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Ah&act-From a study of the pHcxchange rate profile and other data, it is shown that two mechanisms 
are knportant in the substitution of deuterium for hydrogen at C, in thiaxole in deuterio-hydroxylic 
solvents. These pathways are a simple base-induced proton abstraction which is important at high pH 
and a process involving an equilibrium protonation on nitrogen followed by a rate determining C-H 
ionization which is the primary exchange route at intermediate pH. It is suggested that the latter scheme 
has much greater generality and may even be involved in the biological activity of certain heterocyclic 

drugs. 

SOME years ago we showed, by measuring rates of deuterium incorporation, that 
thiazole (I) is readily ionized by deuteroxide in D,O or alkoxide in ROD.ls2 De- 

1 

protonation at C, and C, in I occurs at about the same rate and proton abstraction 
at C, in isothiaxole (II) is slightly faster; the other hydrogens in both compounds 
(H4 in I, H, and H, in II) do not exchange even under much more drastic conditions. 
These observations have since been used to demonstrate the stabilization value of 
overlap of the forming anion with an unfidkd d orbital on adjacent sulfur’ and to 
suggest that a significant factor in determining the ease of any C-H ionization pro- 
cess is the change in total vicinal sp2 electron pair repulsions in going from a parent 
heterocycle to the derived carbanion. 3 Similar C-H/C-D exchange studies on 
other heteroaromatic substrates have been used to evaluate the importance of in- 
ductive and coulombic effects in determining the rate of proton loss.‘” 

Staab et al.’ have reported a number of apparently similar exchange experiments 
(Table 1) including the replacement of H, in thiazole by deuterium in MeOD 
solution. 

In view of our own experiments the results of Staab seemed to us quite extraordinary 

l Abstracted in part from the Ph.D. Thesis of J. M. Landesberg, Harvard University, Oct. 1964. 
t To whom inquiries should be sent at the final address. 
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TABLE 1. RATES OF H/D EXCHANGE? 

Substrate W’C) t, Wn) 

A Oxazole -60 600 
B 4.5~Di-n-propyloxazole 60 600 
C 4,5-Diphenyloxazole 69 1100 
D Benzoxazole -60 7ooo 
E 1-Fknzylimidazole 60 110 
F Thiazole 60 800 
G Benzthiaxole 60 2503 

0 Ref. 7. The numerical values reported have no quantita- 
tive signiIkance and the relative. exchange rates may not k 
meaningful. Staab did not report the substrate concentration 
used or even whether it was constant throughout the series 
of compounds studied. The rats do depend on substrate 
concentration, uide in&z. 

and even in direct contradiction with our predictions in at least four general areas. 
First, the rates in Table 1 are orders of magnitude faster than would be extrapolated 
from our second order rate constants [rate = k(substrate)(-OMe)] for the simple 
base induced ionization of these compounds2* 3 Second, thiaxole exchanged only 
the proton at C,, whereas we discovered that the protons at C, and C, reacted at 
similar rates2 Third, we found that electron withdrawing substituents increase the 
exchange rate by stabilizing the forming anion.2” Staab reports the opposite 
(A m B > C > D). Fourth, Staab showed that D and G underwent exchange very 
much more slowly than E while we found that N-alkylimidazoles would deprotonate 
much more slowly than oxazoles or thiazoles.2-3 

Since Staab’s data also could not be explained by the usual addition4mination 
electrophihc substitution pathway (this would lead to deuterium exchange at C, or 
C, of thiazole rather than at C2*) we postulated the protonation-deprotonation 
process outlined in Scheme I as a plausible rationalization for these results. 

SCEiJMlI 

ROD 
H,+ D+ = 

ias1 

ri 
III IV V VI 

In accord with this hypothesis are the following arguments : (1) The protonated 
bases (IV) would be expected to undergo rapid deprotonation at C2 under the reaction 
conditions. When X is sulfur and the D in IV is replaced by ethyl, t+ for exchange 
at C, is ca. 7 seconds (extrap) at pD 7 and 31”.’ (2) N-D-Thiazolium2 cation (IV, 
X = S) should exchange H2 several powers of ten more rapidly than H5 in analogy 
with the N-alkylthiaxolium cations.5 (3) Electron withdrawing substituents, by 
reducing the base strength of the substrate would drive the initial equilibrium 
(III + IV) to the left and, by diminishing the concentration of IV, reduce the rate. 
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(4) A similar argument (electronegativities: 0 > N > S) together with the d-o 
overlap effect responsible for the special rate enhancement in the sulfur systems,2* ‘* ’ 
would serve to rationalize the observed order: E P D z G. 

