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Cieneral-hase-catalyzed deprotonation of the 2-methyl groups of 2,3-dimethylbenzothiazolium (II), 1,2,3-tri-
methylbenzimidazolium (I1I), and 1,2,3,-trimethylimidazolium (IV) ions was studied by means of hydrogen-deute-
rium isotope exchange. At 75 °C and 1.0 M ionic strength II, III, and IV show the following relative reactivity order
toward deuterioxide ion: 3.0 X 107 3.4 X 10% 1, respectively. Toward pyridine II is 9.5 X 10° times more reactive
than III. The Brgnsted g3 value for a series of bases, excluding water and lyate ion, reacting with II is 0.63. A more
limited series of bases gives the value 0.8 for II. A comparison is made between the reactivities of sp?- and sp3-hy-
bridized carbon centers in deprotonation reactions involving thiazolium ions.

Thiamin (I) or vitamin B-1 when catalyzing carbon-car-
bon bond forming reactions is converted to an ylide and sub-
sequently to an enamine intermediate, both of which act as
nucleophiles toward carbonyl electrophiles.!-* Many studies
have been carried out to obtain an understanding of the var-
ious steps in the multistep catalyzed conversions. For example,
the ability of several annular heteroatoms to facilitate ylide
formation® in deprotonation reactions, eq 1, has been explored.
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Results show that reactivity increases in the order X=NCHj,
S, and 0.6 By contrast, little is known about the influence of
similar heteroatoms on the kinetic acidity of an alkyl side
chain which gives an enamine rather than an ylide on proton
loss.

In this article we examine the effects of annular heteroatoms
on the kinetic acidities of ions II-V containing an acidic
methyl group. Equation 2 shows the enamine which forms
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when fused-ring heteroaromatic ions II, III, and V undergo
deprotonation. The accompanying paper explores the influ-
ence of methyl and hydroxy substituents bonded to the 2-
methyl group of 11 on the kinetic acidity of this position.”
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Results

No evidence exists to indicate that the 4-methyl and 5-3-
hydroxyethyl substituents of the thiazolium ion ring of 1
provide other than expected, small, electronic effects on de-
protonation reactions at position 2 under biological conditions.
For this reason these substituents were not incorporated into
our models. In order to simplify our models a methyl group
was added to N-3 in place of the pyrimidinylmethyl substit-
uent. Because of their ready availability and because they
contain the essential structural elements, compounds I1-V
were selected as model substrates. The conjugate base of II,
3-methyl-2-methylenebenzothiazolene (VI), which is formed
as an intermediate in our reactions has been isolated.®

All of the studies employ NMR to determine rates of carbon
deprotonation. Reactions were carried out using D20 as the
reaction medium, leading to replacement of H by D in the side
chains. Except where indicated, the reaction temperature is
75.0 °C.

2,3-Dimethylbenzothiazolium Ion (II). Deprotonation
of the C-methyl group of this substrate was found to take place
readily in 0.1 M DCL. Catalysis was also observed with the
following buffers, listed in order of increasing basicity: 3-
chloropyridine, phthalazine, formic acid, acetic acid, pyridine,
and 2,6-lutidine (Table I). Buffer ratios and pD were varied
in order to determine whether water, buffer base, and deu-
terioxide ion contributed to the general-base-catalyzed de-
protonation reactions. Pseudo-first-order rate constants were
analyzed using eq 3

= K, KP
ky = kp,o[D20] + kp[Bliot D] + K. + kop D]
where kp,0, kB, and kop are second-order rate constants for
water, buffer, and deuterioxide ion bases, respectively, and
K, and K.P are the dissociation constants of buffer and the
ion product of D90, respectively.

Significant catalysis by deuterioxide ion was observed only
with the most basic buffer, 2,6-lutidine. Thus, the value of kgp
was established using the data derived with this buffer. Ap-
plication of the term kop[OD™] to the data obtained with
other buffers indicates that deuterioxide ion measurably in-
fluences reactivity only in two other kinetic runs, those at pD
4.09 involving acetic acid and pyridine buffers. The kinetic
contribution of this base represents about 13% of the total
catalysis in both cases. With these two kinetic runs and also
the lutidine studies as exceptions, deprotonation in the other
buffered media was catalyzed only by water and by buffer
base.

