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Formation to the Base Catalyst in the Transition State!

Michael W. Washabaugh,® James T. Stivers,! and Karen A. Hickey

Contribution from the Department of Biochemistry, School of Hygiene and
Public Health, Johns Hopkins University, Baltimore, Maryland 21205-2179

Received April 4, 1994®

Abstract: Rate constants for C(a)-hydron transfer from racemic 2-(1-hydroxybenzyl)oxythiamin (HBOT) in oxygen-
containing (cacodylate, phosphate, or alcohol) and primary amine buffers are reported. Thermodynamically unfavorable
C(a)-H transfer from HBOT (pK, = 15 £ 1) shows general-base catalysis with a Brensted 8 value of 20.95, which
suggests rate-limiting diffusional separation of the conjugate buffer acid from the C(a)-carbanion/enamine. The
calculated rate constant for the reverse protonation of the C(a)-carbanion/enamine by buffer acids, kgy = 104*! M-!
s, is independent of pK,BH with a < 0.05, but is far below the diffusion-controlled limit. The primary kinetic isotope
effects for cacodylate catalysis, ky/kt = 1.8 £ 0.1 and ku/kp = 1.5 £ 0.1 in H,O, obey the Swain—Schaad relation
and require incomplete proton transfer in the rate-limiting transition state. These results are consistent with the
suggestion that a value of ay =~ —0.2 for desolvation of the buffer acid offsets o = 0.2 for protonation to give agbed =
0 for some carbanions. General-base catalysis is detectable because there is a 102-fold negative deviation from the

Bronsted correlation for hydroxide ion.

Transfer of the C(«a)-proton of thiamin carbinols (1a) (Scheme
1) gives a resonance-stabilized conjugate base (2) that has been
implicated in addition—elimination reactions catalyzed by several
thiamin diphosphate-dependent enzymes.2 This has generated
interest in the factors that contribute to the kinetic barriers for
C(a)-proton transfer and the stability of 2.3 Abstraction of the
C(a)-proton from 2-(1-hydroxyethyl)thiamin (1a, R; = Me)
exhibits “normal” acid behavior in aqueous solution (pK, = 18.4—
19.8):32 the reaction follows a normal Eigen curve,* with a Brensted
8 value of 20.9 for catalysis by buffer bases, and values of (ky/
kp)obsa in the range 1.0 £ 0.1 for catalysis by buffer bases are in
the range expected for rate-limiting diffusional separation of buffer
acids from the discrete C(a)-carbanion/enamine (2a).

We report here evidence that the Bronsted 8 value of 20.95
for C(a)-proton transfer from another thiazolium carbinol,
racemic 2-(1-hydroxybenzyl)oxythiamin (1b), overestimates the
amount of bond formation to the base catalyst in the rate-limiting
transition state: this requires that a (=1 - 8) < 0.05 for the
reverse protonation reaction underestimates the degree of proton
transfer from an acid catalyst. The magnitudes of isotope effects
for C(a)-proton transfer provide evidence against the rate-limiting
transition state involving diffusion-controlled separation of the
buffer acid from 2b. Similar evidence for deprotonation of a
sulfonium salt has been reported and attributed to significant
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effects of solvation of the base catalyst (desolvation of the buffer
acid in the protonation direction) on the value of 8 (a).’

Experimental Section

Materials. Allchemicals were of analytical or reagent grade and were
used without purification unless otherwise stated. Water was prepared
on a four-bowl Milli-Q water system including an Organex-Q cartridge
(Millipore). [*H]H,0 (1 Ci/mL) was purchased from New England
Nuclear. Catalysts were purified by redistillation or by recrystallization
as the hydrochloride or potassium salt except for 2,2,2-trifluoroethanol
(Aldrich, 99.5+%), which was used without further purification. 4-Oxo-
5-(aminomethyl)-2-methylpyrimidine dihydrochloride was synthesized
as described previously.5 In a manner similar to that shown for the
synthesis of 2-(1-hydroxyethyl)oxythiamin chloride hydrochloride,2 1.1
g (80%) of racemic 1b was obtained from racemic 1a (R; = Ph, R; =
NHy;) as a hygroscopic white solid: 'H NMR (Me,SO-ds) 62.37 (s, 3H),
2.47 (s, 3H), 2.99 (t, 2H), 3.61 (t, 2H), 5.40 (q, 2H), 6.64 (s, 1H),
7.29-7.76 (m, 9H). The synthesis of 1a with2H (D)7 in the C(a) position
wasaccomplished using benzaldehyde-d) (ICN) instead of benzaldehyde-
hyB Thesynthesis of 1bwith3H (T) in the C(a) position was accomplished
by exchange with [*H]H,O in H,O at 25 °C for >24 h and pH 4; the
pH was adjusted with KOH. The solvent was removed by evaporation
under a water aspirator vacuum in a Savant Speed-Vac centrifugal
concentrator; all operations were performed in a fume hood. The 2-([1-
3H]- 1-hydroxybenzyl)oxythiamin, which was typically 0.3—0.5 mCi/mol,
was stored in vacuo over P,Os at ambijent temperature in a fume hood.
Parallel experiments in deuterium oxide (Aldrich) and 'H NMR
examination of the exchanged thiazolium ionshowed that isotopic labeling
under these conditions occurs exclusively by exchange at C(a)-H.

