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Table IV. Use of Eq 4 and 5 to Estimate Tautomer Ratio of 4-
Substituted Imidazole Derivatives

Eq 4 Eq S
Compound K. /K, k=0537 k= k=0.537 k=
4-Nitroimidaz- 501 353 189 —-3.42 -1.6l
ole
Histamine 4.37 4.50 195 3.8 =3.09
Histidine 4.07 4.37 1.88 3.14 =342
Boc-histidine 1.58 1.34 0.26 2.09 —4.86
TRF 2.88 2.63 095 386 —3.09

greatly improves the use of eq 4 or 5 to calculate tautomer
ratio, when the dissociation constants of the appropriate methyl
derivatives are not available. It also shows that eq 4 is better
than eq 5 for the estimation of tautomer ratios.
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Deuterium Isotope Effects in the General Base
Catalyzed Deprotonation of Methylcreatininium Ion
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Abstract: The general base catalyzed deprotonation of methylcreatininium ion (I) has been measured with 39 bases that in-
clude aliphatic carboxylates, ortho-, meta-, and para-substituted benzoates and substituted pyridines, and the salt effect, sol-
vent isotope effect, and the temperature effect on the catalytic rate constants determined. Except for the ortho-substituted ben-
zoates the variation in isotope effect, kp/kp, for I-d, (I containing deuterium at the methylene site) is normal for proton ab-
straction from carbon—the lower the equilibrium basicity of the reagent, the smaller the catalytic constant and the smaller
the isotope effect. Ortho-substituted benzoates exhibit increased catalytic activity and lower isotope effects, the reasons for
which are unclear. Proton tunneling does not appear to be significant in the reaction. An estimate of 17 is made for the pK of
the methylene group in creatinine, based on its kinetic acidity and that of 1.

The kinetics of the general base catalyzed exchange of
the methylene protons in I, the quaternary methyl derivative
of creatinine, have previously been studied in DO using NMR
(Scheme I).!:2 We now report the result of an iodination study
of the reaction of I and I-d; with 39 general bases in H,0. (I-d;
is deuterated at the methylene position.)

The present results, which are consistent with Scheme I,

allow us to compare the two methods, but more importantly
we are now able to examine the relation between deuterium
isotope effect and reaction rate over a wide range of reactivities,
and with a large number of bases. The extent to which isotope
effects and Bronsted coefficients can be used to probe transi-
tion-state structure is a matter of considerable current interest,
and we believe the present work is pertinent in this regard.

Journal of the American Chemical Society | 98:24 | November 24, 1976



Scheme I
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Experimental Section

Acidity measurements were made on buffer solutions as described
previously.'2

The carboxylic acids and substituted pyridines were obtained from
commercial sources and purified by crystallization or distillation.
o-tert-Butylbenzoic acid was synthesized from o-terz-butylbromo-
benzene,* mp 67-68 °C (lit.* mp 68.5 °C).

1,3-Dimethyl-2-iminoimidazolin-4-one hydriodide (the iodide salt
of 1) was synthesized as previously described,’ mp 213-215 °C dec
(lit.> mp 213-215.5 °C dec).

The amino and methylene hydrogens in I were replaced by deute-
rium atoms by repeatedly refluxing the salt of Iin D,O for 3 h. The
NMR spectrum showed no detectable absorption due to methylene
protons. Dissolving this salt in H,O produced 1-d,, which was used
in the rate studies.

lodine was purified by sublimation; the inorganic salts were of
analar grade and were used without further purification.

Rate Measurements. Rates of iodine loss were observed at 353 nm
with a Cary 16 spectrophotometer equipped with a thermostated cell
compartment. The concentration of I was varied from 8 X 10-%t0 8
X 1073 M while the initial concentration of iodine was kept constant
at 7.83 X 10~° M. All reactions were carried out in the presence of
0.01 M sodium iodide at an ionic strength of 0.34, maintained by the
addition of NaClO, or NaCl.