Since the kgp term was obtained with only one buffer, an-
other method was employed as a check. This involved the use
of a pH-stat in place of a buffer to adjust the pD of the reaction
medium. From runs at pD 5.25 and 5.45 this approach gave

(3)
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Table I. Kinetic Results for Hydrogen-Deuterium Exchange at the 2-Methyl Group of 2,3-Dimethylbenzthiazolium Ion
(IT) in Buffered D0 at 75.0 °C and 1.0 M Ionic Strength

Total Obsd Caled?
Buffer pK, pDe buffer, M 10% ky,s7! 10% ky, st kg, M—Lg™1
DCl1 - - - - 0.1 2.65 + 0.23¢ (4.90 X 10-7 9)
3-Chloropyridine 3.07 2.49 1.20 X 107! 13.15 12.3 3.84 X 1073
2.65 4.80 X 102 8.00 7.80
2.7 2.40 X 10~2 5.23 5.61
Phthalazine« 3.79 3.20 1.01 x 107! 34.9 34.9 1.56 X 102
3.37 212X 1072 11.45 11.7
Formic acid 4.03 3.22 4.40 X 102 12.1 12.2 1.62 X 102
3.33 3.33 X102 11.5 11.6
3.33 1.10 X 102 5.17 5.61
3.35 2.20 X 10~2 8.48 8.82
Acetic acid 5.12 3.75 4,20 X 102 23.7 20.4 1.00 X 1071
4.09 8.33 X 10-3 9.60 11.0
Pyridine 5.27 3.98 4,20 X 1072 22.1 21.8 8.90 X 102
4.09 8.44 X 1073 8.33 8.42
2,6-Lutidine 6.44 5.10 1.20 X 101 99.3 96.5
5.20 6.05 X 1072 60.8 68.8 1.57 X 10~ (B)
5.43 6.056 X 10~3 38.7 35.8 3.08 X 10¢ (OD")
5.61 2.00 X 10-3 40.6 35.7
DCl/# - - - - 0.1 0.010 - - (1.81 X 10-9 9)
Acetic acid/h 5.25 4.27 4,54 X 10~2 0.270 0.260! 5.81 X 1074¢
4.27 8.48 X 1073 0.0544 0.0567¢

@ Measured at 75.0 °C. ® Using equation 3. ¢ Average of four determinations. ¢ ky/[D20)]. ¢ 2,3-Diazanaphthalene. f At 25.0 °C
and 0.5 M ionic strength. & AH¥ = 22.4 kcal/mol; AS* = ~4.12 eu. » AH* = 20.7 kcal/mol; AS* = —4,12 eu. ! Neglects any contribution

from OD~.
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Figure 1. Brgnsted plot for hydrogen-deuterium exchange at the
2-methyl group of Il in D30 at 75 °C and 1.0 M ionic strength. Buffers
include: 1, water; 2, 3-chloropyridine; 3, phthalazine; 4, formic acid;
5, acetic acid; 6, pyridine; 7, 2,6-lutidine; and 8, deuterioxide ion. No
statistical corrections have been applied. The least-squares line does
not include points 1, 7, and 8.

a value of 3.80 + 0.16 X 10* M~! s~! which is only 23% larger
than that derived from the lutidine studies.

The quality of our results may be assessed by comparing the
observed pseudo-first-order rate constants with those calcu-
lated with the aid of eq 3 and the second-order constants listed
in Table I. In carrying out the computations the buffer-de-
rived value of kop was employed. The largest differences are
found in the results obtained with acetic acid and lutidine
buffers where the results with the poorest agreement differ

by about 14%. Differences between observed and calculated
values are substantially less in all other cases.

The spread in second-order rate constants between the least
(D20) and most (OD~) reactive bases is a factor of 6.3 X 1010,
The variation in reactivity for buffer bases unrelated to sol-
vent is a factor of 41.

