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Abstract: Rate constants for C(2)-L —* D exchange from 3,4-dimethylthiazolium ion, N(l')-protonated thiamin, and 
3-(cyanomethyl)-4-methylthiazolium ion were determined by 1H NMR and detritiation in carboxylate and amine buffers at 
30 0C and ionic strength 2.0 M in D2O. Thermodynamically unfavorable hydron transfer from thiazolium C(2)-L (pKa = 
16.9-18.9) to oxygen-containing bases (RCOO" and RO") and amines shows general-base catalysis and follows almost completely 
normal "Eigen curves" with Bronsted /3 values of >0.95; the thermodynamically favorable reverse protonation reaction has 
a Bronsted a value of <0.05. This is consistent with diffusion-controlled protonation of the C(2) ylide by most acids. General-base 
catalysis is detectable because there is a small negative deviation from this correlation for deuterioxide ion. Values of kH/kT 

in the range 1.2 ± 0.2 for C(2)-L —*• D exchange catalyzed by buffer bases are in the range expected for rate-limiting diffusional 
separation of buffer acids from the C(2) ylide in the rate-limiting step, as expected for "normal" acids. The absence of strong 
inhibition by D3O

+ of C(2)-H -» L exchange from 3-(cyanomethyl)-4-methylthiazolium ion is inconsistent with proton transfer 
through water according to the Swain-Grunwald mechanism. The secondary solvent deuterium isotope effect of £H2OMD2O 
= 2.8 for transfer of C(2)-H to water indicates that the initial product is HOL2

+, and not HOL-L3O
+, that undergoes 

diffusion-controlled separation. It is concluded that hydrogen bonding of solvent to the carbanion is weak and that strong 
hydrogen bonding in the transition state is not necessary for rapid proton transfer. The observed rate constants for C(2)-H 
—• L exchange from 3-(cyanomethyl)-4-methylthiazolium ion were used to define an H0 acidity function for the ionization 
of this thiazolium ion in aqueous HCl solutions. 

In spite of the importance of proton-transfer reactions in 
chemistry and biochemistry and the large amount of research that 
has been performed in this area, there are still several aspects of 
these reactions that are incompletely understood. A particularly 
important mechanistic question is the problem of what determines 
whether proton transfer is fast or slow.2 

Proton transfer from carbon and the electronegative atoms of 
"normal" acids differs in that proton transfer from carbon is 
usually much slower and is generally believed to occur directly, 
rather than through a hydroxylic solvent molecule.3"5 The main 
reason for slow proton transfer from carbon is the low acidity of 
most carbon acids because of the low electronegativity of carbon.6 

Some functional groups that decrease the p£a of carbon acids also 
tend to make the transition state more complex and less stable; 
this increase in transition state complexity is accompanied by a 
decreased reaction rate.2'3b The behavior of substituted acetylenes, 
HCN, and other carbon acids that give highly localized carbanions 
supports the conclusion that delocalization and the accompanying 
structural and solvation changes are responsible for the slow rates 
and large intrinsic barriers for proton transfer from most carbon 
acids.30,7,8 Hydrogen bonding in the transition state may stabilize 
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the transition state, but this stabilization appears to be small for 
carbon compared with more electronegative atoms.9 

The problem for biochemistry is illustrated by the coenzyme 
thiamin (la). Several thiamin-dependent enzymes catalyze al-
dol-type addition reactions between thiamin pyrophosphate (R2 

ifTL 
ND2 

l a : R 1 - Jf Jj , R 2 = CH2CH2OD 

H3Cy 
D 

b: R1 = CH3 . R2 = H 
c: R1=CH2CN, R2 = H 

= CH2CH2OP2O6H3) and carbonyl compounds;10 the base-cat
alyzed abstraction of the C(2) proton from the thiazolium ring 
of thiamin forms a reactive thiazolium ylide (2; Scheme I), which 
is both a potent carbon nucleophile and a reasonably stable leaving 
group.11 Thiazolium ions are especially simple carbon acids that 
presumably require relatively little of the electron delocalization 

(9) Cybulski, S. M.; Scheiner, S. J. Am. Chem. Soc. 1987, 109, 
4199-4206. Caidwell et al. measured hydrogen bond strengths for alkoxide, 
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of equal gas-phase acidity, which emphasizes the importance of the electro
negativity of the anionic site: Caldwell, G.; Rozeboom, M. D.; Kiplinger, J. 
P.; Bartmess, J. E. J. Am. Chem. Soc. 1984, 106, 4660-4667. 
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by resonance and the resulting changes in geometry and solvation 
of delocalized charge that are believed to be responsible for the 
slow ionization of most carbon acids;30,7,8 changes in bond lengths 
and angles are restricted by the five-membered ring. We are 
interested in the factors that contribute to the kinetic barriers for 
C(2)-proton transfer from thiamin, which is required for func
tioning of the coenzyme. 

In this and the subsequent paper in this issue we describe an 
examination of hydron12 transfers involving thiamin ( l a ) and 
related thiazolium ions (lb,c) in aqueous solution. The results 
indicate that the behavior of thiazolium ions is similar, but not 
identical, to that of normal acids; thiazolium ions undergo proton 
loss with a minimal intrinsic barrier and C(2)-proton removal by 
most bases occurs at the maximum possible rate for a given 
equilibrium constant. 

In this paper we show that the rate constants for proton transfer 
from thiazolium ions follow an "Eigen curve" similar to that for 
normal acids and have a similar barrier for proton transfer near 
ApA" = 0. Kemp and O'Brien have reported catalysis by water, 
methoxyacetate, acetate, and hydroxide ion of C ( 2 ) - T - • H 
exchange from 3-benzylbenzothiazolium ion that is consistent with 
a Bronsted /3 value of >0.9;13 our results confirm and extend the 
conclusion that general-base catalysis is detectable for thiazolium 
C ( 2 ) - L exchange. The absence of strong inhibition of proton 
exchange by acid and a solvent isotope effect of £H 2 O/^D 2 O = 2.8 
show that proton transfer to water does not follow the Swain-
Grunwald mechanism4 and does not proceed through a water 
molecule. The relatively small inhibition is used to define an 
acidity function that reflects stabilization of the C(2) ylide in 
concentrated acid solution. We conclude that thiazolium ions 
undergo proton loss with a small intrinsic barrier and are even 
more normal than HCN, 8 but they still have properties charac
teristic of other carbon acids. 

Experimental Section 
Materials. AU organic chemicals were reagent-grade and were pu

rified by recrystallization or distillation; pentafluorophenol (Aldrich) was 
sublimed. Reagent-grade inorganic chemicals were used as received. 
Water was glass distilled. Acetic-</3 acid-rf, acetonitrile-d3, deuterium 
chloride, deuterium oxide, dimethyl-rf6 sulfoxide, phosphoric acid-rf3, 
sodium deuterioxide, and thiamin hydrochloride were purchased from 
Aldrich; all deuteriated compounds were >99 atom % D. [3H]H2O (1 
Ci/mL) and Aquasol-2 were purchased from New England Nuclear. 
Thiamin hydrochloride was recrystallized from methanol/ethanol: mp 
= 242-243 0C dec. The synthesis of 3,4-dimethylthiazolium chloride14 

and 3-(cyanomethyl)-4-methylthiazolium chloride15 has been described. 
C(2)-[3H]Thiazolium ions were prepared from unlabeled thiazolium salts 
by exchange with [3H]H2O in H2O at 25 0C for 24 h and pH 4.8 [for 
N(l')-protonated thiamin; the pH was adjusted with NaOH] or pH 5-6 
(for other thiazolium salts; the pH was maintained by ambient dissolved 
CO2). The solvent was removed by evaporation under a water aspirator 
vacuum in a Savant Speed-Vac centrifugal concentrator; all operations 
were performed in a hood. The C(2)-[3H] thiazolium ions, which were 
typically 0.3-0.5 mCi/mol, were stored in vacuo over P2O5 at 25 0C in 
a hood. Parallel experiments in deuterium oxide and 1H NMR exami
nation of the exchanged thiazolium ions showed that isotopic labeling 
under these conditions occurs exclusively by exchange at C(2)-H. Stock 
solutions of reagents in D2O were prepared by first exchanging ex
changeable protium from the reagents with D2O to give <2 atom % 
exchangeable protium in the stock solution except for methoxyethanol 
and propargyl alcohol, which were used without exchanging protium and 
at concentrations that gave <4 atom % exchangeable protium in the stock 
solution. 

Methods. Solution pH was measured at 30 0C with an Orion Model 
701A pH meter and a Radiometer GK2321C combination electrode 
standardized at pH 6.99 and 4.01 or 9.96. The electrode was free of the 

(12) The term "hydron" refers to the hydrogen cation (L+) without regard 
to nuclear mass. The specific names "proton" (1H), "deuteron" (2H), and 
"triton" (3H) refer to the specific isotopes (Commission on Physical Organic 
Chemistry, IUPAC Pure Appl. Chem., in press) and are abbreviated here as: 
1H+, H; 2H+, D; 3H+, T. 

(13) Kemp, D. S.; O'Brien, J. T. J. Am. Chem. Soc. 1970, 92, 2554-2555. 
(14) Crosby, J.; Stone, R.; Lienhard, G. E. J. Am. Chem. Soc. 1970, 92, 

2891-2900. 
(15) Washabaugh, M. W.; Jencks, W. P. Biochemistry 1988, 27, 

5044-5053. 

anomalous ionic strength effects reported by Illingworth.16 1H NMR 
spectra in D2O were recorded on a Varian XL-300 NMR spectrometer. 
Proton spin-spin coupling of C(2)-H (S m 10 ppm) to C(5)-H (S ̂  8 
ppm) through sulfur was observed for all thiazolium salts studied. This 
coupling results in splitting of the C(2)-H peak to a doublet (J = 3.0 ± 
0.5 Hz) and an increased peak width for C(S)-H.15 Radioactivity was 
measured with a Beckman LS 6800 liquid scintillation counter. 