In all cases the reactions gave excellent zero-order plots with respect
to iodine, for at least 60% of reaction. Absorbance readings were
converted to concentrations using an effective extinction coefficient
of 2.30 X 10% at 353 nm for iodine in the presence of 0.01 M iodide
ion.® Rates of iodination of 1 in salicylate buffer were measured at 380
nm because of significant absorption due to salicylate buffer at 353
nm under the experimental conditions. A value of 1.55 X 104 was used
for the extinction coefficient of 1,/15~ solutions at 380 nm.® The
catalytic constants calculated from rate measurements at 353 and 380
nm in acetate buffer were identical. The pH values of buffer solutions
before and after rate measurements were unchanged.

Rates of iodine loss were measured in a series of buffer solutions
of constant buffer ratio and ionic strength but varying total buffer
concentrations. The pseudo-first-order rate constants, obtained by
dividing the zero-order rate constants by the substrate molarity, were
then plotted against the concentration of the basic component of the
buffer, and the second-order catalytic constant for the base calculated
from the slope of the resulting straight line. The catalytic constant for
water-catalyzed iodination of I was obtained in 1.00, 0.10, and 0.01
M HCl solutions, where the iodination rates were found to be identi-
cal.

Results and Discussion

The catalytic constants, kH and &P, for the reaction of I and
I-d > with various bases as determined by iodination are listed
in Table I. lodination rates were found to be insensitive to the
concentration of the acid component of the buffer, indicating
an absence of any general acid catalyzed route.

Comparison between lodination and Proton Exchange Re-
sults. A number of reaction parameters have been determined
in the present study that were unobtainable, or not readily
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Figure 1. Comparison of iodination rates and proton exchange rates of
1 in buffer solutions.
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obtainable, in the earlier work?—salt effect, activation pa-
rameters, and solvent isotope effect. All are consistent with the
mechanism of Scheme 1.

The reaction conditions for the iodination and proton ex-
change studies differ with respect to temperature, ionic
strength, and solvent (H,O vs. D,0). Nonetheless, a very good
correlation is obtained between the series of rate constants
obtained in the two studies (Figure 1). Furthermore, the io-
dination of I in nicotinamide and acetate buffers under the
same reaction conditions as for proton exchange (D;0, 1 = 1.2,
T = 34.5 °C) gives catalytic constants in agreement within 3
and 11%, respectively, with those obtained in the proton ex-
change studies.? The Bronsted equation (eq 1) governing the
catalytic effects of bases 1 to 26, 36, and 37 is also in fairly good
agreement with that obtained earlier.?

kH p
log (—) =0.7310 (—) —457 (1
q ®\gK )

Ineq 1, K represents the ionization constant of the conjugate
acid of the catalyst, while p and g represent the number of
equivalent protons in the conjugate acid of the catalyst and the
number of equivalent basic sites in the catalyst, respective-
ly.

When the relative values of log kH for acetate and nicotin-
amide catalysis are plotted against the Debye-Hiickel pa-
rameter, v/, curved plots result (Figure 2). The slopes of the
curves at u = 0 are near zero (0.04) for nicotinamide and near
unity (—1.08) for acetate. The limiting values of the slopes are
those expected,’ since iodination of I in nicotinamide buffer
involves reaction between a monocation and a neutral mole-
cule, and in acetate buffer, between a monocation and a mo-
noanion,