A Brgnsted plot may be constructed using the results in
Table 1. Without making any statistical corrections for the
number of basic sites in a buffer a single plot (Figure 1) is
obtained, excluding points for water, deuterioxide ion, and
2,6-lutidine. The slope, 8, is 0.63 and the intercept is —4.305.
The correlation coefficient is satisfactory, being 0.991. On the
basis of this plot, 2,6-lutidine is 3.7 times less reactive than
expected from a consideration of its pK, value, no doubt re-
flecting a modest steric hindrance to general base catalysis.?
Water and deuterioxide ion deviate; observed reactivity in
both cases is about 8 times less than that calculated. Negative
deviations for these are not uncommon. The reduced reac-
tivities of the two bases with carbon acids is said to be a con-
sequence of a lack of hydrogen bonding between reactants in
the ground state.!0:11

When rate and equilibrium constants are statistically cor-
rected for the two basic centers found in phthalazine and in
the carboxylate anions, two correlation lines now are gener-
ated, one for carboxylic acids and one for pyridines. The line
for carboxylate ion bases is displaced above that for the py-
ridines. Phthalazine now deviates from the pyridine correla-
tion line in the sense that its reactivity is about 4 times greater
than that predicted by its basicity. Phthalazine is known to
show an enhanced reactivity (« effect) toward esters,!2 but it
is likely that the present deviation is not significant. Thorough
studies of a-effect nucleophiles in carbon deprotonation re-
actions have failed to uncover enhanced reactivities.13:14 Al-
though it is customary to make statistical corrections in con-
structing Brgnsted plots,'5 good correlations using uncor-
rected data are known for carbon deprotonation.!3

Some kinetic information was also obtained at 25.0 °C so
that the reactivity of II could be compared with that of the
C-methyl group of its acyclic relative VII, N,N-dimethyl-



Model Studies of Thiamin Catalysis

J. Org. Chem., Vol. 43, No. 9, 1978 1715

Table I1. Kinetic Results for Hydrogen-Deuterium Exchange at the 2-Methyl Groups of
1,2,3-trimethylbenzimidazolium Ion (III) and of 1,2,3-Trimethylimidazolium Ion (IV) in Buffered D,O at 75.0 °C and 1.0

M lonic Strength
Obsd Caled?
Compd Buffer pK. pDe Buffer, M ky,s7! ky, 571 ke M~1gl
I DCl -- -- 0.1 <0.5 X 107 -- --
Pyridine 5.27 5.60 0.303 2.30 X 108 2.33 X 10-8 9.36 X 1076 (B)
5.76 0.0303 7.46 X 10~7 7.94 X 1077 31.1 (OD™)
Phosphate 7.10 6.61 0.140 2.25 X 10-5 2.26 X 1075 5.40 X 10~ (B)
6.98 0.0200 1.64 X 10~% 1.43 X 1075 41.4 (OD™)
7.12 0.280 9.46 X 10~5 9.05 X 105
7.50 0.300 1.59 X 10~4 1.47 X 10~4
Glycine 9.17 7.83 0.0550 1.07 X 1074 1.17 X 10~4 2.02 X 1072 (B)
7.87 0.110 1.72 X 10—4 1.81 X 104 29.2 (OD™)
8.17 0.220 532 X 1074 5.53 X 1074
v Carbonate 9.93 10.00 0.120 2.88 X 10-5 3.01 X 1075
10.25 0.350 5.35 X 10~5 5.38 X 10~5 1.01 X 10-1(OD")
10.86 0.275 2.26 X 104 2.15 X 10—4

¢ At75.0 °C. b Using eq 3, the kg values listed for each base and the average value for kgp of 33.9 m~ s2, ¢ For buffer base and/or

deuterioxide ion.

thioacetimidate, under similar conditions.16 Rate constants
were obtained for water and acetate ion bases (Table I). Our
second-order rate constant for acetate ion may be somewhat
too large if deuterioxide ion makes a contribution to catalysis.
No attempt was made to obtain a kgp term at the lower tem-
perature in order to estimate the magnitude of any contri-
bution by lyate ion. However, a fivefold dilution of buffer
failed to change the apparent second-order rate constant for
acetate ion catalysis, suggesting that lyate ion catalysis is

small.
C.Hs~
CH,
CHB\}‘ 3
+

CH,
VII

The enthalpies of activation, AH¥, for water and acetate
ion reacting with IT are 22.4 and 20.7 kcal/mol, respectively,
while the entropies, AS¥, are —23.6 and —4.1 eu, respectively.
Very similar entropy values have been reported for quinoli-
nium ion-cyanine dye deprotonation reactions.l” The less
negative value associated with the ionic base probably reflects
the release of solvent molecules in the transition state as the
charges on the two reactants are being neutralized. By com-
parision, when water acts as a base, charge is maintained.

