding abilf}? Theoretical
studies of this reaction have provided detailed insights into the
factors controlling the reactiof®:2° Hilvert and co-workers
relate the catalytic properties of antibodies in the decarboxylation
reaction to solvent disruption of hydrogen bonds between ion
pairs?-22 For N-carboxy-2-imidazolidinone, H-bonding should
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stabilize the reactant but not the transition state. Thus, we seeConclusions
a greater acceleration in acetonitrile than in methanol.

Since these results establish the instabilityNe¢arboxy-2- Th_e instability ofN-carboxy-_Z-imidazolidinone in nonaqueous
imidazolidinone in nonagueous solutions, we must reconsider Selutions compared to that in water can be extrapolated to a
aspects of an earlier report from our laborat#tylt was mode of enzymic activation dfi(1')-carboxybiotin. The sub-

reported that the addition of a macrocyclic compound that strate-induced activation &f(1')-carboxybiotin is a subject that
selectively binds derivatives dfi-carboxy-2-imidazolidinone ~ has led to a number of proposals of mechanisms and pathways
enhances the rate of decarboxylatio\starboxy-2-imidazo- ~ but desolvation has not been consideté&*# If the energy
lidinone. However, the kinetic measurements were carried out for the transfer of enzyme-boumdétcarboxybiotin into a hydro-

on samples in organic solvents where we now know that the phobic region is made possible by binding of the carboxylation
lifetime of the substrate is less than the time of the first measured acceptor, then a good deal of the stabilityN§i")-carboxylation

point. A change in absorbance with time was noted, and the is readily overcome. Structural information on the environment
final product is 2-imidazolidinone. This means that the product of such a site can be analyzed to consider the reasonableness
did not come from the presumed substrate. The result can beof such a possibility®

explained by reaction of the ester which is the synthetic
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reaction solution facilitates hydrolysis, which is likely to be the
kinetic process we observed, since once hydrolysis is complete,
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