Kinetics. Rate constants for thiazolium C(2)-H -» D exchange in 
D2O were determined by 1H NMR spectroscopy at 30 ± 1 0C as de
scribed previously.15 The ionic strength was maintained at 2.0 M with 
NaCl. Solutions of the amine catalysts were prepared by partial neu
tralization of the amine deuteriochlorides with NaOD. The carboxylic 
acid and alcohol catalysts were prepared by partial neutralization of the 
sodium salts with DCl, except for aqueous solutions of methoxyethanol 
and propargyl alcohol, which were prepared from the alcohol. Aqueous 
solutions of 0.01-2.7 M DCl in D2O were used for exchange reactions 
at pD < 2. The exchange reaction was initiated by dissolving 0.0625 
mmol of thiazolium salt in 0.5 mL of buffer, which was previously 
equilibrated at 30 0C, giving a final concentration of 0.125 M thiazolium 
salt, unless stated otherwise. 

Rate constants for thiazolium C(2)-T -» D exchange were determined 
by measuring nonvolatile, unexchanged tritium remaining in the C(2)-
[3H]thiazolium salt at 30 0C. The ionic strength was maintained at 2.0 
M with NaCl. All operations were performed in a hood. The exchange 
reaction was initiated as described above in a 1.5-mL Eppendorf cen
trifuge tube. The reaction solution was incubated in a constant-tem
perature bath (30 ± 0.2 0C) and was removed for about 10 s every 2-30 
min in order to obtain a 10-ML aliquot that was immediately mixed with 
10 /xL of 2 M HCl in a 400-juL flat-bottomed well of a rigid polystyrene 
microtiter plate (Becton-Dickinson Falcon 3075 96-Well MicroTest III 
tissue culture plate) to quench the exchange reaction. A 0.5 X 2.0 cm 
strip of Whatman 3mmChr paper was placed in the well to absorb the 
quenched reaction solution. The solvent, which contained exchanged 
tritium as [3H]L2O and aqueous HCl, was allowed to evaporate leaving 
any unexchanged C(2)-[3H]thiazolium salt on the paper strip; the paper 
strips were handled only with tweezers at this point. The paper strips 
were pinned to an aluminum foil covered board and dried under a heat 
lamp to ensure that the strips were completely dry. Each paper strip was 
transferred to a liquid scintillation counting vial, suspended in 1.0 mL 
of water, and mixed with 15 mL of Aquasol-2; the vials were shaken 
intermittently over several hours until no schlieren were observed around 
the paper strips. The samples were counted for at least 105 counts. A 
10-^L aliquot of the reaction solution typically gave ~5000 cpm for the 
initial time point. The end point was obtained after >lOt^/2 and was 
typically 50-100 cpm. The pseudo-first-order rate constants were ob
tained from semilogarithmic plots of (A, - A„) against time (A = cpm) 
and the relationship koiei = 0.693/r1/2. These plots were linear for >4r1/2 

with 10-15 time points. When duplicate determinations of &obsd were 
made, they agreed within ±5% of the average value. 

Rate constants for C(2)-H - • T exchange of 3-(cyanomethyl)-4-
methylthiazolium ion catalyzed by H2O or D2O in 1.75-10.4 M LCl 
containing 0.43 mCi/mol [3H]L2O were determined from initial rate 
measurements, in which the reaction had proceeded < 10% to completion, 
at 30 ± 0.2 0C by using the assay described above. The pseudo-first-
order rate constant, fcobsd, was obtained by dividing the initial rate of 
appearance of nonvolatile thiazolium ion C(2)-T by 0.23 M, which was 
the initial concentration of thiazolium ion C(2)-H. 

Measurements of pH were made at 30 ± 0.2 0C on the buffered 
solutions of the thiazolium salts after exchange had occurred. The value 
of pD was obtained by adding 0.40 to the observed pH of solutions in 
D2O.17 Based on measurements of pH at known concentrations of 
hydroxide ion at 30 0C and 2.0 M ionic strength, maintained with KCl, 
eq 1 was used to calculate the concentration of deuterioxide ion at any 

[OD"] = 1.18 X lfjfP15-14-70' (1) 

pD. This equation includes the ion product of deuterium oxide at 30 
0C.18 

Second-order rate constants for general-base-catalyzed exchange were 
obtained from the slopes of plots of >3 values of k'aiei against [B], where 
B is the catalytic general base. Values of fe'obsd were calculated from k^^ 
by subtracting the rate from catalysis by OD-, D2O, and any additional 
buffer base present to maintain pH, according to fc'obsd = kB[B] = &obs<i 

- fcooIOD-] - k'Vl0. This treatment corrects for small changes in [OD~] 
with increasing buffer concentration that had the effect of increasing or 
decreasing the dependence of kobsi on buffer concentration." The cat-

(16) Illingworth, J. A. Biochem. J. 1981, 195, 259-262. 
(17) Glasoe, P. K.; Long, F. A. J. Phys. Chem. 1960, 64, 188-190. 
(18) Covington, A. K.; Robinson, R. A.; Bates, R. G. J. Phys. Chem. 1966, 

70, 3820-3824. 
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Figure 1. Dependence of the rate constant for 3-(cyanomethyl)-4-
methylthiazolium ion C(2)-T -» D exchange on the concentration of 
acetate-^ ion at 30 0C and / = 2.0 M (NaCl) in D2O. Values of k'oM 
(=fcB [CD3COO"]) were calculated from fcobKi after correcting for cata
lysis by deuterioxide ion and D2O (see text). The slope of both lines (fcB 
= 6.7 X 10"4 M"1 s"1) is the rate constant for general-base catalysis by 
acetate-d3 ion and is independent of the fraction of buffer base. This 
general-base catalysis represents a 36% rate increase at 0.13 M acetate-rf3 
for A~/Alolii = 0.10 and a 16% rate increase at 0.66 M acetate-d3 for 
A-/AMil = 0.65. 

alyst concentration, [B], at the pD of the reaction was calculated from 
its apparent pXa (see below). We estimate error limits of ±15% and 
< ±40% in the second-order rate constants for general-base catalysis from 
Ic and lb, respectively, based on the maximum and minimum slopes that 
could be drawn in plots of k'obti against [B] assuming an error of ±12% 
in fe'obsd.20 Second-order rate constants for deuterioxide ion catalyzed 
exchange were obtained as described previously.15 

Determination of Catalyst pAf a' Values. Amine hydrochlorides and the 
sodium salts of carboxylic acids and pentafluorophenol were dried in 
vacuo over P2O5 to constant weight before use. A 0.01 M solution of the 
catalyst at ionic strength 2.0 M (NaCl) in freshly boiled water was 
titrated potentiometrically under an argon atmosphere with either 0.100 
M KOH or 0.100 M HCl at 30.0 ± 0.2 0C according to the method of 
Albert and Serjeant.21 For catalysts with pXa > 9 the ionic strength was 
maintained with KCl to avoid electrode sodium ion errors. Data were 
analyzed by using Kw = 1O-13-837 at 30 0C18 and a correction for H+ and 
OH- derived from hydrolysis of the salt being formed at pH < 4 and pH 
> 10.21 Errors in the pAj' values in H2O were < ±0.04. The catalyst 
pKi values in D2O were calculated by adding ApKa = 0.5 (RCOO-) or 
0.6 (amines, ArO-) for the solvent deuterium isotope effect on the ion
ization of weak acids22 to the values for pKt' in H2O. 

Results 
The kinetics of general-base-catalyzed C(2)-L —* D exchange 

from N(l')-protonated thiamin (la), 3,4-dimethylthiazolium ion 

(19) Methods for handling "buffer failure" have been discussed: see ref 
7a and Keeffe, J. R.; Kresge, A. J. In Investigations of Rates and Mechanisms 
of Reactions; Bernasconi, C. F., Ed.; Wiley: New York, 1986; Vol. 6, part 
1, pp 747-790. 

(20) The propagated standard error(s) of ±12% in k'„M was calculated 
from fc'otad = £B[B] = *otad - *OD[OD-] and s = (s2^ + /t0D[0D-])1/2: Skoog, 
D. A.; West, D. M. Fundamentals Of Analytical Chemistry, 4th ed.; CBS 
College Publishing: New York, 1982; pp 75-76. Catalysis by D2O does not 
significantly contribute to koM under these reaction conditions and was ne
glected. Errors of skaM = ±5% in Aobsd and Jt00[OD-] = ±10% in kOT>[OT)-] 
were assumed. 

(21) Albert, A.; Serjeant, E. P. In The Determination of Ionization Con
stants, 3rd ed.; Chapman and Hall: London, 1984; pp 22-35. 

(22) Laughton, P. M.; Robertson, R. E. In Solute-Solvent Interactions; 
Coetzee, J. F„ Ritchie, C. D„ Eds.; Marcel Dekker: New York, 1969; Vol. 
1, pp 399-538. 

Table I. Rate Constants for General-Base Cataly 
3-R-4-Methylthiazolium Ion C(2)-L 

catalyst 

D2O' 
OD- ' 

NCCH2COO-
CH3OCH2COO-

HCOO" 
D3CCOO-

CH3CH2COO" 
DPO4

2-

C6F5O-
CF3CH2O" 
HCCH2O" 

CH3OCH2CH2O" 

CH3O" 
CH3CH2O" 
CF3CH2ND2 

NCCH2CH2ND2 

DOCH2CH2ND2 

/—\ 
D+N^V,N 

\_? 