A pK, value for Il may be estimated using the rate constants
for water acting as a base and an assumed rate constant for
reverse reaction in which conjugate base VI reacts with D3O+,
If it is assumed that the reverse reaction proceeds with a dif-
fusion-controlled rate constant, about 101° M~1s~1, the pK,
of I1is 15 and 17 at 75 and 25 °C, respectively. These are likely
to be upper limits because the reverse reaction, as suggested
by the Brgnsted 3 value of less than 1, is likely to be slower
than estimated.18

1,2,3-Trimethylbenzimidazolium Ion (III) and 1,2,3-
Trimethylimidazolium Ion (IV). Similar but more limited
studies involving base-catalyzed H-D exchange at the C-
methyl groups of III and IV were carried out. Both of these
ions undergo deprotonation much more slowly than II, IV
being less reactive than I11. Fused ring substrate ITI undergoes
deprotonation by the action of water extremely slowly; our
value in Table II is only an estimate of an upper limit based
on <5% hydrogen isotope exchange observed over 3 weeks.
Convenient rates of deprotonation of III were obtained using
pyridine, phosphate ion, and glycine buffers. Under these

conditions both buffer base and deuterioxide ion catalyze
deprotonation. Rate constants kg and kop were obtained for
each buffer. The three values obtained for kop using these
buffers are in satisfactory agreement (Table II). The variation
in kg is a factor of 2.2 X 103,

An estimation of the experimental scatter in our results may
be obtained by comparing observed and calculated pseudo-
first-order rate constants. Calculations were performed using
eq 3 and the average value of kop obtained from the three
buffers and the appropriate kg value (Table II). Calculated
values for pyridine base are high by an average of 3.2%; for
phosphate buffer they fall within £6.1% of the observed value
and for glycine they are systematically high by 6.1%. The
systematic, small deviations found for pyridine and glycine
result because the values of kop determined using these
buffers separately are smaller than the average calculated
from the data for the three buffers.

A Brgnsted plot constructed from these data, excluding
kop, without making any statistical corrections has 8 = 0.85,
intercept —9.454, and a correlation coefficient of 0.998. The
observed value of £op is 108 times smaller than that calculated
using this correlation. Making statistical corrections for the
number of acidic and basic sites in a buffer improves the
correlation, 8 now being 0.76, the intercept ~9.130, and the
correlation coefficient 0.9997. Deuterioxide ion now is found
to be only 11 times less reactive than predicted. Both treat-
ments produce remarkably good correlations. Superior cor-
relations generally, but not always,13 are observed when data
for structurally similar bases having the same charge are
correlated.!! Caution should be exercised when attempting
to interpret our results in view of the limited number of buffers
employed.

The reactivity of compound IV was examined using only
a carbonate ion buffer. Apparently, deuterioxide ion and not
carbonate ion catalyzes deprotonation of this substrate as
evidenced by the good agreement between observed pseudo-
first-order rate constants and those calculated solely with the
term kop[{OD~] (Table II). In this study the carbonate ion
concentration was varied by a factor of 3.8, deuterioxide ion
by 7.1. Note that this conclusion is to be expected in view of
the Brgnsted plots observed for II and IIL

2,3-Dimethyloxazolium Ion (V), No information about
the rate of deprotonation of the C-methyl group of this ion
could be obtained. After just 15 min of heating in 0.1 M DCI
at 75 °C there was clear evidence in the NMR spectrum of
substrate degradation. This decomposition is to be expected
on the basis of studies which show that cleavage of the het-
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erocyclic ring is a facile process, having a half-life of 3.1 h at
pH 1and 25°C 1