The enthalpy of activation, AH¥, was found to be 18.9, 16.0,
and 20.7 kcal/mol for acetate-, nicotinamide-, and water-
catalyzed iodination of I, while the entropy of activation, AS¥,
for these reactions was —8.1, —22.8, and —26.2 eu, respec-
tively. The less negative AS¥ for the reaction of acetate ion
than for nicotinamide or water doubtless reflects the decrease
in total charge that accompanies the reaction of the former.
The difference in AH¥ for acetate and nicotinamide is as ex-
pected, being smaller, but of the same sign, as the difference
in the thermodynamic values for protonation of carboxylate
and pyridine bases.®
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Table I. Specific Catalytic Constants? and Isotope Effects? for the General Base Catalyzed lodination of I (kM) and 1-d, (kP); T = 25.0
+0.1°C, u=0.34
Base pK kH, M=) min™' kP, M~ min~' kH /KD
1 3,3-Dimethylglutarate 6.34 1.20 0.271 4.43
2 Succinate 5.48 0.210 5.13 X 1072 4.09
3 Glutarate 5.42 0.189 4,18 X 1072 4.52
4  Pivalate 5.05 0.165 3.59 X 1072 4.60
5  Propionate 4,88 9.84 X 1072 2.14 X 1072 4.59
6  Acetate 4.76 8.40 X 1072 1.85X 1072 4,54
7  Methoxyacetate 3.57 1.48 X 102 3.72 X 1073 3.98
8  Phenylacetate 4.31 4.04 X 1072 9.81 X 1073 4.12
9 Oxalate 4.29 415X 102 1.10 X 1072 3.78
10 Mandelate 341 5.38 X 1073 1.73 X 1073 311
11 2-Furoate 3.17 6.58 X 1073 1.93 X 1073 341
12 Bromoacetate 2.90 3.45 %1073 1.22 X 1073 2.83
13 Chloroacetate 2.87 4.04 X 1073 1.26 X 1073 3.21
14  Cyanoacetate 2.47 240 x 1073 7.59 X 1074 3.16
15 Dichloroacetate 1.36 5.94 X 10~4 2.01 X 10~4 2.95
16  Difluoroacetate 1.34 8.78 X 10-° 401 X 1073 2.19
17  Trimesate 4.70 0.140 424 X 1072 3.30
18  p-Methoxybenzoate 4.47 9.03 X 10-2 2.24 X 1072 4.04
19 m-Toluate 4.27 590 X 1072 1.51 X 1072 3.90
20 Benzoate 4.20 521 X 1072 1.43 X 1072 3.64
21  p-Fluorobenzoate 4.14 491 X 102 1.35 X 1072 3.64
22 m-Methoxybenzoate 4.08 387 X 1072 1.06 X 1072 3.64
23 m-Fluorobenzoate 3.86 3.15X 1072 8.97 X 1073 3.51
24  m-Chlorobenzoate 3.83 2.86 X 1072 8.10Xx 1073 3.53
25  m-Trifluoromethylbenzoate 3.77 3.07 X 1072 8.98 X 1073 3.42
26 m-Cyanobenzoate 3.64 2.16 X 1072 6.71 X 1073 3.22
27  o-Phthalate 5.41 0.840 0.237 3.55
28 o-Methylbenzoate 391 3.63 X 1072 1.17 X 1072 3.09
29  o-zert-Butylbenzoate 3.54 6.78 X 102 2.82 X 1072 2.40
30 o-Fluorobenzoate 3.27 1.09 X 10-2 3.76 X 1073 2.90
31 2,6-Dimethylbenzoate 3.25 3.59 X 1072 1.83 X 1072 1.96
32 o-Chlorobenzoate 2.92 130 X 1072 483X 1073 2.69
33 o-Bromobenzoate 2.85 1.36 X 10-2 4.49 X 1073 3.03
34  o-lodobenzoate 2.85 9.28 X 1073 3.35x 1073 2.77
35  Salicylate 2.99 1.54 X 1073 6.70 X 1074 2.30
36 Nicotinamide 3.33 6.61 X 10-3¢ 1.98 X 1073 3.34
37  3-Cyanopyridine 1.13 1.37 X 104 5.57 X 1073 2.46
38  Fluoride 3.23 1.80 X 10-3 6.55 X 1074 2.75
39 Water —1.74 477 X 1077 1.57 X 1077 3.04
@ Subject to estimated errors of £3% for 1-16 and 36-39, and £89% for 17-35. ¢ Includes secondary isotope effect. < kHp,o = 6.66 X 1073

M~ min~',

log k™

10 & nicotinarmide

06

02 T x
0 05 10

Figure 2. Effect of ionic strength on the general base catalyzed iodination
rate of I. (The experimental results in acetate buffer (circles) and in nic-
otinamide buffer (triangles) were each fitted to a second-order equation
and the best fit curve drawn. The log k value at u = 0, obtained from ex-
trapolation of the curve, is taken to be unity for acetate and nicotinamide
buffer.)