P*a> 

-1.74 
\6A4d 

2.49 
3.60 

3.81 
4.97 

5.03 
6.62 

5.82 
13.0' 
14.2' 

15.4' 

16.3' 
16.6' 
6.38 

8.58 

10.25/ 

4.06 

C(2)-L 

H 
H 
T 
T 
H 
T 
H 
H 
T 
H 
H 
T 
H 
T 
H 
T 
H 
T 
T 
T 
H 
T 
H 
T 
H 
T 

H 

T 

sis of 
-* D Exchange" 

log kB, M"1 

R = Me thiamin 

<-10.5 
5.63 
5.16 

-6.25 

<-4.89 

-2.72 
-2.64 
-4.64 

3.78 

-3.78 
-3.82 
-1.37 

-5.39 

-9.57 
6.92 
6.13 

-5.03 

-3.25 

1.53 

S"1 

R = 
CH2CN 

-8.77 
7.67 
6.50 

-5.30 
-4.19 
-4.31 
-3.82 

-3.18 
-2.20 

4.90 

5.90 
7.36 
6.77 

<7.28 
<7.51 

-1.17 

0.59 

3.08 

-3.57 

-3.64 

DO, 10.75/ 2.89 

"At 30 0C and ionic strength 2.0 M (NaCl) in D2O. The rate con
stant kB is defined in eq 2. 'Apparent pKa of the conjugate acid at 30 
0C and ionic strength 2.0 M (NaCl) in D2O (see text). 'Reference 15. 
Rate constants for catalysis by OD" are concentration based, 70D = 

0.85. ''Calculated from the ion product of D2O
18 based on a standard 

state of 55.1 M for pure D2O at 30 0C,53 with K°'° = KJ[D2O] = 
10_14'70/55.1. 'Estimated from p£a values at low ionic strength in H2O 
and ApX, = 0.7 for the solvent deuterium isotope effect on the ioniza
tion of alcohols.22 ^Apparent p£a of the conjugate acid at 30 0C and 
ionic strength 2.0 M (KCl) in D2O (see text). 

(Ib), and 3-(cyanomethyl)-4-methylthiazolium ion (Ic) at 30 0C 
and ionic strength 2.0 M, maintained with sodium chloride, in 
D2O were followed by 1H NMR or detritiation under pseudo-
first-order conditions. The kinetics of L20-catalyzed C(2)-H —• 
L exchange from 3-(cyanomethyl)-4-methylthiazolium ion (Ic) 
at 30 0C were followed by a combination of 1H NMR and tri
tium-incorporation methods under pseudo-first-order and initial 
rate conditions, respectively. The exchange reactions obey the 
rate law described by eq 2. The rate constants for base catalysis 

ôbsd = *OD[OD-] + *B[B] + k'D2Q (2) 

of C(2)-L —• D exchange were determined as described in the 
Experimental Section. The rate constants for C(2)-H -* D 
exchange catalyzed by deuterioxide ion and D2O under these 
reaction conditions were reported previously.15 Typical data are 
shown in Figure 1 for detritiation of Ic catalyzed by acetate-^3. 
Values of kobsi

 a n d kB[B], calculated from eq 2, are summarized 
in supplementary Tables S1-3. The second-order rate constants, 
kB, for general-base catalysis of C(2)-L -» D exchange are 
summarized in Table I. The rate constant for deuterioxide ion 
catalyzed H —* D exchange of the two protons from the exocyclic 
3-methylene position in Ic under these reaction conditions was 
also determined by 1H NMR and was found to be 8.4 X 105 M"1 

s"1, which is 55-fold slower than H -* D exchange of the single 
C(2)-H in this compound. This shows that the activating effects 
for proton transfer of the thiazolium S atom, sp2 hybridization 
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of C(2)-H and, possibly, the aromatic ring, are significantly larger 
than that of a CN group. 

The amount of buffer catalysis observed was larger for C(2)-T 
-* D than for C(2)-H -* D exchange and for the more elec
tron-withdrawing substituents at N(3) on the thiazolium ring, but 
was typically small. Experiments to measure general-base catalysis 
were generally performed at total buffer concentrations <2 M 
and buffer ratios of B/BH+ < 0.35 in order to obtain maximal 
rate increases from general-base catalysis.19 Catalysis by lyoxide 
ion is large in these reactions because of the large /3 values; it would 
overwhelm general-base catalysis if the lyoxide ion also obeyed 
the Bronsted correlation.23 Catalysis is detectable because the 
rate constant for lyoxide ion falls below the Bronsted line (see 
below) and the reactions were followed at low buffer ratios 
(B/BH+) in order to minimize the contribution of catalysis by 
lyoxide ion. For C(2)-H -» D exchange from N(l')-protonated 
thiamin (la) and 3,4-dimethylthiazolium ion (lb), general-base 
catalysis gives a rate increase of only ~ 9 % for buffer ratios of 
B/BH+ < 0.35 and total buffer concentrations up to 1.0 M; 
however, a larger rate increase of 29% was observed for catalysis 
of C(2)-T — D exchange by 0.13 M DPO4

2" from lb at a buffer 
ratio of B/BH+ = 0.35. Larger rate increases were observed for 
C(2)-H —• D and C(2)-T -* D exchange from 3-(cyano-
methyl)-4-methylthiazolium ion (Ic), where general-base catalysis 
gave rate increases of ~15% and ~36-93%, respectively, for 
buffer ratios of B/BH+ < 0.40 and total buffer concentrations 
up to 2.0 M (Figure 1). 

When working with high concentrations of buffer components, 
it is important to assess the effects of varying [M+B"] and [BH] 
even when ionic strength and the buffer ratio are kept constant.24 

The following points suggest that medium effects are small: (1) 
No detectable curvature at high buffer concentration was observed 
in plots of k'obsi against [buffer] (see Figure 1). (2) The rate 
constants for catalysis of thiazolium C(2)-H —*• D exchange by 
OD" are not sensitive to variations in the nature or concentration 
of salts used to maintain the ionic strength at 2.0 M (except for 
an anion-specific effect of ClO4" and SO4

2"); there is no significant 
change in k0D (^ ±5%) upon substituting sodium trifluoroacetate, 
sodium methoxyacetate, sodium iodide, or tetramethylammonium 
chloride for sodium chloride.25 (3) There is no significant change 
in kB (< ±5%) for catalysis of C(2)-H —* D exchange from lb 
by DPO4

2" (B/BH+ = 0.23) upon substituting 0.11-1.71 M so
dium methoxyacetate for sodium chloride to maintain the ionic 
strength at 2.0 M. (4) The pD-independent rate constant for 
C(2)-H -*• D exchange catalyzed by D2O from Ic is not affected 
(< ±3%) by substitution of 0.125 or 2.0 M tetramethylammonium 
chloride for sodium chloride in 1.75 M DCl at a total ionic strength 
of either 2.0 or 3.9 M. (5) Values of kB for catalysis of C(2)-H 
— D exchange from lb by DPO4

2" (A'/Awtal = 0.36-0.59) and 
from Ic by D3CCOO" {A'jAxa^ = 0.10-0.65; see Figure 1) do 
not change significantly (< ±5%) with the fraction of buffer base, 
which indicates that there is no significant effect of the acid 
component of the buffer on the rate constants for general-base-
catalyzed thiazolium C(2)-H —• D exchange. (6) We examined 
the effect of adding small organic molecules to the reaction 
medium with 5.5-11 vol % acetonitrile, 7-14 vol % dimethyl 
sulfoxide, and 6-12 vol % ethanol, which correspond to 1.0-2.0 
M organic solvent in the reaction. There is no significant change 
(< ±5%) in k0D with increasing organic solvent in the reaction 
medium. 

Even though the ionic strength was kept constant at 2 M with 
sodium chloride there was usually a small increase in the observed 
pD of <0.1 unit for oxygen-containing catalysts or a small decrease 
of <0.1 unit for amines between the lowest and highest buffer 
concentrations examined. This variation in pD with [buffer] had 
the effect of increasing or decreasing the dependence of kob%i on 
[buffer]; in some reactions it resulted in decreases in kobsi with 

(23) Bell, R. P. Acid-Base Catalysis; Oxford University Press: London, 
1941; p 94. 

(24) Hand, E. S.; Jencks, W. P. J. Am. Chem. Soc. 1975, 97, 6221-6230. 
(25) Washabaugh, M. W.; Jencks, W. P. J. Am. Chem. Soc, following, 

paper in this issue. 
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Figure 2. Dependence of the observed first-order rate constants for 
3-(cyanomethyl)-4-methylthiazolium ion C(2)-H — L exchange in 
aqueous DCl solutions on the Hammett D0 acidity function26 at 30 0C 
in D2O. Above D0 = -0.7 the ionic strength was maintained at 2.0 M 
(NaCl). The reaction was followed by incorporation of T (O) or D (•) 
into the C(2)-H substrate. The square symbols represent duplicate 
determinations of kohsi. The solid lines represent the inhibition in DCl 
expected for ionization of an acid of p£a = 16.9 by the Swain-Grunwald 
mechanism and by acidity function effects (see text). 

increasing [buffer] for several amine buffers, as shown in sup
plementary Tables S1-3. Consequently, a correction of kobsi was 
made for the rate resulting from the variation in [OD"] as de
scribed in the Experimental Section. There is no significant effect 
of errors in pD and catalyst pKa on kB because, for the buffer ratios 
of B/BH+ < 0.4 that were used to determine kB, the fractional 
rate increase resulting from general-base catalysis is constant; 
[OH"] changes in parallel with [M+B"].19 

The secondary solvent deuterium isotope effect on C(2)-T —* 
L exchange from Ic catalyzed by acetate-^ was also determined 
at 30 0C and ionic strength 2.0 (NaCl). In parallel experiments 
with A~/AlM = 0.19 and 0.25, values of k$° = (7.4 ± 1.0) X 
10"4 M"1 s"1 and k$° = (7.0 ± 0.8) X 10"4 M"1 s"1 were obtained. 
The solvent isotope effect, kB

2°/kB
2°, is 1.1 ±0 .2 and is inde

pendent of the concentration of the acid component of the buffer. 
In summary, the following provide evidence that this treatment 

of 
ôbsd ' s valid and provides a reliable measure of general-base 

catalysis: 
(1) The amount of buffer catalysis observed is larger for C(2)-T 

-» D than for C(2)-H —• D exchange. A medium effect that 
changes the concentration of OD" would be expected to have the 
same effect on the exchange of T and H. 

(2) The observed catalysis is independent of buffer base charge 
type, while the variation in pD depends on the buffer base charge 
type. 

(3) No medium effects were observed upon addition of several 
different organic solvents or change in the nature of salts at 
constant ionic strength. 

(4) Changing the concentration of the acid component of the 
buffer has no effect on kB (Figure 1), although it changes pD. 