For Scheme I (with X = sulfur) the following rate expression holds : 

Exchange rate = k,[-OR][IVJ 

Let K, be the acid dissociation constant of protonated thiazole, 

K = wlCD+l 
0 

CIVI 

and [Th] be the total concentration of all thiazole species (a constant) 

[Th] = [III] + [IV-J 

Then : 

Rearranging : 

K = Vhl - cwl>cD+l 
P WI 

Substituting for [IV] in the rate equation : 

Rate = M-ORl[~~lCD+l 

K, + CD'1 

But [D+ J[-OR] = K, thedissociationconstant ofthe hydroxylicsolvent.Therefore : 

Rate = 
UW-hl k,Kd[W + [WI 

K, + [D’] Of K, + [D’l 
Equation A 

Equation A predicts that the exchange rate should be constant at high basicity (when 
K, 9 CD’]), but should decrease in-acid media as a function of the concentration 
of [III]. As a consequence of this analysis we began a study of the rate of exchange 
of thiazole as a function of the pH of the medium. 

RESULTS AND DISCUSSION 

The experimentally determined rates for the C-H + C-D exchange at C, of 
thiazole in deuteriomethanol and in heavy water solutions are presented in Tables 
2 and 3 respectively. Since K, for the thiazolium cation is known (K, = 30 x lo-’ 
at 20” in water”) the predicted rates in D,O were compared with the observed 
values assuming the reaction follows Scheme I and Equation A From Fig 1 it is 
seen that between pD 0 and pD 11 the theoretical curve follows the experimental 
points (runs 19-33) with gratifying exactness. At higher base concentration the 
simple ionization mechanism reported earlier’ (Scheme II) becomes predominant, 
the rate suddenly increases very rapidly and becomes first or&r in both thiazole 
and deuteroxide concentrations (Equation B). 



R. A. &BURN, J. M. LNDBPBBRG, D. S. Kmp and R. A. OUIPSON 

Thcoreticol 
0 

PD 
0 IO 12 

FIG. 1 Rate C-H, + C-D, exchange of thiamle vs. pD at 60.7”. 

TABLE 2. EXCHANGE OF THLCOLE AT C, IN MeOD AT 60.7” 

Run No. Thiamle Molarity Addend tt (mi@ 

1 0.10 
2 0.55 
3 1.05 
4 1.47 
5 2Q7 
6 2.50 
I 3.20 
8 101 
9 105 

10 1m 
11 l.CQ 
l? 1WI 
13’ 1.00 

- 760 
- 800 
- 860 
- 975 
- 1020 

1260 
- 1350 

piperidine (1aM) 1140 
pip&dine (0.4M) 990 
citric acid (@2M) 
DCl (2.1Mp %a 

- 82ob 
c - 

0 Less than 2% exchange in 20 hr ;could not use CF,CO,D solutions for 
intemmliate acidity because of esterification problems * Exchange of 
thiazola2D in MeOH ; kw&/kDRIaH) - 1.0. c Reaction in t-BuOD as 
solvent; no detectable exchange at loo” over a 36 hr period. 
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TABLE 3. EXCHA~WE OF ~~~VIZOLB AT C2 IN DrO AT 60.7” 
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Run No. 
ThiaWle 
molarity PW Buffer tt (min) 

RCl. 
Rate 

14 10 - 
15 1.10 - 
16 1.68 - 

17 2.16 - 
18 1.15 - 
19 1.00 050 
20 1.06 lG0 
21 1OCl 1.52 
22 la 2Q6 
23 lQ7 280 
24 1.W 4.6 
25 1.03 4.6 

26 0.97 46 
27 1.18 5.1 
28 la8 9.0 
29 1.01 1W 
30 1.05 10.85 
31 1.00 1220 
32 107 13.10 
33 1.05 1340 
34’ lG0 - 
35’ 1.00 - 
36’ l-00 - 

- 
- 
- 

NaCIO, (1M) 

D,SO, 
DsSO. 
DrSO. 
D,SO,-Na,SO, 
D,SO,-Na,SO, 
DOAc-NaOAc (@lM) 
DOAc-NaOAc (03 M) 