Methods. Solution pH was measured at 25 °C with an Orion Model
SA 720 pH meter and a Radiometer GK2321C combination electrode
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Scheme 1
CH,

a: R; =Meor Ph, Ry = NH,
b: Ry =Ph, R; =OH

standardized at pH 7.00 and 4.00 or 10.00. H NMR spectra were
recorded on a Bruker AMX-300 NMR spectrometer using sodjum
3-(trimethylsilyl) propanesulfonate as an internal standard. Radioactivity
was measured with a Beckman LS 7500 liquid scintillation counter.

Kinetics. Rate constants for C(a)-H transfer in H,O at 25 °C were
determined by jodination from initial rate measurements, in which the
reaction had proceeded <5% to completion, as described previously.3a<
The ionic strength was maintained at 1.0 M with potassium nitrate. Rate
constants for C(a)-D — H exchange catalyzed by cacodylate in H,O at
25 °C and 1 M ionic strength (KNO;) were determined either by
iodination3** or by quenching aliquots in acid, lyophilizing, redissolving
in 0.05 M DCl, and monitoring the relative areas of C(a)-H to
nonexchanging C(6’)-H by NMR, as described previously. Rate
constants for C(a)-T — H exchange in H,O at 25 °C and 1 M ionic
strength (KNO;) were determined as described previously® with several
modifications: aliquots of the reaction solution were quenched with acid,
absorbed onto SP-Sephadex C-25, washed with water to remove [3H]-
H,0, eluted with 6 M HCI, and lyophilized, and the nonvolatile
radioactivity of 2-([1-*H]-1-hydroxybenzyl)oxythiamin was measured.1¢
When duplicate determinations of koms Were made, they agreed within
<£5% of the average value.

Measurements of pH weremade at 25 £ 0.2 °C on the buffered solutions
of 1b after exchange had occurred. From measurements of pH at known
concentrations of hydroxide ion at 25 °C and 1.0 M ionic strength,
maintained with potassium nitrate, eq 1 was used to calculate the
concentration of hydroxide ion at any pH. This equation includes the
ion product of water at 25 °C.11

[HO'] = 1.56 x 10®H-13997) 1)
Experiments to measure general-base catalysis were performed as
described previously.?¢ Second-order rate constants for catalysis by
buffer bases, water, and hydroxide ion were determined graphically
from plots of >4 values of kong against buffer concentration, corrected
for the fraction free base of the buffer (20, 30, 50, 70, 80% free base),
and are concentration-based. We estimate that the second-order rate
constants are accurate to within <£17% on the basis of the maximum
and minimum slopes that could be drawn in these plots.
Determination of Catalyst pK,” Values. Values of pK,’ for the buffer
catalysts were typically determined from the pH values of gravimetrically
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prepared buffer solutions containing the acid and base form ata 1:1 ratio.
Errors in the pK,’ values in H,O were <+0.04. Values of pX,’ = 7.62
%+ 0.03 and 10.56 & 0.05 for 1,2-diaminoethane dihydrochloride were
determined by potentiometric titration at 25 °C and jonic strength 1.0
M (KNOs;): data were analyzed by assuming overlapping ionization
steps.12-15

Results

The kinetics of general-base-catalyzed C(a)-hydron transfer
(L =H, D, or T)” from 2-(1-hydroxybenzyl)oxythiamin (1b) in
thepHrange4.5-10at 25 °Cand ionicstrength 1.0 M, maintained
with potassium nitrate, in H,O were followed by a combination
of TH NMR, detritiation, and iodination methods under pseudo-
first-order and initial rate conditions. The C(a)-hydron-transfer
reaction obeys the rate law described by eq 2, as observed

ks (57') = K'y0 + kyo-[HO'] + ky [Base,] + ky [Base,]
2

previously for 1a (R; = Me):* nocatalysis by the acid component
of the buffer was observed. A second term for catalysis by buffer
bases (kp2[Base,]) isrequired in the rate law when dibasic buffer
catalysts are used.>* The rate constants for base catalysis of
C(a)-hydron transfer were determined as described in the
Experimental Section. The second-order rate constants, kg, for
general-base catalysis of C(a)-hydron transfer from 1b are
summarized in Table 1. Rate increases from general-base
catalysis were typically large (<400%) at total buffer concentra-
tions < 0.4 M. Changing the concentration of the acid component
of the buffer or substituting potassium trifluoroacetate for
potassium nitrate had no effect on kg, which indicates that medium
and specific salt effects are small. The absence of significant
curvature at high buffer concentrations in plots of kosa against
[buffer] (data not shown) also suggests that medium effects are
small.