(5) The relative effectiveness of different buffer bases is the 
same for the three thiazolium ions examined, although the amounts 
of catalysis are different. A medium effect would be expected 
to cause similar or identical changes in the rate constants for the 
three compounds. 

(6) Although trifluoroethanol, propargyl alcohol, and meth-
oxyethanol give catalysis and values of kB that are consistent with 
a Bronsted correlation, ethanol has no effect on k'obsi for C(2)-L 
—• D exchange from Ic. Ethanol is not expected to show sig
nificant catalysis because of the curvature in the Bronsted plot 
for pATa values >14 (see below). 
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Figure 3. Bronsted plots for general-base catalysis of C(2)-H (open 
symbols) or C(2)-T (solid symbols) - • D exchange from 3-R-4-
methylthiazolium ions and N(l')-protonated thiamin at 30 0C and / = 
2.0 M (NaCl) in D2O; the plots for N(l')-protonated thiamin and for 
R = CH2CN are displaced by 6 and 12 pAfa units, respectively, for clarity 
of presentation. The squares are for oxygen-containing catalysts (pK 2-5 
are RCOOD, and pK 7-16 are ROD), circles are for primary amines, 
and triangles are for tertiary amines. Upper limits for catalysis by D2O 
and acetate-^ (R = Me), as well as methoxide and ethoxide (R = 
CH2CN), are indicated. The solid lines are theoretical Eigen curves (see 
text) for *„ = 3 X 109 M"1 s"1, kA/k^ = 0.1 M"1, and *° = 1012 s"1; the 
broken lines are theoretical Eigen curves for k° = 1010°5 and 108,85 s"1, 
respectively. 

Figure 2 shows the dependence on pD and the Hammett acidity 
function D0

26 of the observed pseudo-first-order rate constants for 
C(2)-H —• L exchange of 3-(cyanomethyl)-4-methylthiazolium 
ion (Ic). The results are summarized in supplementary Table 
S4. 

The secondary solvent deuterium isotope effect on C(2)-H —*• 
T exchange for 3-(cyanomethyl)-4-methylthiazolium ion (Ic) with 
the solvent (L2O) was determined by tritium incorporation at 30 
0C under pseudo-first-order conditions in the Z>0-independent 
region at D0 = -0.65 with [LCl] = 1.75 M and ionic strength 2.0 
M (NaCl) or in the £>0-dependent region at D0 = -1.80 with [LCl] 
= 4.90 M. In separate experiments, three determinations of Aobsd 

were made at each [LCl]. The observed rate constants are AH2o 
= (7.5 ± 0.3) X 10"7 s"1 and fcDj0 = (2.6 ± 0.1) X 10"7 s"1 for 
[LCl] = 1.75 M, while AH2o = (1.2 ± 0.1) X 10~7 s"1 and kDl0 

= (4.7 ± 0.3) X 10"8 s"1 for [LCl] = 4.90 M. The solvent isotope 
effect, AH2OMD2O> ' s 2.8, with an uncertainty of 0.2 based on the 
errors in the observed rate constants, and is independent of [LCl] 
within experimental error. No changes in the ultraviolet or 1H 
NMR spectrum of Ic that might suggest hydrolysis of the nitrile 
were detected in the presence of 1—10 M LCl. 

Discussion 
General-Base Catalysis and the Nature of the Transition State. 

The second-order rate constants for thermodynamically unfa
vorable C(2)-L —• D exchange catalyzed by general bases from 
N(l')-protonated thiamin (la) (pATa = 17.7), 3,4-dimethyl-
thiazolium ion (lb) (pATa = 18.9), and 3-(cyanomethyl)-4-
methylthiazolium ion (Ic) (pATa = 16.9)15 can be described by 
almost completely normal "Eigen curves", with Brensted @ values 
of >0.95, as shown in Figure 3; the curves for la and Ic are offset 
by 6 and 12 pKa units, respectively, for clarity of presentation. 
Though general-base catalysis of thiazolium ion C(2)-L —• D 

(26) Rochester, C. H. Acidity Functions; Academic Press: London, 1970; 
p 40. 

exchange is unmistakable, it is also weak. General-base catalysis 
is detectable because there is a negative deviation of >6-fold of 
the rate constant for catalysis of C(2)-L —• D exchange by 
deuterioxide ion from the Bronsted plot for all three thiazolium 
ions examined; there is a constant 8-fold negative deviation of the 
rate constant for C(2)-H —* D exchange. Statistical correction 
of the catalyst pATa values and the rate constants for base catalysis27 

does not improve the fit of the data to the Bronsted plots or change 
(3 significantly. 

The Bronsted /3 value of >0.95 suggests (1) that diffusional 
separation of the conjugate acid from the C(2) ylide is rate limiting 
for thermodynamically unfavorable C(2)-L —• D exchange, as 
expected for a normal acid, and (2) that the reverse, thermody
namically favorable protonation of the thiazolium C(2) ylide, with 
a Bronsted a value of <0.05, is diffusion-controlled with almost 
all acids. These conclusions are supported by values of kH/kT 

in the range 1.2 ± 0.2 for thermodynamically unfavorable C(2)-L 
—• D exchange catalyzed by general bases (Table I). 

The observed base catalysis can be interpreted in terms of the 
simple three-step model for proton transfer described by Eigen 
(eq 3).28 For thermodynamically favorable proton transfer the 

\ 
C—H + B C — H - B ;=± 

/ * -P 

W, 
C -" H—B + 

/ 

r * d 

+ H -B* (3) 

rate-limiting step is diffusion-controlled encounter of the reactants 
(Ad); for unfavorable transfer the rate-limiting step is diffusion-
controlled separation of the products (A^) and near ApAT = 0, 
diffusion together (Ad), proton transfer within the encounter 
complex (Ap), and diffusion apart (k-t) are all partially rate 
limiting. Theoretical curves were calculated8'29 from eq 4, which 

AB = kikJc^/ikJc-i + (AL11)
2 + k^k.p) 

kp = A°10°-5<A i* 

(4) 

(5) 

is the steady-state solution to eq 3; the value of Ap is given by eq 
5, assuming that /3 = 0.5 near ApK = 0, in which kp is the value 
of kp at ApAT = 0. 

The solid lines in Figure 3 are theoretical Eigen curves for 
proton transfer from an acid with essentially no intrinsic barrier 
and were calculated from values of k° = 1012 s"1, k<i = 3 X 109 

M"1 s"1,30 and kd/k^ = 0.1 M"1.8 The broken lines in Figure 3 
for catalysis of C(2)-H - • D and C(2)-T — D exchange from 
Ic by buffer bases were calculated similarly from kp = 101005 s"1 

and A° = 108'85 s"1, respectively; these values for A° correspond 
to second-order rate constants of kB = 10881 M"1 s'^for C(2)-H 
— D exchange and kB = 107-83 M"1 s"1 for C(2)-T -* D exchange 
at ApA: = 0. The observed rate constants for buffer bases agree 
with these calculated lines within the experimental error of the 
measurements (±15%) and give values for ki of i08-80-108-90 s-1 

for C(2)-T — D exchange and 109-75-1010" s"1 for C(2)-H — 
D exchange; the rate constants for OD - fall below the lines. 

Transfer of the C(2) proton from N(l')-protonated thiamin 
(la) and related N(3)-substituted thiazolium cations (lb,c) is very 
similar to proton transfer from normal acids with electronegative 
atoms. Proton transfers between normal acids and bases are 
almost completely diffusion-controlled; only in a small region near 
ApAT = 0 is the proton-transfer step even partly rate determining, 
and for thermodynamically favorable (ApAT > 3) or unfavorable 

(27) Bell, R. P.; Evans, P. G. Proc. R. Soc. London, A 1966, 291, 297-323. 
(28) Eigen, M. Angew. Chem., Int. Ed. Engl. 1964, 3, 1-19. 
(29) Fischer, H.; DeCandis, F. X.; Ogden, S. D.; Jencks, W. P. J. Am. 

Chem. Soc. 1980, 102, 1340-1347. No correction was made for effects of 
charge, which are not expected to be large at ionic strength 2.0 M. 

(30) Keeffe, J. R.; Kresge, A. J.; Toullec, J. Can. J. Chem. 1986, 64, 
1224-1227. These workers measured the rate constant directly for the dif
fusion-controlled reaction of acetophenone enol with bromine in aqueous 
hydrobromic acid at 25 0C and / = 0.10 M (NaBr). 
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(ApK < -3) proton transfers, diffusion-controlled encounter of 
the reactants or separation of the products becomes fully rate 
determining.28,29'31 The Bronsted plots for such reactions follow 
Eigen curves with slopes of 0 and ±1.0 in the favorable and 
unfavorable directions, respectively, and have a small transition 
region near ApA? = 0 of slope ~0.5 where the proton-transfer step 
gives rise to a deuterium isotope effect31 when it becomes partially 
rate limiting. Most carbon acids are not normal in this respect; 
the proton-transfer step is partly or completely rate determining 
over a large range of ApK. 

These results show that the rate constants for C(2)-proton 
transfer from thiazolium ions are nearly identical with those 
observed for normal acids with electronegative atoms;28 thiazolium 
ions undergo proton loss with a small intrinsic barrier. This is 
relevant to the physiological role of thiamin because it means that 
C(2)-proton removal occurs at nearly the maximum possible rate 
for a given equilibrium constant. The value of kf = 101005 s"1 

at ApK = 0 for thiazolium C(2)-H exchange is ~ 14-fold larger 
than the values of 108MO9-1 s"1 (kB = 1O7MO8-0 M"1 s"1 at ApK 
= 0) obtained by an analogous treatment for HCN,8 so that 
thiazolium ions are even more normal than HCN; even for errors 
of ±30% in the second-order rate constants for general-base ca
talysis, the value of jfc° = 1095MO11-5 s"1 for C(2)-H — D ex
change is significantly greater than the values for HCN. The 
curvature in the Bronsted plot for C(2)-T —• D exchange from 
Ic, which does not involve significant internal return,25 can be fit 
to the Marcus equation32 with values of 1.3 ± 0.3 and 3.7 kcal 
mor1 for the intrinsic barrier and the constant work term, re
spectively. These are similar to the values of 2 and 3 kcal mol"1 

for the intrinsic barrier and the work term for proton transfer from 
normal acids.2 They correspond to a second-order rate constant 
of kB = 107-83 M"1 s"1, or a total barrier of 5.0 kcal mor1, at ApK 
= 0. It appears that the work term must represent, in part, the 
difference in zero-point energy estimated from RTIn (fcHAiOobsd 
= 1.6 kcal mol"1 for C(2)-H — D and C(2)-T — D exchange. 