Discussion

Reactivities. Comparison of the reactivities of cations
JI-IV when undergoing deprotonation at a 2-methyl group by
the action of deuterioxide ion shows that ITis 9.1 X 102 times
more reactive than IIT and 3.0 X 105 times more reactive than
IV.20 Toward pyridine, IT is 9.5 X 103 times more reactive than
I11. These large values confer a distinct advantage in kinetic
carbon acidity on the thiazolium derivative over both diazo-
lium substrates. In addition, comparison of the reactivities
of III and IV toward deuterioxide ion reveals that fusing a
benzene ring onto the imidazolium ion leads to a 340-fold in-
crease in kinetic acidity.

An interesting comparison involves I and its acyclic relative
VII. Both cations undergo deprotonation by water and acetate
ion bases. At 25 °C IT is just 2.2 times more reactive than VII
when acetate ion is the base and approximately 14 times less
reactive when water is the catalyst.

An understanding of the origin of the coincidentally similar
kinetic acidities of II and VII can be found in a consideration
of the resonance energy of cyclic acid II and the extent of the
change in this stabilization in the transition state for depro-
tonation.22 The resonance energy of II is estimated to be about
52 keal/mol and that for a thiazolium ion not having a fused
benzene ring as about 21 keal/mol.22 These large values clearly
show that a thiazolium ion ring has a substantial delocalization
energy. Significantly, the delocalization energy of VIII, a
model of VI in which the aromatic thiazolium ion ring no
longer is present, is expected to be about the same as that for
III. This resonance energy which is well above the value of 36
keal/mol associated with benzene itself is due to interactions
of the two heteroatoms with the aromatic ring.??

In view of the expected similar resonance energies of II, VI,
and VIII, we suggest that the energy of activation associated
with the conversion of II to VI will be largely free of a contri-
bution reflecting a change in resonance energy. This is true
in spite of the fact that IT with its two aromatic rings is being
converted to VI with essentially a single aromatic ring. Sub-
strates II and VII are similar in that the reactivities of both
are affected in only a minor way by changes in resonance
energies associated with proton loss. Clearly, if the fused-
benzene ring were not present in Il to provide extensive acti-
vation, the resultant single-ring thiazolium ion would be very
much less reactive than VIL

CH,
(I ><OCH | AN
+1T"
CH CH,

VIII IX

Deprotonation of II then represents a most interesting and
unusual example of an aromatic carbon acid which undergoes
a small change in resonance energy on deprotonation at an
exocyclic o position in spite of extensive proton transfer in the
transition state. This conclusion contrasts with that for carbon
acid IX, for example, which has a large energy barrier opposing
conversion to its nonaromatic conjugate base by removal of
a proton from the 4-methyl group.2* Part of this barrier re-
flects the fact that the conjugate base of IX has about 19
kcal/mol less resonance energy.25

A number of widely varying estimates have been made
concerning the resonance energies of III and IV25 and little
is known about the magnitudes of the changes in their delo-
calization energies when the acids are converted to their
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conjugate bases. However, it seems likely that the 340-fold
greater reactivity of III over IV reflects in large measure both
a smaller energy of activation due to a smaller loss of resonance
energy on proton transfer and the possibility of more extensive
electron delocalization. The aromaticity of the heterocyclic
ring in the fused-ring compound is likely to be less than that
of the single-ring compound.

Ylide and Enamine Formation. Our results show that the
reactivity of I is 908 times greater than that of III toward lyate
ion. In other terms, the annular sulfur atom increases kinetic,
carbon acidity much more than an annular nitrogen atom.
Here proton loss produces an enamine. Similarly, ylide for-
mation, eq 3, is promoted by a factor of 3200 when the annular
atom is sulfur rather than nitrogen.® These two comparisons
show that at both the ylide and also the enamine stages of
deprotonation sulfur confers greater reactivity than nitrogen
and by similar amounts for the substrates considered. This
conclusion reinforces an earlier suggestion based only on data
pertaining to ylide formation:26 nature selected a heterocyclic
ring for the enzyme cofactor which contains a sulfur atom
rather than a nitrogen or oxygen atom because the thiazolium
ion ring has the proper combination of reactivity and stability
toward hydrolysis.?’