WAC-NaDAc (1 M) 
DOAc-NaOAc (1 M) 
Na,DPO, (@25M) 
NaDCO,-Na,COs (@25) 
Na,DPO,-NasPO, (0lM) 
Na,DPO,-NasPO, (@lM) 
NaOD-NaCIO, (1M) 
NaODNaClO. (lh4) 

- 
- 
- 

160 l.OCKl 
174 092 
206 0.78 
230 0.70 
180 0.89 

7920 0020 
2560 062 
1260 @127 
620 026 
275 058 
160 1.00 

20s 0.78 
225 @71 
225 0.71 
135 1.19 
155 1.03 
150 lQ7 
75 (93o)b 2.14 (O-172)b 

46 (107)b 348 (15o)b 
23 (42)b 7.0 (4QY 

w @24 
25’ 6.4 

4304 037’ 

p See experimeutal for discussion. b Second number is exchange of H, ; k,Jk,, is 12.4 at pD 12.2; 23 at 
pD 13.1; 1.8 at pD 13.4. c Run 34 at 46W; run 35 at 82W, E, = - 207 kc-al/mole. ’ Exchange of thiaxole-2D 

in H,O; kH(O,o,/kt,o,IO~ = 27. 

Hz + -OR 

Exchange rate = k, [-OR][III] Equation B 

Also at high basicity the proton at C, begins to exchange (runs 31-33) and the ratio 
kHJkHs decreases from 12.4 at pD 12.2 to 1.8 at pD 13.4 as a.nticipated.2 

Some additional correlations are available from Tables 2 and 3 : (A) rate in D,O 
(run 14) > rate in MeOD (run 3) B rate in t-BuOD (run 13); (B) E, = -20.7 
k&/mole in D,O (runs 14,34,35); (C) kHwaD,/be, 14 (run 12); kHcDlo,/kwpo, = 
2*7’(runs 14,36) ; (D) there is little salt effect (note especially run 15 us 18 and 24-26) ; 
(E) the rate decmases as the thiazole concentration increases (runs l-7 and 14-17). 

If the mechanism postulated in Scheme I for the exchange of thiazole is correct 
it should be possible to correlate these new values with the known exchange rate 
for 3ethylthiazolium iodide (VII): k, = 9.8 x lo5 l/mole set at 31” in D,O. From 
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vs 

IV VII 

the AH plot, uide supra, we estimate the rate of exchange of thiazole in D,O at 31” 
to be 4.3 x 10m6 see- i. Since for pD’s > 4: 

k,, [III] = k, f [III] or k, = k,,$’ Equation C 
(I W 

K 
w@~o) = 2.4 x IO- I4 3.0 x 10-3t 

6.5 
and K, = 

3 

Therefore : k, = 4.3 x 1O-6 
(1.0 x 10-J) 

(3.7 x lo-is) 
= 1 x lo6 l/mole set 

in excellent though somewhat fortuitously close agreement with k, for VII.* Though 
Scheme I would also be valid if protonation occurred on sulfur, the above comparison 
indicates that IV is indeed the active intermediate in this addition+limination 
mechanism for thiazole exchange. 

Finally, we suggest that the rate decrease with increasing substrate concentration 
(runs l-7,14-17) is caused by a medium effect due to decreasing dielectric constant 
of the solvent with added heterocycle. Consider the consequence of this effect using 
Equation C; K, should not change appreciably since it involves ions on both sides 
of the equilibrium, k, should undergo a small increase and K, a large decrease ; the 
overall effect would be the observed moderate rate decrease. In accord with this 
analysis is the large change in K, as dioxane is added to water; there is a linear 
correlation of ApK, with mole fraction dioxane with a slope of 12.i2 If a similar 
correlation holds with added thiazole, for two molar thiazole (mole fraction 004) the 
effect on pK, would be 05, which translates into a rate decrease of three fold. The 
strongest argument that we are observing a medium effect is found in the MeOD 
rates. The rate decrease is proportional to the molar concentration of added species, 
regardless of its nature: 2M thiazole (run 5) gives the same rate as 1M thiazole plus 
1M piperidine (run 8), 1*5M thiazole (run 4) gives approximately the same rate as 
1M thiazole plus 04M piperidine (run 9). Note that the absence of a large salt effect 
in water does not exclude this explanation. Although K, increases with added salt 
at low salt concentrations, at high salt concentrations (ca 1M) it returns nearly to the 
value observed at zero ionic strength’ 3 

l This numerical agreement together with tbe reverse substitution positional preference mferrcd to 
earlier is considered defiitive evidence against an unusual though kinetically indistinguishable (with the 
present substrate) protonation on carbon followed by elimination electrophihc substitution mechanism 
in which H+ or ROH; acts as tbe proton source while -OR functions as the hydrogen abstracting agent. 
Identification of this latter mechanism will be considered in greater detail in a future paper in this series. 