Large Bronsted /3 values have been reported for several other 
carbon acids that require little electron derealization and de-
solvation upon ionization, such as acetylenic, cyano, halogen, and 
sulfonyl-activated acids7'33'34 when the proton-transfer step is 
strongly favorable in one direction. However, the rate constants 
of ~ 108 M"1 s"1 for reaction with buffers in the thermodynamically 
favorable direction for malononitriles and disulfones and of ~ 107 

M"1 s"1 at ApA? = 0 for bromomalononitrile are significantly 
smaller than those for the corresponding reactions of thiazolium 
ions;33 the rate constants for proton transfer to and from thiazolium 
ions are close to those observed for normal acids and bases with 
electronegative atoms.28 On the basis of the observation that 
bromination of the dicyanomethyl carbanion is twice as fast as 
reprotonation by H3O+, Kresge and co-workers concluded that 
reprotonation is not a diffusion-controlled process and that 
malononitrile is not a normal acid.35 

Thiazolium C(2)-L —• D exchange catalyzed by deuterioxide 
ion is near the region of ApA" = 0 and shows significant primary 
kinetic isotope effects. The values of kH/kT for this exchange 
(Table I) are 2.9 for 3,4-dimethylthiazolium ion (lb) (ApA" = 
-2.5), 6.2 for N(l')-protonated thiamin (la) (ApA" = -1.3), and 
14 for 3-(cyanomethyl)-4-methylthiazolium ion (Ic) (ApA? = -0.5). 
The following paper25 demonstrates on the basis of the breakdown 
of the Swain-Schaad equation36,37 that this increase in kH/kT over 

(31) Bergman, N.-A.; Chaing, Y.; Kresge, A. J. J. Am. Chem. Soc. 1978, 
100, 5954-5956. Cox, M. M.; Jencks, W. P. / . Am. Chem. Soc. 1978, 100, 
5956-5957. Cox, M. M.; Jencks, W. P. J. Am. Chem. Soc. 1981, 103, 
572-580. Yang, C. C; Jencks, W. P. J. Am. Chem. Soc. 1988, 110, 
2972-2973. 

(32) Marcus, R. A. J. Phys. Chem. 1968, 72, 891-899. 
(33) Bell, R. P.; Cox, B. G. J. Chem. Soc. B 1971, 652-656. Hibbert, F.; 

Long, F. A.; Walters, E. A. J. Am. Chem. Soc. 1971, 93, 2829-2835. Hibbert, 
F.; Long, F. A. J. Am. Chem. Soc. 1972, 94, 2647-2651. Hibbert, F. J. Chem. 
Soc, Perkin Trans. 2 1973, 1289-1292. 

(34) Hibbert, F. In Comprehensive Chemical Kinetics; Bamford, C. H., 
Tipper, C. F. H., Eds.; Elsevier: Amsterdam, 1977; Vol. 8, pp 97-196. 

(35) Hojatti, M.; Kresge, A. J.; Wang, W.-H. J. Am. Chem. Soc. 1987, 
109, 4023-4028. 

the range 2.9-14.7 as electron-withdrawing N(3) substituents are 
added to the thiazolium ring is consistent with internal return and 
diffusion-controlled separation of water from the C(2) ylide, which 
decreases the observed isotope effect and is more important for 
the more basic carbanions. Relatively small primary tritium 
kinetic isotope effects for deuterioxide ion catalyzed thiazolium 
C(2)-proton exchange were observed previously; kH/kT = 5.2 ± 
1.0 for TV-methylthiazolium ion (26.5-28 0C),38 2.7 for 3-
benzyl-4,5-dimethylthiazolium ion, and 4.8 for 3-benzylbenzo-
thiazolium ion (30 0C, / = 1.0 M).13 

The negative deviations from the Bronsted plot of the rate 
constants for catalysis by OD" of ~ 10-fold are in the lower range 
of the negative deviations of between 10- and 1000-fold for ca
talysis by lyoxide ion that are usually observed for thermody
namically unfavorable hydron transfers from carbon; the fact that 
no such negative deviation is found for proton transfer39 between 
H2O and H3O+ or H2O and OH" at ApA" = 0 may reflect proton 
transfer through solvent molecules, which does not ordinarily occur 
with carbon acids.5,34'40 The rate constants for catalysis of C(2)-L 
-*• D exchange by deuterioxide ion are smaller than those for 
catalysis by the less basic anion of methoxyethanol, which shows 
that the "lyoxide ion anomaly" does not arise simply from the high 
pK of lyoxide ion. The lyoxide ion anomaly will be examined 
further in the following paper.25 

Gilbert and Bernasconi and their co-workers have shown that 
there are large intrinsic barriers for reactions involving nitro- and 
carbonyl-activated carbanions that do not involve proton removal; 
these barriers are much smaller for nitriles, which also have smaller 
intrinsic barriers for proton transfer.41 Therefore, it is virtually 
certain that there is also a very small intrinsic barrier for the 
addition-elimination reactions involving the C(2) ylide that occur 
during the turnover of thiamin-dependent enzymes. 

Thiazolium ions require little or no delocalization by resonance 
or change in the lengths and angles of bonds to heavy atoms upon 
ionization; ionization gives an electron lone pair in an sp2-hy-
bridized orbital that cannot be stabilized by p-7r delocalization 
and the five-membered ring restricts changes in bond lengths and 
angles. Although overlap with antibonding a* orbitals is possible, 
more conventional resonance delocalization is unlikely to be im
portant for this electron pair.42 The P1 value of 8.4 for the 
ionization of both thiazolium ions and normal acids provides 
evidence that there is little, if any, resonance that decreases the 
positive charge on N(3) in the C(2) ylide; N(3) is closer to the 
substituent and a decrease in its charge would give a larger value 

(36) Streitwieser, A., Jr.; Hollyhead, W. B.; Sonnichsen, G.; Pudjaatmaka, 
A. H.; Chang, C. J.; Kruger, T. L. J. Am. Chem. Soc. 1971, 93, 5096-5102. 
Streitwieser, A., Jr.; Owens, P. H.; Sonnichsen, G.; Smith, W. K.; Ziegler, 
G. R.; Niemeyer, H. M.; Kruger, T. L. J. Am. Chem. Soc. 1973, 95, 
4254-4257. 

(37) Swain, C. G.; Stivers, E. C; Reuwer, J. F., Jr.; Schaad, L. J. J. Am. 
Chem. Soc. 1958, 80, 5885-5893. 

(38) Hafferl, W.; Lundin, R.; Ingraham, L. L. Biochemistry 1963, 2, 
1298-1305. 

(39) Meiboom, S. J. Chem. Phys. 1961, 34, 375-388. Loewenstein, A.; 
Szoke, A. / . Am. Chem. Soc. 1962, 84, 1151-1154. 

(40) (a) Goodall, D. M.; Long, F. A. J. Am. Chem. Soc. 1968, 90, 
238-243. (b) Williams, J. M., Jr.; Kreevoy, M. M. Adv. Phys. Org. Chem. 
1968, 6, 63-101. (c) Hibbert, F.; Long, F. A. J. Am. Chem. Soc. 1971, 93, 
2836-2840. (d) Albery, W. J.; Campbell-Crawford, A. N. J. Chem. Soc, 
Perkin Trans. 2 1972, 2190-2197. (e) Kreevoy, M. M.; Eliason, R.; Lan-
dholm, R. A.; Straub, T. S.; Melquist, J. L. J. Phys. Chem. 1972, 76, 
2951-2953. (f) Kresge, A. J. Chem. Soc. Rev. 1973, 2, 475-503. (g) Ref
erence 4d, pp 285-294. 

(41) Gilbert, H. F. J. Am. Chem. Soc. 1980,102, 7059-7065. Bernasconi, 
C. F.; Kanavarioti, A. / . Am. Chem. Soc. 1986, 108, 7744-7751. 

(42) The reason(s) that sulfur stabilizes a vicinal carbanion remain un
certain. Stabilization by (p-d), overlap has been suggested: Mitchell, K. A. 
R. Chem. Rev. 1969, 69, 157-178. Wolfe, S.; LaJohn, L. A.; Bernardi, F.; 
Mangini, A.; Tonachini, G. Tetrahedron Lett. 1983, 24, 3789-3792. And the 
suggestion has been rejected: Cilento, G. Chem. Rev. 1960, 60, 147-167. 
Coulson, C. A. Nature (London) 1969, 221, 1106-1110. Bors, D. A.; Stre
itwieser, A., Jr. J. Am. Chem. Soc. 1986,108, 1397-1404. Streitwieser and 
Williams suggest that stabilization is provided by the high polarizability of 
sulfur: Streitwieser, A., Jr.; Williams, J. E., Jr. J. Am. Chem. Soc. 1975, 97, 
191-192. Wolfe et al. have suggested that sulfur d orbitals might provide 
stabilization by an n-a* interaction: Wolfe, S.; Stolow, A.; LaJohn, L. A. 
Tetrahedron Lett. 1983, 24, 4071-4074. 
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Scheme II Scheme III 

C — H - O D - O D ^ = ^ C -HO + DOD+ 
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of P1.
43 Solvation of delocalized charge on electronegative atoms 

in the carbanions of nitro- and carbonyl-activated carbon atoms 
has been suggested as a reason for the large intrinsic barrier to 
ionization of these compounds,44 but there is no such delocalization 
or solvation in thiazolium ylides; the carbanion is stabilized in
ternally by the adjacent sulfur and cationic nitrogen atoms. 