Using our results, a comparison can now be made of the rate
constants for ylide and enamine formation. Consider, for ex-
ample, benzothiazolium ion X forming an ylide and II forming
an enamine. The second-order rate constant for X reacting

S

CHQCGI'L
X

with lyate ion?® is about 104 times greater than that for II
under similar conditions.?® However, deprotonation of II is
subject to marked general base catalysis while that for X is
not.28 Therefore, the reactivity difference under other con-
ditions need not be as great as that just indicated. As an il-
lustration, consider a buffer base of pK, 8 at pH 8 present in
0.1 M concentration; assume its rate constant is that predicted
by the Br¢gnsted equation observed for II. Under these con-
ditions deprotonation of II is only about 460 times slower than
that of X, not the factor of 104 reflecting lyate ion reactivities.
Although this comparison involves benzothiazolium ion
reactants, similar conclusions are expected to apply to
thiamin-like molecules containing thiazolium ion rings.32

Now that kinetic data have become available for depro-
tonation reactions leading to ylide and enamine intermediates,
future kinetic studies should focus on reactions involving
capture of these intermediates by carbonyl electrophiles. A
detailed understanding of the way in which thiamin functions
as a catalyst will begin to emerge.

Experimental Section

Reagents. 3-Chloropyridine hydrochloride was prepared by bub-
bling hydrogen chloride into an etheral solution of 3-chloropyridine
(Aldrich); the white precipitate was sublimed and then titrated with
standard alkali. Alkylation of 2-methylbenzimidazole (Aldrich) in
methanol gave 1,2,3-trimethylbenzimidazolium iodide, mp 265-266
°C (lit.%3 mp 258-259 °C) while 2-methylbenzothiazole (Aldrich) gave
2,3-dimethylbenzothiazolium iodide, mp 221-222 °C (lit.3¢ mp
221-222 °C), or perchlorate,3® mp 122-123 °C, and 2-methylben-
zoxazole (Aldrich) gave 2,3-dimethylbenzoxazolium iodide, mp
194-196 °C (lit.'® mp 196 °C). Pyridine (Mallinckrodt) and 2,6-
dimethylpyridine (Eastman) were dried over sodium and distilled
from zinc powder. Sodium acetate (Mallinckrodt), sodium formate
(Fisher), phthalazine (Aldrich), and reagent grade inorganic chemicals
were used as received. Deuterium oxide (99.8%) was obtained from
Columbia Organic Chemicals. Buffer solutions were prepared by
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mixing DCI (D20 and concentrated HCl) or KOD (D20 and KOH)
with appropriate materials.

1,2,3-Trimethylimidazolium perchlorate, mp 250-251 °C, was
prepared by treating its methosulfate with perchloric acid dissolved
in a mixture of ethanol-ethy! acetate. The methosulfate was prepared
by the method used for benzimidazoles.36

Anal. Caled for C¢H;CINOy4: C, 34.20; H, 5.27; N, 13.30. Found:
C, 34.38; H, 5.40; N, 13.186.

Instrumentation. Nuclear magnetic resonance spectra were re-
corded on a Varian Associates A-60A instrument while pD was de-
termined on a Beckman Model 1019 Research pH meter equipped
with either a Corning (476050) or a Sargent (S-300-70-10) semimicro
combination electrode. Measurements of pD and kinetic runs were
carried out at 75.0 °C using a Lauda/Brinkman Model K-2 con-
stant-temperature bath, Temperature was measured using a National
Bureau of Standards certified thermometer. A Radiometer TTTl-c
titrator with jacketed reaction vessel was used in pH-stat work.
Least-squares calculations were performed on a Texas Instruments
SR-51 calculator.