t Corrections in K, and & for shift to D20 (correction for ?& should be about half as large as that for 

k).” 
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The addition4mination pathway diagrammed in Scheme I constitutes a new 
and alternative mechanism for accomplishing what is formally an electrophilic 
substitution reaction. Since we presented our initial results in this area,14 others 
have postulated similar processes in diverse systems. For example. Harris and 
Randall” have used this pathway in sorting out the conflicting data in the literature 
on imidazole exchanges ; others have recently postulated analogous ylidic inter- 
mediates to account for the ready C-H exchange of N,Ndimethylformamide 
acetals, ’ 6 pyridines,” Caminopyridineq’s and pyra~oles,‘~ and even the exchange 
of Cpyrimidones to has been formulated in terms of an initial protonation followed 
by nuclear deprotonation. 21 In addition to the Staab exchanges described above, we 
suspect other known reactions are best interpreted as examples of Scheme I. Among 
these are the ready exchange at C, in purines (complete exchange in 10-20 min at 
90-100” in D20Z2), and of the ring proton in nitronyl nitroxides (pH independent 
k = 3.3 x lo-’ set-’ at 23” in D20;23 in this system protonation should take place 
at the exocyclic oxygen) and possibly even some of the electrophilic substitution 
reactions in mesoionic systems. In conclusion it might be noted that several hetero- 
cyclic drugs may undergo ring deprotonation by this mechanism under physiological 
conditions, and that the result of this process is the liberation of a nucleophilic species 
which might react irreversibly with a specific electrophilic site in the body and thus 
be responsible for the pharmacological activity of the drug. In future papers we shall 
examine this hyposthesis further and also present still another mechanism for electro- 
philic substitution in heterocycles.24 

EXPERIMENTAL 

Materials. Thiazole was prepared by the method of McLean’ from 2-aminothiile (Aldrich) and puri- 
fied by distillation on a spinning-band column, b.p.,,,_ 117-118” (lit9 117”). Thiazole-2D (~-98% D by 
NMR) was obtained by exchange of thiazole in D,O and isolated by extraction and distillation. The heavy 
water had an isotopic purity ~-99.5% D. the MeOD > 99”/, D, and the D,S04 > 98% D. The NaOD 
and NaOMe solutions were prepared by reacting sodium metal with D,O and MeOD respectively and 
standardizing the solutions with @lOON HCI. Any proton bearing inorganic salt used in the buffers was 
first exchanged with deuterium by dissolving the salt in D,O and then evaporating to dryness. 

Kinetics. At high thiazole concentrations the kinetics were monitored by NMR on a Varian A-60 
spectrometer. Aliquots were taken at appropriate intervals from the reaction soln which was kept in a 
constant temp bath (#lo). The exchange was quenched by cooling, and the amount of substitution 
determined by comparing the rntio of H areas at the reacting positions with the area for the non-exchanging 
H,. At low thiazole conccntwtions (0146M) the kinetics were followed by determining the isotope 
ratio for each point (from aliquots after quenching and isolation of the partially exchanged thiaxole by 
in uacuo evaporation of the solvent) on a Consolidated Engineering Corp. Type 21-103C mass spectrometer. 
The reactions were all nicely first order in thiazole concentration over at least two half lives; the reproduci- 
bility was about 10%. The pD was measured on a pH scale at 25” using a Radiometer pH meter 4 and is 
not arrected to give the true pD. Pure D,O gave an observed pD of 6.9 while 1 to 2M thiazole solutions 
gave values ranging from 75-8.1. The measured pD always varied by less than 008 units from the beginning 
to the end of a run; the final pD was used in the calculations. 

Acknowledgement-We wish to thank the U.S. Public Health Service for a grant (GM-13980) to support 
this research. 
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