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Ah&ad-A few P-substituted 1-(lcthoxyethyl)benzimi&ks have been prepared and the rate 
constants for their hydrolysis measured at various temperatures and oxonium ion concentrations. ‘Ibe 
formal kinetica fofkmcd and the effect of varying the 2-substitution on the hydrolysis rate suggest that 
the acid-catalyzed cleavage of these annpou& involves a rapid initial protonation of the benz- 
imidazole ring and a subsequent mt&miting heteroly& of the protonated suhstrate to form a free 
nitrogen base and sn oxocsrbenhun ion derived from the ethoxyethyl group. The values obtained for 
the entropy of activation sre consistent with the assumed unimokcular nature of the rate-limiting step. 
The effects of 2-subatituents on the acidities of the urotonated mbstrates and their heterolvsis rates 

lk been suggested to be the subject-of steric have been compsred. The latter psrtial reaction 
acceleration. 

Reactions of nucleosides and related compounds, 
containing a heterocyclic nitrogen base bonded 
through one of its heteroatoms to the anomeric 
carbon of a furanoid carbohydrate derivative, have 
been the objects of increasing interest after the 
discovery that some of these compounds have an- 
titumor’ or antiviral’ properties. For example, their 
hydrolytic decomposition to base and sugar compo- 
nents has been studied quite extensively.*“’ How- 
ever, relatively few of the investigations are 
mechanistically significant. Zoltewicx et al. have 
suggested5” that the acidic hydrolysis of purine 
nucleosides consists of a rapid initial protonation of 
the purine ring to give a mono- or dication and a 
subsequent rate-limiting iission of these species to a 
free base and a cyclic oxocarbenium ion of the 
sugar moiety. This proposal has received considera- 
ble supporting evidence from several kinetic studies 
concerning the acid-catalyzed cleavage of a variety 
of nucleosides. The effects of structure on reactiv- 

ity.9*‘o the rate-pH profiles,7”o the values for the 
entropy of activation,“’ and the secondary 
deuterium isotope effects” are all consistent with 
the suggested mechanism. Quite recently it has 
been noticed, however, that two pyrimidine nut- 
leosides, thymidine and deoxyuridine, undergo in 
aqueous acid anomeriaation to the corresponding 
pyranoid and a -furanoid derivatives concurrent with 
the hydrolysis.” The latter finding has been inter- 
preted to indicate that the hydrolytic decomposi- 
tion occurs, at least partially, by protonation of the 
glycon moiety at the ring-oxygen followed by rate- 
limiting opening of the five-membered ring to give 
a Schiff base intermediate.‘4 In other words, the 
same mechanism as in the hydrolysis of glycosyl- 
amines would operate. It should be noted that the 
majority of the data presented above to support the 

unimolecular rate-limiting rupture of the CN bond 
are in accordance with this mechanism, too. 

On the basis of tire preceding discussion it seems 
possible that the mechanism of the acid-catalyzed 
hydrolysis of nucleosides and their analogues may 
depend on the structure of heterocyclic base com- 
ponent in the substrate. The aim of our studies is to 
elucidate the structural factors that could possibly 
favor one of the suggested mechanism over the 
other, and to further the understandmg of the 
s&uctures of the transition states for these reac- 
tions. Simple N-(1-alho@kyl) derivatives of vari- 
ous heterocyclic nitrogen bases are used as model 
compounds. The present paper, comprising the first 
part of the investigation, deals with the effects of 
2-substituents on the hydrolysis of l-(lcthoxy- 
ethyl)benximidaxoles in aqueous acid solutions. 