Kinetics of Hydrogen-Deuterium Exchange. Substrate and KC1
to maintain constant ionic strength were weighted into a 3-mL volu-
metric flask. Buffer was added by weight or by syringe when dealing
with a stock solution. After diluting to the mark with D20, substrate
concentration was 0.15-0.20 M and the ionic strength 1.0 M. A sample
in a sealed NMR tube was heated in a bath at 75.0 °C and then was
removed periodically and quenched in an ice bath. The area of the
('-methyl peak was integrated several times using the N-methyl area
as a reference. Reactions using 2,6-lutidine buffer were so fast that
0.6-mL aliquots were removed from a sample and quenched with 1
M DClI prior to analysis. Reactions generally were followed for 2-3
half-lives, except the slowest runs. Rate constants were obtained in
the usual way from plots based on the C-methyl to N-methyl area
ratio.?73® Plots were nicely linear. Rate constants reflect the removal
of a single proton. The NMR signals employed have the following
shifts (N-.CHj listed hefore C-CHs): I1, 7 5.76 and 6.80; I11,6.01 and
7.09; 1V, 6.22 and 7.42.

Following a kinetic run, pD measurements were made at 75.0 °C
on the heated mixture as well as the unheated stock solution according
to the method of Bates.™ The electrode was allowed to equilibrate
at 75 °C in 4 M KCl for 20 min prior to use. Reproducibility of the
measurements was about 0.03 while the difference in pD between
heated and unheated samples was about 0.04 or less. When differences
exceeded these values, runs were discarded. The pD of a buffer solu-
tion was obtained by adding the factor 0.35% to the meter reading.4®
The concentration of deuterioxide ion was calculated from the ex-
pression pOD = pK,P - pD where K .,P is the dissociation constant
for D20. The value of pK,D, 13,526 at 75.0 °C, was calculated from
reported data?’ and is uncorrected for salt effects which are expected
to be small.*2

A pH-stat also was employed to obtain kinetic data on II. A0.11 M
solution of the perchlorate salt of IT brought to 1 M ionic strength with
NaCl was acidified with DCl and raised to 75.0 °C in a jacketed ti-
tration vessel. The pD of the mixture then was increased to the desired
value by adding KOD from the titrator. Aliquots of this mixture were
removed from the sample and analyzed by NMR. The following re-
sults were obtained: at pD 2.5 where only D90 catalyzes the reaction
ky =2.54 X 1077571, This value is 4.1% lower than the average value
derived from the 0.1 M DClruns. At pD 5.25 ky = 2.19 X 10™*s~ ! and
at pD) 5.45,3.59 X 10"t 571, After correcting for water catalysis these
last two runs give kop = 3.80 £ 0.16 X 104 M~! s~ No base was
consumed during these runs. The run at pD 5.45 was followed for 3
half-lives, the rate plot being linear.

The pK, values for buffers were calculated from the known com-
position of the buffer mixtures employed in the kinetic studies and
the measured pD) of these mixtures at 1.0 M ionic strength, Hydrolysis
corrections of concentrations were made as required.*® The pK, of
2,6-lutidine was determined using samples which did not contain
substrate. Uncertainties in values reflect the scatter in the pD mea-
surements.

Control Runs to Determine the Stability of Substrates. In order
to learn whether substrate might have degraded during kinetic studies
and escaped detection by NMR because of conversion to deuterated
materials, controls were run using HoO as the medium. This supple-
ments attempts to detect degradation by comparing the pD of heated
and unheated samples. Generally, in performing proteo control runs,
conditions were selected which matched the most severe, i.e., the most
alkaline solution with the highest concentration of buffer used in ki-
netic studies.

The stability of 2,3-dimethylbenzthiazolium iodide and perchlorate
toward hydrolysis was ascertained using a pH-stat. The method of
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sample preparation and analysis was the same as that employed in
kinetic studies. After 30 min at 75 °C and pD 6.4, NMR spectra failed
to provide evidence of hydrolysis; no alkaline titrant was consumed
even after 6 h, But at pD 7.5 new signals were evident in NMR spectra
after 20 min, indicating decomposition. Since pD values in kinetic runs
were much lower than those in the control studies, substrate degra-
dation is likely to be unimportant. Ring cleavage studies support this
conclusion.3%

1,2,3-Trimethylbenzimidazolium iodide was heated at 75 °Cin a
mixture of 0.105 M glycine-0.005 M glycinate ion in H3O containing
KClfor 20 h, corresponding to a period of >10 half-lives for H-D ex-
change. The NMR spectrum of this mixture showed no sign of sub-
strate degradation; no pH change was observed.