Table 1. General-Base-Catalyzed C(a)-L Transfer from 2-(1-Hydroxybenzyl)oxythiamin®
catalyst C(a)-L pKy'® J4 q pK.' + log(p/q) kp (M-!571) log(ks/q)
H,0- H -1.74 3 1 -1.26 (1.67 £ 0.28) x 10-* -7.78
T (1.08 & 0.06) x 10-¢
F;CCH,NH, H 5.66 3 1 6.14 <7.94 X 10”7 <-6.10
(CH3),As0;- H (6.32£0.33) X 107 -6.50
D 6.20 1 2 5.90 (4.21 £0.21) x 1077
T (3.51 £0.17) x 1077
HPO,> H 6.49 2 3 6.31 1.14 X 10-5 -5.42
+H;NCH,CH:NH, H 7.62 3 1 8.10 1.62 % 10 -4.79
(HOCH,);CNH, H 8.31 3 1 8.79 9.77% 10+ -3.01
(CF3),CHO- H 9,34 1 1 9.3 8.91 x 10+ -3.05
H;NCH,CH,;NH; H 10.56 3 1 11.04 3.39 X 102 -1.47
PO H 11.3 1 3 10.82 9.27 X 102 -1.51
F;CCH,O- ¢ H 12.3 1 1 12.3 0.40 -0.40
HO-¢ H 15.74 2 1 16.04 29 0.46

4 At 25 °C and jonic strength 1.0 M (KNO;) in H,O. Statistical corrections of the values of pK,’ and kg were made according to Bell and Evans.1?
b Apparent pK, of the conjugate acid at 25 °C and ionic strength 1.0 M (KNOs) in H2O (see text). ¢ The second-order rate constant was calculated
using a standard state of 55.4 M for pure H,O at 25 °C. ¢ Reference 14. ¢ 2,2,2-Trifluoroethylamine buffer present. / Estimated from the pX,’ value
at low ionic strength in H,O.!5 2 The rate constant for catalysis by HO- is concentration-based, yuo- = 0.64.
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Identical values of Kgpsq for C(a)-D — H exchange from 1b
were determined using the iodine assay and by !H NMR in the
pH range 4.5~10. The usual zero-order kinetics in iodine?< was
obtained in the pH range 4.5-10, and no changes in the ultraviolet
or 'H NMR spectrum of 1b that might suggest a side reaction
were detected in the presence or absence of iodine. Nosignificant
consumption of iodine by 4-oxo-5-(aminomethyl)-2-methylpy-
rimidine that might suggest iodination of the N(3)-substituent
of 1b was detected in the pH range 4.5-10. These results confirm
previous conclusions that the iodine reaction is following C(a)-
hydron transfer, that the reaction with iodine is not rate limiting,
that the iodination reaction is not readily reversible, and that the
stoichiometry of the reaction with iodine involves one molecule
of iodine.}a¢

We do not have a satisfactory explanation for different values
of kyo- for hydroxide ion-catalyzed C(a)-proton transfer from
different thiazolium carbinols. For example, the value of kyo-
= 2.9 M-1 5! reported here for C(a)-proton transfer from 1b
(Table 1) cannot be directly compared with a value of kyo- = 20
M-1 5! for C(a)-proton transfer from a 2-[(1-methoxyphenyl)-
methyl]-3,4-dimethylthiazoliumion,?in part, because of a poorly
understood N(3)-substituent-dependent “hydroxide ion anomaly”.3

Discussion

Figure 1 shows that the Bronsted plot for C(a)-proton transfer
from 1b in H,O has a slope of 8 = 0.95 for catalysis by water,
buffer bases, and hydroxide ion.!® Thecalculated rate constant!®
for protonation of 2b by buffer acids, kg = 10**! M- -1, is
independent of pK,BH, but is far below the diffusion-controlled
limit.1%-21 The observed primary kinetic isotope effects for
cacodylate-catalyzed C(a)-proton transfer (ApK, =~ 9), ku/kr =
1.8 £ 0.1 and ky/kp = 1.5 £ 0.1 in H,0, satisfy the Swain—
Schaad relation, log(ku/ k1)obsd = ¥ 10g(Ku/ kp)obsa,22 With a value
of y = 1.5 £ 0.2, and are consistent with chiefly rate-limiting
proton transfer.2* These small isotope effects are qualitatively
consistent with an asymmetric transition state as proposed by
Westheimer24and observed for thiazolium C(2)-proton transfer.2
Catalysis is detectable because the rate constant for hydroxide
ion falls below the Brensted line: because of the large 8 value
in this reaction, catalysis by hydroxide ion would overwhelm
general-base catalysis if hydroxide ion also obeyed the Bronsted
correlation.