RESUL’ISANDDISCUWION 
Analogous to the hydrolysis of nucleosides, two 

alternative pathways can be formulated for the 
acid-catalyzed cleavage of 2-substituted l-(l- 
ethoxyethyl)benximidaxoles. Either the substrate 
protonated on the imidaxole ring undergoes rate- 
limiting heterolysis to benximidaxole and an oxo- 
carbenium ion derived from the l-ethoxyethyl 
group. all subsequent reactions being fast (Route A 
in Scheme l), or a rapid initial protonation of the 
oxygen atom is followed by cleavage of ethanol to 
give a resonance stabilized carbonium ion, which is 
further degraded to benximidaxole and acetal- 
dehyde oia an aminoalcohol intermediate (Route B 
in Scheme 1). In the latter pathway the departure 
of the protonated ethoxy group is the reasonable 
rate-limiting stage. If the addition of water on the 
carbonium ion were the slow process the reverse 
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for the formation of this species, i.e. the attack of 
ethanol oa it, should occur faster than the attack of 
water on the carboaimn ion ceatre. This caa hardly 
be the case, siace the coaceatratioa of ethanol is ia 
a dilute aqueoti solution extremely low compared 
to that of water. If the decomposition of the 
aminoalcohol intermediate were rate-limiting, the 
liberation of ethanol would take place ia a pre- 
equilibrium stage. Because the reverse of this par- 
tial reaction would be of second-order, the forma- 
tion of 6aal products would not obey simple first- 
order kinetics. However, ia the hydrolysis of l-(1- 

Table 1. Fmt-order rate coasteats for 
the IlydfolyGa of 1-(l-etboxyethyI)ben- 
imidazole in aqueou pcrchloric acid at 

343.15 K. 

NClOJlmol dm-” k/10-* s-l 

0.10 5.92*0.04 
0.50 5.97 0.06 

a:: 
5.53 0.05 
5.58 0.06 

::8 
6.49 0.08 
6.47 0.09 

ethoxyethyl)beazim&zoles the &&order kiaetics 
is ia every investigated case strictly followed. 
Moreover, the reactions proceeding by rate-limiting 
heterolysis of aa aminoalcohol iatennediate geaer- 
ally exhibit ia highly acidic solutions inverse depea- 
deaces of reactivity oa acidity, probably due to 
the fact that general base catalysis is needed to rc- 
move proton from the hydroxyl group of the 
amino-alcohol.‘* For examples, the hydrolyses 
of beazylideae-tert-butylamiaes,‘9 beazylideaeaai- 
lb&“ and IV-aryl-glycosylamb~? are charac- 
terized by this kiad of behaviour. Ia contrast, the 
hydrolysis rate for 1-(1cthoxyethyl)beazbnidazole 
is completely independent of the acid coaceatra- 
tioa, as caa be seea from the data ia Table 1. 

The &t-order rate constants obtaiaed for the 
hydrolyses of 2-sabstituted l-(l-ethoxyethyl)- 
beazimidazoles ia aqueous hydrogen chloride and 
buffer solutions are collected ia Table 2. Each 
compound exhibits a sbnilar reactivity-pH profile. 
The rate coastaats remain unchanged ia high ox- 
oaiua~ ion concentrations aad experience sharp de- 
creases on going to less acidic solutions. l%is kiad 
of pH dependence caa be easily explained by either 
mechanism A or mechanism B iavolviag rate- 
limiting departure of the protoaated ethoxy group. 
The observed tirst-order rate constants for these 
reactions caa be expressed by eqa (1) aad (2). 
where K,, aad KB stands for the ionization coa- 
staats for the substrates protoaated on the im- 
idazole ring aad the oxygen atom, respectively, aad 

Table 2. FIrstorder rate constants for the hydrolyxes of 2-subetituted 1-(lctboxyethyl)bakmidazol~ in various acid 
and bu&x solutions. ‘IEc temperature L 353.15 K if not otherwise stated. 