1,2,3-Trimethylimidazolium perchlorate was heated at 75 °C in 0.25
M sodium carbonate-0.025 M sodium bicarbonate for 8.5 h, a period
corresponding to 10 half-lives for isotope exchange. No evidence for
decomposition was detected by NMR.
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Rate constants have been obtained for deprotonation of the 2 position of a series of 2-substituted 3-methylben-
zothiazolium ions involving formate ion and water as bases in DyO. Relative rate constants for the two bases are
very similar in spite of the reactivity of formate ion being about 3.4 X 10* times greater than that for water. Second-
order rate constants for formate ion at 75.0 °C and 1 M ionic strength are: 2-ethyl, 2.28 X 1072, 2-hydroxymethyl,
1.10 X 10™% 2-isopropyl, 2.28 X 10~4; and 2-(1-hydroxyethyl), 4.50 X 104 M~!s~L, The major influence on reactivi-
ty is found in the latter two substances where steric inhibition of resonance is dominant. It is suggested that a simi-
lar steric effect will be present in the conjugate base of 2-(1-hydroxyethyl)thiamin and will influence rates and equi-
libria in nonenzymatic and possibly in enzymatic reactions as well.

The enzyme cofactor thiamin pyrophosphate participates
in a number of significant biological transformations. One very
important derivative, an “enamine”, is shown in Scheme I
where it is formed by deprotonation of the corresponding 2-
(1-hydroxyethyl) modification of the cofactor as well as by
decarboxylation.! Prior to this study information has not been
reported above how the methyl and hydroxy groups bonded
to the exocyclic carbon atom of the enamine affect its rate of
formation.

Generally, the effects of methyl and hydroxy or alkoxy
substituents on the rates of deprotonation of a carbon atom
to which they are bonded are variable and complex. The net
effect is likely to be dependent on the hybridization of carbon
in the transition state leading to deprotonation. Effects pro-
duced when the reactive site is pyrimidal can be different from
those when the site is planar. Factors affecting reactivity in-
clude inductive and resonance effects, bond strengths as in-
fluenced by hybridization,? and electron pair repulsion asso-
ciated both with electrostatic and Pauli exclusion principle
effects.?* Examples are known where an alkoxy group hin-
ders? as well as facilitates® deprotonation of an adjacent sp?3
hybridization carbon.

In addition, the methyl and hydroxy substituents of the
thiamin derivative in Scheme I may influence the rate of de-
protonation by a steric effect. Interaction of the side chain and
Ry group may prevent the substituents and the ring from
adopting a planar configuration, thereby hindering electron
delocalization leading to effective charge neutralization. That
is, there may be steric inhibition of resonance in the transition
state and in the conjugate base.

We have studied a series of 2-substituted 3-methylben-
zothiazolium ion model compounds I-V in order to obtain
insight into the effects operating in the deprotonation reaction
given in Scheme [. Starting with a 2-methyl substituent, the
hydrogen atoms have been systematically replaced, first by
a methyl and then by a hydroxy group, to yield 2-ethyl (II) and
2-hydroxymethvl (III) substrates. Next, two such substitu-
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Scheme I
R H
1:\||/S$—cl <CH0 ase_ 118/)—_(3 <CH3
CH,~ +* OH CH, TN 0
R. R,
/ '\—coz
R, CH NS COJCH
I.S.>=c/ B Ib}—c/ ‘
CH, T o NN

R. R,

tions give rise to 2-isopropyl (IV) and 2-(1-hydroxyethyl) (V)
model compounds. We believe the effects of these replace-
ments on rates of deprotonation provide considerable insight
into the factors affecting reactivity of the enzyme cofactor not
only in deprotonation but also in decarboxylation reactions
as well.

CH,
I, R = CH,
II, R = CH,CH,

IIL, R = CH,O0H
IV, R = CH(CH,),
V, R = CHOHCH,

Results

Hydrogen—deuterium exchange reactions were carried out
at 75.0 °C in D,0O solution, generally using a formate buffer.
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