The normal behavior of thiazolium ions provides additional 
support for the conclusion that the slow proton transfers of other 
carbon acids involve a larger intrinsic barrier that arises from 
electron delocalization, rehybridization, changes in bond lengths 
and angles of heavy atoms, and solvation changes in the transition 
state.3c'7,8 It appears that the properties of the C-H bond itself 
are not directly responsible for the slow proton-transfer reactions 
that are observed with most carbon acids; carbon acids can be 
as normal as any other acid with respect to rates of proton transfer 
if these mechanisms for stabilization of the carbanion are not 
required. 

The conclusion that proton transfer from carbon is not in
trinsically slower than that of more electronegative atoms is 
surprising, because hydrogen bonding certainly stabilizes transition 
states for proton transfer and carbon acids are not believed to form 
strong hydrogen bonds in either ground or transition states.9 

Measurements of hydrogen bonding between cyanide ion and 
Bronsted acids in the gas phase have shown that cyanide is similar 
to chloride ion in its hydrogen-bonding properties.45 There is 
spectral evidence for a weak intramolecular C--HOR hydrogen 
bond and specific solvation of fluorenide and indenide anions by 
hydrogen bonding.46 Stabilization by hydrogen bonding is ex
pected to be most favorable when the negative charge is largely 
localized at carbon, as for the acetylide anion,7b cyanide, or the 
C(2) ylide,15 and will be maximal for late transition states with 
a large amount of charge development; however, there appears 
to be no strong hydrogen bond between water and the C(2) ylide 
(see below). The conclusion that transition-state stabilization by 
hydrogen bonding is not significant in thiazolium C(2)-proton 
exchange implies that poor hydrogen bonding is not likely to 
contribute significantly to the slow rate of formation of delocalized 
carbanions. 

Direct Proton Transfer and Weak Hydrogen Bonding to the 
Carbanion. For carbon acids and bases it is generally believed 
that proton transfer occurs directly, rather than through an in
tervening water molecule.5,34 This conclusion is based mainly on 
the failure to detect the primary and secondary solvent deuterium 
isotope effects,40 the inhibition by acid,8,35 and saturation transfer 

(43) Reference 15. The identical P1 values for normal acids and thiazolium 
C(2) ylides provide no evidence that stabilization of the C(2) ylide by a 
resonance contribution from a carbene-like structure (2b, Scheme I) is im
portant. The formation of a rearranged dimer from thiamin, 3-benzyl-
thiazolium, and 3-benzylbenzothiazolium salts was suggested to occur through 
a mechanism involving carbene dimerization followed by a 1,3 sigmatropic 
rearrangement of the benzyl (or aminopyrimidinyl) group: Doughty, M. B.; 
Risinger, G. E. Bioorg. Chem. 1987,15, 1-14. However, an ionic mechanism 
involving C(2)-ylide addition to the thiazolium ring at C(2) followed by 
deprotonation and rearrangement was not ruled out. 

(44) Bordwell, F. G.; Boyle, W. J., Jr. J. Am. Chem. Soc. 1972, 94, 
3907-3911. Kresge, A. J. Can. J. Chem. 1974, 52, 1897-1903. Jencks, D. 
A.; Jencks, W. P. J. Am. Chem. Soc. 1977, 99, 7948-7960. Jencks, W. P. 
Chem. Rev. 1985, 85, 511-527. Bernasconi, C. F. Tetrahedron 1985, 41, 
3219-3234. Bernasconi, C. F. Ace. Chem. Res. 1987, 20, 301-308. 

(45) Larson, J. W.; McMahon, T. B. J. Am. Chem. Soc. 1987, 109, 
6230-6236. 

(46) Ahlberg, P.; Johnsson, B.; McEwen, I.; Ronnqvist, M. / . Chem. Soc, 
Chem. Commun. 1986, 1500-1501. 
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of the proton NMR signal5 that are expected if proton transfer 
occurred through water. Figure 2 shows that there is a pD-in-
dependent "water" reaction of Ic in 0.8-2.7 M DCl, in the region 
of Z)0 = O to - 1 , followed by a small additional decrease in rate 
as the acid concentration is increased to 10.4 M (D0 = -3.8). The 
solid lines show the inhibition by DCl that is expected for ionization 
of this carbon acid according to the Swain-Grunwald mechanism4 

(Scheme II) and as a consequence of acidity function effects. 
Proton transfer from several protonated amines to water occurs 

through a hydrogen-bonded water molecule according to the 
Swain-Grunwald mechanism, as shown in Scheme II. Proton 
exchange is inhibited in the presence of acid because the H+ that 
has been transferred to an adjacent water molecule is returned 
to the base (AL1) faster than the H2O molecule can diffuse away 
from the base (AD). No such inhibition is observed for carbon 
acids such as HCN8 or fert-butylmalononitrile.35 

It is evident from the data in Figure 2 that there is no inhibition 
of C(2)-proton exchange from Ic in the range of acid concentration 
that causes inhibition of reactions that occur through the 
Swain-Grunwald mechanism; in fact, there is only modest in
hibition in more concentrated acid solutions. The rate equation 
that describes Scheme II for thiazolium ions is given in eq 6, in 

rate * . M W » ? ) ( [ D + ] M ) M W f ) 

[C-H] M W n ) + fc-i(Wi) 
(6) 

which K11 is the equilibrium constant for ionization of Ic (pATa = 
16.9),15 Ti0/Ji is the viscosity relative to the viscosity in dilute 
aqueous solution,47 Â 1 is the reverse rate constant in dilute aqueous 
solution, and d0 is an acidity function for the ionization of a 
cationic acid. The acid inhibition that is expected for proton 
transfer through water by this mechanism was calculated from 
eq 6 and the Hammett D0 acidity function with kD = 1 X 10" 
s"1, which corresponds to the rate constant for dielectric relaxation 
of water,48 and AL1

0 = 2 X 1010 M"1 s"1. Values for ^ 1
0 in the 

range (1-4) X 1010 M"1 s"1 have been reported28 for protonation 
of amines by H3O+ and a rate constant of 4 X 1010 M"1 s"1 has 
been measured for the diffusion-controlled protonation of CN" 
by H3O+, which is a localized carbanion similar to the thiazolium 
C(2) ylide.8 The D0 acidity function in DC1/D20 mixtures 
(1O-M.5 M) is identical with the H0 acidity function in aqueous 
HCl for substituted aniline indicators26'49 and is temperature 
independent.50 

For the Swain-Grunwald mechanism, the rate-limiting step for 
proton transfer is the diffusion together or apart of C--HOL and 
L3O+ (Aa or AL3, Scheme III). The rate-limiting step of an 
alternative mechanism that involves proton transfer through water 
bridges is diffusion together or apart of C" and HOL-L3O+ (Ab 

or A_b).
8,51 Consequently, the absence of inhibition through the 

Swain-Grunwald mechanism means that either (1) there is no 
proton transfer through water or (2) transfer through water occurs 

(47) The relative viscosity of aqueous HCl solutions at 30 0C was calcu
lated by using log (rin/v) m 9^6 * 1°~* " 0.0269[HCl], which is based on no 
= 0.7975 cp for pure H2O at 30 0C (Weast, R. C, Ed. CRC Handbook of 
Chemistry and Physics, 66th ed.; CRC Press: Boca Raton, FL, 1985; p F-37) 
and the viscosity of aqueous HCl solutions at 30 0C (Nishikata, E.; Ishii, T.; 
Ohta, T. J. Chem. Eng. Data 1981, 26, 254-256); we assume that the relative 
viscosities of aqueous HCl and DCl solutions are equal. 

(48) Giese, K.; Kaatze, U.; Pottel, R. J. Phys. Chem. 1970, 74, 3718-3725. 
(49) Hogfeldt, E.; Bigeleisen, J. / . Am. Chem. Soc. 1960, 82, 15-20. 
(50) Paul, M. A.; Long, F. A. Chem. Rev. 1957, 57, 1-45. Inoue, K. Diss. 

Abstr. Int., B 1975, 36, 258-259. 
(51) Fong, D.-W.; Grunwald, E. J. Am. Chem. Soc. 1969, 91, 2413-2422. 



Thiazolium C(2)-Proton Exchange J. Am. Chem. Soc, Vol. Ill, No. 2, 1989 681 

Scheme IV 

^ 

^ - H - O L 2 ^ = ± ^ C -H 0 L , + 

^ C - - L O - H O L 2
+ 

^ C - - H O - L O L 2
+ 

to give the hydrogen-bonded species HOL-L3O+, which diffuses 
away from the carbanion as a unit faster than it separates. 
Microscopic reversibility requires that the same pathway must 
be followed in both directions. Therefore, we are left in either 
case with the surprising conclusion that in the protonation direction 
there is no significant protonation of the thiazolium C(2) ylide 
by the solvated proton through the approach of L3O+ to the 
solvated C(2) ylide, followed by proton transfer through the 
solvating water molecule (upper pathway, Scheme III), in spite 
of the difference of ~ 19 pK units between the acid and the base. 

In principle, the solvent deuterium isotope effect can determine 
if any water bridges are involved in the rate-limiting step of the 
proton-transfer reaction, regardless of the kinetic unit to which 
the water belongs.51 The observed solvent deuterium isotope effect 
°f ^H2OMD2O = 2.8 for C(2)-H —- T exchange indicates that the 
initial product is HOL2

+, not HOL-L3O+, that undergoes rate-
limiting diffusion-controlled separation. Therefore, proton transfer 
does not occur through a water molecule followed by rate-limiting 
diffusional separation, &b, according to the lower pathway in 
Scheme III. This solvent isotope effect is consistent with the 
calculated isotope effect of ^H2O/^D2O = 2.6 from a fractionation 
factor of I//2 = l/(0.69)2 = 2.1 for HOD2

+,52 a solvent isotope 
effect of !7D2OAH2O

 = 1-22 for diffusional separation of HOD2
+ 

from the C(2) ylide,53 and a fractionation factor for the thiazolium 
C(2)-H of 4>CH = l.O.54 We assume a fractionation factor of 
<j>c- = 1.0 for the thiazolium C(2) ylide in this range of [LCl]. 
A solvent isotope effect of kH20/kD20 = 3.7 is calculated for proton 
transfer through solvent (kb) from the same parameters and a 
fractionation factor of I//3 = l/(0.69)3 = 3.0 for D3O+. 