The absence of a solvent isotope effect (kHy,0/kHp,0 =
1.00 for the reaction of I with nicotinamide) is consistent with

T

-4.0 -25 -10
&0
log ()
Figure 3. Correlation of isotope effects for the iodination of I with log
(kH/q). (The numbering corresponds to that in Table I.)

direct proton transfer from I to base, without intervention of
solvent molecules.
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Isotope Effect. Bulky groups adjacent to the basic site were
previously shown to increase the catalytic effectiveness of the
carboxylate bases used in the proton exchange experiments,?
and this unusual effect is confirmed in the present work. Since
steric effects in proton transfer reactions often give rise to the
tunnel effect,” we were interested in seeing if the anomalous
rate effects we observe are associated with this phenome-
non.

Plotted in Figure 3 are the deuterium isotope effects for
reaction of I and I-d; with carboxylate and pyridine bases as
a function of the reaction rate of the protium compound I with
the same bases. It is apparent that ortho-substituted benzoates
(indicated by filled circles) again give rise to anomalous effects,
all their isotope effects being Jow. Proton tunneling, which can
only increase the magnitude of an isotope effect,’ is clearly not
important in the present system.

We have used statistically corrected values of log kM as the
basis for comparison in Figure 3, rather than the more cus-
tomary equilibrium quantity, log K, because it seems appro-
priate to use energy differences between reactants and tran-
sition state, rather than between reactants and products, in
such a correlation. [If log (K/q) is used as the abscissa in Figure
3 qualitatively, similar results are obtained, although the de-
gree of divergence of the ortho-substituted bases is somewhat
less marked.] A straight line is drawn in the figure for the sake
of convenience; clearly, leveling-off would be observed on both
sides if the plot could be sufficiently extended.

Since 11 is a considerably stronger base (with respect to
protonation at C-5) than the carboxy and pyridine bases used
in this work one might infer that in the transition state the
proton is nearer the weaker base, and, therefore, the transition
state is product-like in nature.'® Both the Bronsted exponent
(0.73) and the general trend, apparent in Figure 3, for stronger
bases to exhibit larger isotope effects is consistent with this
view—increasing the equilibrium base strength of the at-
tacking reagent moves the transition state to an earlier point
on the reaction coordinate and increases the symmetry of the
transition state, giving rise, in turn, to a larger isotope ef-
fect.'0b-10c.) (1t is worth noting that the situation depicted in
Figure 3 appears to be the general rule for simple proton
transfers, i.e., the slower the reaction the smaller the isotope
effect.'?-'3 Hydrogen transfer accompanying oxidation, on the
other hand, often demonstrates an inverse correlation between
rate and isotope effect within a structurally related series.'?
The fact that most simple proton transfers that are amenable
to study are endergonic while most oxidation processes are
exergonic may be pertinent in this regard.)

The effect of ortho substituents is at odds with the conven-
tional picture given above. Although the series of mono-
ortho-substituted bases show fair internal consistency in
Bronsted and isotope effect plots, the points in both cases are
displaced in unexpected directions from the lines that include
the meta- and para-substituted bases and, indeed, the aliphatic
and pyridine bases as well.? There has been growing scepticism
in recent years regarding how effective the conventional
probes—isotope effects and the Bronsted relation—are in
elucidating the detailed structure of the transition states of
proton transfer reactions,?*3f.'4> and the results reported herein
raise further questions in these regards.
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Estimation of the Acidities of I and Creatinine. Provided |
belongs to the same Bronsted “family” as other carbonyl
compounds (ketones, esters, and keto esters), its pK can be
estimated to be near 135, since its catalytic rate constant is very
near those of 1,1-dichloroacetone!® and diethyl methylmalo-
nate,'% each of which has a pK value'” of 15. In support of this
notion is the fact that Bronsted parameters, 8 and log G, are
similar for I and 1,1-dichloroacetone.'¢ A further indication
of the normalcy of 1 as a carbonyl compound is that the isotope
effect for the water-catalyzed enolization of I-d and that of
diethyl methylmalonate-d'7 are fairly close (after appropriate
correction for the secondary isotope effect in the former).'®

Creatinine, which undergoes proton exchange about 50
times more slowly than I,'® may be estimated to have a pK of
about 17. The value of about 13 recently reported for the pK
of this compound?® would thus appear to correspond to proton
loss from the amino group, rather than from the methylene

group.
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