Subatituent in position 2 
Reaction Bolution a3 H WGH Wza CH0 

Ml INA HA -- 
mol dm-’ mol dm-’ 

Ha 

ii: 
HCOOH 
HCOOH 
HCOOH 

CH,COOH 
CH&OOH 

0.10 - 
0.010 0.090 
0.0020 0.098 
0.20 0.10 
0.10 0.10 
0.050 0.10 
0.20 0.10 
0.10 0.10 
0.050 0.10 
0.020 0.10 

1.090*0.016 2.11hO.03 9.64zto.11 
1.228 0.014 2.23 0.04 9.64*0.13 
1.006 0.014 2.13 0.03 9.36 0.18 

0.966 0.010 1.717 0.026 
0.881 0.011 1.454 0.046 
0.735 0.010 0.782 0.010 
0.653 0.007 0.547 0.006 
0.548 0.007 0.303 0.004 
0.301 0.004 0.146 0.003 

5.70 0.10 
2.70 0.05 
232 0.02 

1.274 0.036 
0.657 0.017 

8.46 kO.11’ 3.08 *0.07b 
8.78 ~0.13’ 3.21 O.lt 
6.34 0.14. 1.557 0.07@ 

0.707 O.OISb 
1.824 0.071. 0.291 O.lNMb 

0.229 0.008b 
0.744 0.013’ 1.172 0.032’ 
0.434 o.cKW 0.592 0.011’ 
0.234 0.007’ 0.306 0.008’ 
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kA and S denote the tint-order rate constants for 
the heterolysis of these species. Accordingly, the 
observed rate constants are linearly related to the 
oxonium ion concentration as long as w] is neg- 
ligible compared to KA, and level off to constant 
values, given by eqn (3) and (4), when W] be- 
comes greater than K*. 

k,,(obs.) = k, - lH+l 
&+lH+l 

ka(obs.) = km - 5 - WI 
Km &+lH+l 

k:(obs.) = k,, (3) 

k:(obs.) = k, - $ (4) 
B 

Equations (3) and (4) enable us to dMngui& be- 
tween mechanism A and mechanism B with rate- 
limiting cleavage of ethanol. Table 3 records the 
6nSorder rate constants measmed for the hy- 
drolysis of 2-substituted l-(l-e&oxyethyl)benximid- 
axolea in 0.10 mol dm-” aqueous hydrogen 
chloride at different temperatures. The values ex- 
trapolated to 333.15 K increase considerably with 
the electron-attracting character of the 2- 
substituent. Replacing of 2-methyl group by 2- 
cyanomethyl substituent, for example, results in a 
570-fold increase in the hydrolysis rate. In other 
words, the reaction constant, p, is of the order of 
ten if aI constants are used as a measure for the 
inductive effects. A rate-enhancement of this mag- 
nitude can easily be accounted for by mechanism 
A. ‘Ike observed rate constant for this reaction is, 
according to eqn (3), equal to the rate constant for 
the tlssion of the protonated substrate. In the latter 
process the electron density increases at the nit- 
rogen atom in position 1 with the departure of the 
protonated benximidaxole moiety. Accordingly, 

electron-withdrawal by the adjacent 2-substituent 
tends to rtabilixe the transition state leading to a 
marked rate acceleration. For example, in the 
spontaneous hydrolysis of l-(/3+galactopyranosyl) 
pyridiium ions a similar rate-enhancement is ob- 
served on going from the unsubstituted to 3-chloro- 
substituted compound.16 In contrast, a lower or 
even opposite susceptibility to inductive effects 
would be expected if Route B involving rate- 
limiting cleavage of the protonated ethoxy group 
were utilixed. The observed rate constant for this 
reaction under acidic conditions is given by eqn (4). 
As the electronegativity of the 2-substituent in- 
creases the ionization constants for both of the 
protonated forms of the substrate increase, but the 
effect on KA is presumably greater owing to the 
shorter distance to the atom which looses the pro- 
ton. Consequently, the effect on the ratio KJKB is 
rate -accelerating. At the same time k, is, however, 
considerably decreased, since electron-withdrawal 
by the 2-subs&tent lowers the electron density at 
the developing carboniuin ion centre. Hence the 
effects on the concentration of the protonated sub- 
strate and its decomposition fates are opposite. As 
a result of partial cancellation of these influences, 
the susceptibility to the polar nature of the 2- 
substituent would be expected to be low. However, 
as will be seen later, the effect on the observed rate 
constant is even greater than on KA. 