These results can be explained by direct protonation of 2b by
a buffer acid that is initially hydrogen bonded to water.’ Proton
transfers toand from carbon occur directly sothat anacid catalyst
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Figure 1. Brensted plot for general-base catalysis of C(a)-proton transfer
from 2-(1-hydroxybenzyl)oxythiamin (1b) catalyzed by water (a),
oxygen-containing buffer bases (cacodylate, phosphate, or alkoxide) (O),
primary amines (@), and hydroxide ion (0) in aqueous solution at 25 °C,
I=1.0M (KNO3). Values of kg are summarized in Table 1. Statistical
corrections were made according to Bell and Evans.!? The upper limit
for catalysis by 2,2,2-trifluoroethylamine is indicated. The solid line of
slope 8 = 1.0 is drawn through the points for buffer base-catalyzed C(a)-
proton transfer. The upper broken line is a limiting theoretical Eigen
curve! with kgy = 1095 M-1s-1 for diffusion-controlled encounter of the
reactants.

must break a hydrogen bond to water before it can protonate a
carbanion.®26 The Brensted a < 0.05 and value of kpy = 104!
M-1s-1reflect the equilibrium constant for breaking the BH*-OH,
hydrogen bond and the rate constant for direct proton transfer
from BH* to 2b. For comparison, a value of kgy = 1072 M-1 -1
was calculated for protonation of a sulfonium ylide by BH*.> The
1029-fold negative deviation for hydroxide ion in Figure 1 is
consistent with a requirement for partial desolvation of hydroxide
ion before reaction,’»26 and the positive deviation for water
probably results from the ability of H;O* to undergo facilitated
diffusion.26

Consequently, to obtain an estimate of the amount of bond
formation to the base catalyst in the transition state for C(a)-
proton transfer from 1b, the observed value of 8 must be corrected
for the solvation step according to Beorr = 0.880bsd and cigorr = 0.2
+ 0.8co1sd, a8 suggested previously for deprotonation of a sulfonium
salt.> The correction of ag = —0.2 appears reasonable on the
basis of indirect evidence that the equilibrium constant for
desolvation (Kp) is smaller for stronger acids, which corresponds
to d log Kp/d log K, = a4;5%" the correction will be largest when
the observed Bronsted 8 value approaches 1.0 and is applicable

(20) Guthrie, J. P,; Cullimore, P. A. Can. J. Chem. 1980, 58, 1281-1294,

(21) Grunwald, E.; Eustace, D. In Proton- Transfer Reactions; Caldin, E.,
Gold, V., Eds.; Chapman and Hall: London, 1975; pp 103-120.

(22) (a) Swain, C. G.; Stivers, E. C.; Reuwer, J. F.; Schaad, L. J. J. Am.
Chem. Soc. 1958, 80, 5885-5893. (b) Stern, M. J.; Vogel, P. C. J. Am. Chem.
Soc. 1971, 93, 4664—4675.

(23) Grant, K. L.; Klinman, J. P. Bioorg. Chem. 1992, 20, 1-7.

(24) Westheimer, F. H. Chem. Rev. 1961, 61, 265-273.

(25) Crane, E. J.; Vaccaro, J. A.; Washabaugh, M. W. J. Am. Chem. Soc.
1993, 115, 8912-8917.

(26) (a) Bednar, R. A.; Jencks, W. P.J. Am. Chem. Soc. 1985, 107,7117-
7126. (b) Washabaugh, M. W,; Jencks, W. P. J. Am. Chem. Soc. 1989, 111,
683~692. Intramolecular proton transfer can occur through a solvent molecule
in some cases: Bernasconi, C. F.; Fairchild, D.; Murray, C. J. J. Am. Chem.
Soc. 1987, 109, 3409-3415.

(27) Jencks, W. P.; Haber, M. T.; Herschlag, D.; Nazaretian, K. L. J. Am.
Chem. Soc. 1986, 108, 479-483.




C(aj-Proton Transfer from 2-(1-Hydroxybenzyljoxythiamin

to oxygen-containing (carboxylate, cacodylate, phosphate, or
alkoxide) or amine bases.

These results represent another example in which solvation of
ionic and neutral species can effect observed structure-reactivity
parameters in aqueous solution.52¢ Although the desolvation is
discussed here for removal of a single water molecule, it is not
unlikely that the actual situation is more complicated. There
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may be variable amounts of desolvation in different C(a)-proton-
transfer reactions, which would give different calculated values
of kpy for different carbon acids. An explanation of how such
solvation effects change rate constants in a structure-reactivity
correlation is not trivial?® because changes in the rate constant
and the basicity must be related to the slope of the Brensted
correlation, which may not be linear.26%28
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