Exchange of C(2)-H —<• T involves the diffusion-controlled 
reaction of either TOH2

+ or TOD2
+ with the thiazolium C(2) 

ylide. This is demonstrated by the observation that the solvent 
deuterium isotope effect of &H2OMD2O

 = 2.8 is independent of 
[LCl] in the range 1.75-4.9 M. Our mechanistic interpretation 
of this solvent isotope effect requires that there is little, if any, 
solvent isotope effect for diffusion of the triton in L2O. If there 
were a solvent isotope effect of ^TOL-L3O

+MLOL-L3O
+ 

= 1.3 for 
reprotonation of the C(2) ylide (k.b), the observed solvent deu
terium isotope effect would be consistent with the through-water 
pathway (kb) because (2.8 ± 0.2) X 1.3 ^ 3.7. However, the 
rate-limiting step for reprotonation of the C(2) ylide by the 
through-water pathway is diffusion-controlled encounter of the 
C(2) ylide and either TOL-L3O

+ or LOL-L3O
+ (/L„, Scheme III). 

The solvent isotope effect on diffusion of HTO in H2O and DTO 
in D2O is small (<3%)55 and would not be expected to be sig
nificantly larger if LTO is hydrogen bonded to L3O+. This means 
that ^TOL-L3O+MLOL-L3O+ =* 1-0-

The solvent isotope effect of £H2OMD2O = 2.8 shows that the 
rate-limiting step for thiazolium C(2)-H —• T exchange is dif
fusional separation of HOL2

+ from the C(2) ylide to form a 
solvent-separated ion pair with the rate constant k2 (Scheme IV); 
the reaction does not occur through a mechanism involving a 
proton jump to an adjacent water molecule (Zc3). This means that 
breaking of the hydrogen bond between the strongly acidic L3O+ 

(52) Kresge, A. J. Pure Appl. Chem. 1965, S, 243-258. Schowen, R. L. 
Prog. Phys. Org. Chem. 1972, 9, 275-332. Kresge, A. J.; More O'Ferrall, 
R. A.; Powell, M. F. In Isotopes in Organic Chemistry; Buncel, E.; Lee, C. 
C, Eds.; Elsevier: New York, 1987; Vol. 7, Chapter 4. 

(53) Millero, F. J.; Dexter, R.; Hoff, E. J. Chem. Eng. Data 1971, 16, 
85-87. 

(54) Alvarez, F. J. Diss. Abstr. Int., B 1986, 46, 3442-3443. 
(55) Weingartner, H. Z. Phys. Chem., Neue Folge 1982, 132, 129-149. 

and the strongly basic C(2) ylide (k2) is extremely fast, faster than 
a proton jump to an adjacent water molecule (&3). 

It is likely that C--LOL-OL3
+ is formed initially upon encounter 

of L3O+ and the C(2) ylide. However, microscopic reversibility 
requires that protonation occur through the k2-k_2 pathway, so 
that when L3O+ approaches the C(2) ylide in the diffusion-con
trolled reverse reaction any water molecule that is hydrogen 
bonded to the C(2) ylide is expelled from the solvent-separated 
ion pair (/c_2) faster than a proton jumps to this water molecule 
to give protonation of the C(2) ylide (£-3). Consequently, if there 
is a water molecule hydrogen bonded to this highly localized 
carbanion, it dissociates faster than a proton can jump to it from 
L3O+. We conclude that the dissociation of water from the C(2) 
ylide must be extremely fast, on the order of 10" s-1, which 
corresponds to the rate constant for dielectric relaxation of water,48 

and that there is no strong hydrogen bond between water and the 
C(2) ylide. The separation of a hydrogen-bonded water molecule 
from a more delocalized carbanion is expected to be at least as 
fast. 

The absence of any detectable proton transfer through water 
to such strongly basic and relatively normal carbanions as thia
zolium C(2) ylides (Ap^T ^ 19) supports the conclusion that 
bimolecular proton transfer is direct with other less normal carbon 
acids and their carbanions that have more derealization of 
negative charge and larger intrinsic barriers for proton transfer 
than thiazolium ions. Proton transfer between HCN, which is 
slightly less normal than thiazolium ions, and nitrogen and oxygen 
bases has been shown to be >99% direct for reactions with ApK 
< 5 units.5 An upper limit of <30% for the fraction of thiazolium 
C(2)-H -* L exchange that occurs by the through-water pathway 
(kh, Scheme III) can be calculated from an upper limit for 
^H2OMD2O = 3.0 (from 2.8 + 0.2). Although the reaction of H3O+ 

and CN - (ApK > 10) does not occur through water by the 
Swain-Grunwald mechanism (fca, Scheme III), the possibility has 
not been excluded that it occurs by the through-water pathway 

(*b)-' 
It has been suggested that proton transfer to or from carbon 

might occur through a solvent molecule for protonation of car
banions with intramolecular assistance by groups that are close 
enough to permit direct proton transfer; the same mechanism must 
hold for the reverse deprotonation reaction in which the carbanion 
is formed.5,56 Such intramolecular assistance of proton transfer 
to carbon through an intervening water molecule has been dem
onstrated for facilitation of the protonation of carbanions by 
neighboring amines.57 The solvent deuterium kinetic isotope 
effects of kHj0/kDl0 =* 3.6 for cyanocarbon acids,40c which are 
almost normal acids, have been explained as being consistent with 
the through-water pathway.35 

Exchange of Thiazolium C(2) Protons in Concentrated Acid. 
Inhibition of the ionization rate of 3-(cyanomethyl)-4-methyl-
thiazolium ion (Ic) is expected in strong acid media because of 
acidity function effects; the large increase in the activity of HOD2

+ 

in strong acid solutions would be expected to shift the equilibrium 
in eq 7 to the left.58 The inhibition that is expected from acidity 

+ \ + 

JĴ  M CD2O) ^ = ± h M + HOD2
+ (7 ) 

fca = fc_aKa[D30
+]M (8) 

function effects was calculated from eq 7 and 8, taking dx as either 

(56) Kirby, A. J.; Lloyd, G. J. J. Chem. Soc, Perkin Trans. 2 1976, 
1762-1768. Bernasconi, C. F.; Carre, D. J. J. Am. Chem. Soc. 1979, 101, 
2698-2707. Bernasconi, C. F.; Hibdon, S. A.; McMurry, S. E. / . Am. Chem. 
Soc. 1982, 104, 3459-3471. Tapuhi, E.; Jencks, W. P. J. Am. Chem. Soc. 
1982, 104, 5758-5765. Bernasconi, C. F.; Murray, C. J. J. Am. Chem. Soc. 
1984, 106, 3257-3264. 

(57) Bernasconi, C. F.; Fairchild, D. E.; Murray, C. J. J. Am. Chem. Soc. 
1987, 109, 3409-3415. 

(58) Rosenthal, D.; Grunwald, E. J. Am. Chem. Soc. 1972, 94, 5956-5961. 
Perrin, C. L.; Schiraldi, D. A.; Arrhenius, G. M. L. / Am. Chem. Soc. 1982, 
104, 196-201. 
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Figure 4. The H0
T acidity function for deprotonation of 3-(cyano-

methyl)-4-methylthiazolium ion in HCl. The values of H0* were calcu
lated from the observed rate constant for C(2)-H — L exchange, after 
correction for a secondary solvent deuterium isotope effect of kH20/kD,0 
= 2.8, by using eq 7, 9, and 10 with ptfa = 16.9; /L8

0 = 2 x 1010 M"1 s"\ 
K = ôbMi; relative viscosity values at 30 0C.47 The Hammett W0,

26 

Phillips H.,60 and #.HCN acidity functions8 are shown for comparison. 

the Hammett D0
26 or the D.DCN acidity function59 and fc_a = 2 

X 1010 M"1 s"1. 
Since k^ (eq 7) is diffusion limited, the rate constant for the 

ionization of C(2)-H (fca) is expected to decrease in direct pro
portion to the ratio [HOD2

+]/dx, as shown in eq 8, in which dx 

= aHOD?
+(/c-//cH)' Figure 2 shows that the amount of inhibition 

by acid of D20-catalyzed C(2)-H -» D exchange from Ic in 
DC1/D20 mixtures is much less than that predicted by the 
Hammett D0 acidity function, but is larger than the inhibition 
predicted by eq 8 and the £>_DCN acidity function. 

The observed decrease in the rate constant for C(2)-H -» D 
exchange from Ic (Aca = /cobsd, eq 7) was used to calculate an H0 

acidity function for 3-(cyanomethyl)-4-methylthiazolium ion, after 
correction for the solvent deuterium isotope effect of &H2OMD2O 
= 2.8, by using eq 9 and 10. The values of this H0 acidity function 

H% = pAT. + log / (9) 

/ = /ca/(k.a[L30+]) = / C a A W W ^ ) [ L 3 O + ] ) (10) 

for Ic in HCl (designated H0
7) are shown graphically in Figure 

4 and in tabular form in supplementary Table S4. The values 
of the #.H C N ,8 Phillips H-,60 and Hammett H0 acidity functions 
are shown for comparison. 

Figure 5 shows a logarithmic plot OfAi0181J(T)ZtJo)Z[H3O
+] against 

several acidity functions. The H0
T acidity function, by definition, 

falls on a straight line with slope 1.0. The H0
1 acidity function 

for thiazolium C(2)-H is more sensitive to acid concentration than 
both the Phillips H- acidity function for the first ionization of a 
series of phosphorus-containing acid indicators and the i/_HCN 

acidity function. It parallels the Hammett H0 acidity function 
for substituted aniline indicators at [HCl] < 6 M, but deviates 
negatively from H0 for [HCl] > 6 M. The weaker acidity 

(59) The Z>_DCN acidity function was calculated from the observed rate 
constants for HCN proton exchange in H2O at 20 0C, after correction for a 
secondary solvent deuterium isotope effect of A:H,O/A:D2O

 = 4.5 (ref 8), using 
eq 7, 9, and 10 with AL,0 = 4 X 10'° M"1 s"1 and pKa = 9.4 for DCN in D2O; 
AL,0 is the value of AL, in dilute acid solution. The pKt for DCN was calculated 
from ?K, = 9.0 in H2O at ionic strength 1.0 M (KCl) at 25 0C (Reenstra, 
W. W.; Jencks, W. P. J. Am. Chem. Soc. 1979, 101, 5780-5791) and Ap#„ 
= 0.4 for the solvent deuterium isotope effect on the ionization of HCN 
(Reenstra, W. W.; Abeles, R. H.; Jencks, W. P. /. Am. Chem. Soc. 1982,104, 
1016-1024). 

(60) Phillips, J. N. Aust. J. Chem. 1961, 14, 183-189. 
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Figure 5. Logarithmic plot of AL^(TJZTJ0)Z[H3O+] against several acidity 
functions. 

Chart I 

- \ 8 + 
JO • 

R 

\ 8 + 

.0-
KU 

functions observed for HCN and for phosphates and phosphonates 
compared to thiazolium C(2)-H indicate that there is less decrease 
in/c-Z/cH f° r thiazolium ionization than for these acids in mod
erately strong acid solutions to offset the large increase in/H3o+; 
however, /CV/CH does decrease at [HCl] > 6 M. 

The modest amount of acid inhibition of thiazolium C(2)-H 
ionization indicates that some component of proton donation must 
destabilize CH (increase/CH) or stabilize C" (decrease/Q-) in order 
to offset the inhibition that is expected from the increase in «HOD2

+-
The decrease in fc-/fCH a t [HCl] > 6 M in Figure 4 could result 
from stabilization of the C(2) ylide by formation of a C--H3O+ 

ion pair or formation of a hydrogen bond between H3O+ and the 
7T electrons of the thiazolium ring, an "Hir bond".61 The sta
bilization of sulfate ion in aqueous sulfuric acid solutions may 
result from the formation of an ion pair, SO4

2--H3O
+, and provides 

precedent for the stabilization of anions in strong acid media;62 

however, the C(2) ylide (see above) and other carbanions form 
relatively weak hydrogen bonds. The strong stabilization of CN" 
in strong acid media8 may represent ion pair formation by at
tachment of H3O+ to the nitrogen rather than the carbon atom 
of CN" because the CN" ion is believed to have a dipole moment 
with negative charge on the more electronegative nitrogen atom.63 

There is precedent for a tr complex between an aromatic ring and 
a hydrogen bond donor; an NH-ir interaction was recently dem
onstrated by 1H NMR between the amide groups of Gly-37 and 
Asn-44 and the aromatic ring of Tyr-35 in basic pancreatic trypsin 
inhibitor.64 

(61) Basharov, M.; Val'kenshtein, M.; Golovnov, I.; Lazarev, Yu.; Sobolev, 
V. Dokl. Biophys. (Engl. Transl.) 1986, 27, 329-332. 

(62) Young, T. F.; Maranville, L. F.; Smith, H. M. In The Structure of 
Electrolyte Solutions; Hamer, W. J., Ed.; Wiley: New York, 1959; pp 35-63. 
Chen, H.; Irish, D. E. J. Phys. Chem. 1971, 75, 2672-2681. Malinowski, E. 
R.; Cox, R. A.; Haldna, U. L. Anal. Chem. 1984, 56, 778-781. 

(63) Payzant, J. D.; Yamdagni, R.; Kebarle, P. Can. J. Chem. 1971, 49, 
3308-3314. Recent ab initio calculations for the hydration of cyanide ion by 
a single water molecule have found minimal differences in binding energy at 
the carbon and nitrogen sites, which suggests that a significant degree of 
ambient character involving the carbon and nitrogen sites of cyanide ion is 
present: Gao, J.; Garner, D. S.; Jorgensen, W. L. J. Am. Chem. Soc. 1986, 
108, 4784-4790. 
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An alternate explanation for the modest inhibition of thiazolium 
C(2)-proton exchange in strong acid should be considered in which 
acid has a direct role in the chemistry of C(2)-proton exchange, 
rather than the indirect role of stabilization of the C(2) ylide. 
Specifically, an increase in the C(2)-proton exchange rate due 
to acid-catalyzed exchange might not be observed because of 
incomplete cancellation of activity coefficient effects, rather than 
from a large decrease of/c- in strong acid.8 However, acid-
catalyzed exchange involving electrophilic displacement at carbon 
with a transition state in which the leaving and entering protons 

(64) Tuchsen, E.; Woodward, C. Biochemistry 1987, 26, 8073-8078. 

interact weakly with the C(2) ylide, as shown in Chart I, is unlikely 
because (1) there is no increase in the rate of exchange with 
increasing acidity from D0 = -2 to -4 (Figure 2), (2) there is no 
clear precedent for such electrophilic assistance to proton exchange, 
and (3) the strong inhibition by acid of proton exchange of pro-
tonated amines4 is inconsistent with this mechanism. 

Supplementary Material Available: Tables showing rate con
stants for general-base catalysis of 3-R-4-methylthiazolium ion 
and N(l')-protonated thiamin C(2)-L —• D exchange, and for 
exchange of 3-cyanomethyl-4-methylthiazolium ion C(2)-H in 
aqueous LCl solutions (6 pages). Ordering information is given 
on any current masthead page. 
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Abstract: Rate constants are reported for C(2)-hydron exchange catalyzed by lyoxide ion from thiazolium ions of pÂ a 16.9-18.9 
at 30 0C and ionic strength 2.0 M in aqueous solution. The reactions with deuterioxide ion, which are close to ApK = 0, show 
primary kinetic isotope effects that increase over the range {kn/kT)oisi = 2.9-14.7 with increasing acidity of the thiazolium 
ion. Deviations of (fcoAiOobsd a nd (̂ H/̂ T)obsd frorn the Swain-Schaad equation are consistent with internal return of the 
transferred proton to the C(2) ylide from water. This corresponds to an Eigen mechanism for proton transfer, in which both 
proton transfer and diffusional separation of the C(2)-ylide-water complex are partially rate limiting, and a small intrinsic 
barrier for C(2)-hydron exchange. A disappearance of the temperature dependence of (fcH/̂ T)obsd with decreasing thiazolium 
ion acidity is also consistent with internal return. Correction of (ku/kT)obsi for internal return gives the primary isotope effect 
on the proton-transfer step, which increases over the range of ~9.6-18.7 as the acidity of the carbon acid increases. This 
is consistent with a changing structure of the transition state for proton transfer. A large decrease in the secondary solvent 
isotope effect for C(2)-T - • L exchange from k0D/k0li = 2.4 to 1.3 provides evidence for a decrease in the amount of triton 
transfer to lyoxide ion in the transition state as the acidity of the carbon acid increases. The values of k0D/k0H and the negative 
deviation of deuterioxide ion from the Bronsted plot for general-base catalysis are consistent with a requirement for the removal 
of a solvating water molecule from lyoxide ion before abstraction of a C(2) hydron, with KiKah = 0.02 and pATa =18.1 for 
the partially desolvated deuterioxide ion at 30 0C. The rate constants for C(2)-H —• D exchange catalyzed by deuterioxide 
ion increase with decreasing ionic strength. 

The preceding paper2 describes evidence that thermodynami-
cally unfavorable C(2)-proton transfer from N(l')-protonated 
thiamin (pKz = 17.6)3 (1), 3,4-dimethylthiazolium ion (p£a = 

CH3 

R2 

NL2 

1:R,- R2 "CH2CH2OH 

H3C 
I 

2: R-I= CH3 ,R 2 = H 
3: R1 = CH2CN, R2 = H 
4: R1= BzI, R2 = H 

18.9) (2), and 3-(cyanomethyl)-4-methylthiazolium ion (pATa = 
16.9) (3) in aqueous solution is similar to proton transfer from 

(1) This research was supported in part by grants from the National 
Institutes of Health (GM 20888) and the National Science Foundation (PCM 
81-17816). M.W.W. was supported by a fellowship from the American 
Cancer Society (PF 2669). 

(2) Washabaugh, M. W.; Jencks, W. P. /. Am. Chem. Soc., previous paper 
in this issue. 

(3) Washabaugh, M. W.; Jencks, W. P. Biochemistry 1988, 27, 
5044-5053. 

Scheme I 

•H + OL ^ % 
* - i 

fc~«HOL -*~- ^ C - L O L 

%. -L + OL" 

"normal" acids. Proton transfer between the electronegative atoms 
of normal acids and bases involves diffusion-controlled separation 
of the products in the unfavorable direction and there is a small 
region near ApK = 0 in which the proton-transfer step itself is 
partially rate limiting.4-6 The Bronsted plots for such reactions 
follow "Eigen curves" with slopes of 0 and ±1.0 in the favorable 
and unfavorable directions, respectively, and have a small transition 
region near ApA" = 0 of slope ~0.5 where the proton-transfer step 
gives rise to a deuterium isotope effect.5 Abstraction of the C(2) 
proton from these thiazolium ions follows almost completely 

(4) Eigen, M. Angew. Chem., Int. Ed. Engl. 1964, 3, 1-19. 
(5) (a) Bergman, N.-A.; Chiang, Y.; Kresge, A. J. J. Am. Chem. Soc. 

1978, 100, 5954-5956. (b) Cox, M. M.; Jencks, W. P. /. Am. Chem. Soc. 
1978,100, 5956-5957. (c) Fischer, H.; DeCandis, F. X.; Ogden, S. D.; Jencks, 
W. P. J. Am. Chem. Soc. 1980, 102, 1340-1347. (d) Cox, M. M.; Jencks, 
W. P. J. Am. Chem. Soc. 1981, 103, 572-580. (e) Yang, C. C; Jencks, W. 
P. J. Am. Chem. Soc. 1988, 110, 2972-2973. (f) Yang, C. C; Jencks, W. 
P., unpublished results. 

(6) Bell, R. P. The Proton in Chemistry, 2nd ed.; Cornell University Press: 
Ithaca, NY, 1973; p 130. 

0002-7863/89/1511-0683501.50/0 © 1989 American Chemical Society 