Table 3 also records the entropies of activation 
for the acid-catalyzed hydrolysis of the l-(l- 
ethoxyethyl)benximidaxoles investigated. The val- 
ues are all positive and of same magnitude, being in 
good agreement with the proposed unimolecular 
nature of the rate-limiting step of mechanism A. 
For the corresponding reactions of nucleosides 
somewhat smaller values have been reported.7’9*‘o 

Besides electronic effects, o&o-substituents 
often exert significant steric effects, too.” A possi- 
ble way to elucidate the latter in the hydrolysis of 

Table 3. FM-order rate constants at Merent temperatures and the enthalpies and entropicd of activation for the 
hydrolysis of 2aubstitutcd l-(lcthoxyethyl)benzimkkolu~ in 0.10 mol dms3 aqueou hydrogen chloride. 

Sub&uent in 

pition 2 

T 

ii 

k 

10-3 s-1 

k(calc.) 

10-3 s-1 

AHk AS- 

kJ mol-’ J K-’ mol-’ 

m3 333.15 
343.15 
353.15 

H 323.15 
333.15 
343.15 
353.15 

t=&-‘H 323.15 
333.15 
343.15 
353.15 

w@ 313.15 
323.15 
333.15 
343.15 

%a 293.15 
303.15 
313.15 
323.15 

0.0734* 0.0008 0.0743 *0.0022 129.2* 2.2 63*6 
0.306 0.003 
1.090 0.016 
0.0363~0.0007 0.1545 f 0.0020 125.4* 1.0 58*3 
0.1590 0.0010 
0.592 0.004 
2.11 0.03 
0.1793 *0.0015 0.726 kO.034 121.5k3.7 59* 11 
0.773 0.010 
2.44 0.05 
9.64 0.11 
0.592 *o.O08 8.35 a0.06 112.2jzO.4 51*2 
2.28 0.05 

2;: 0.5 0.11 

0.1825 *O&O43 42.4 l 3.7 107.5A2.6 51*8 
O.P75 0.011 
3.08 0.08 

12.77 0.22 

‘T- 333.15 K. 
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Tabb 4. Kiuetjcagy determined ionixatien coustants, KA, for 2-substituted l-(l-ethoxyethyl)~lm 
proteuated on the uitregea iu position 3. The temperature is 353.15 K jf mt othwiw ua%d. 

pH of the reaction 
sehttion at 353.15 K 

3.58 
3.88 
4.18 
4.58 
4.88 
5.18 
5.58 

themelm 

SuMituent in position 2 
a, H QWH QIzQ CVN 

- lg (K,,/mol &u-T 

2.93b 
3.25’ 2.7gb 

4.80 4.53 4.34 2.97b 
4.90 4.35 4.17 3.4P 2.95’ 
5.05 4.42 4.38 3.54’ 2.96. 
5.18 4.49 4.36 3.56’ 2.97’ 
5.16 4.45 4.44 3.11’ 

5.02~0.16 4.43 l 0.07 4.34*0.10 3.46*0.14 2.95 f 0.10 

79 333.15 K. 
1- 313.15 IL 

2-substituted 1-(l-ethoxyethyl)benxmUaxoles is to 
compare the influences that 2-substituents have on 
the ionization constant, K& for the substrate proto- 
nated on the nitrogen in position 3 and on the rate 
constant, k4, for the heterolysis of this species. In 
the former reaction the steric effects do not proba- 
bly play any important role. For example, the ioni- 
zation constants for the conjugate acids of 2- 
substituted imidaxoles and benximidaxoles can be 
correlated with Hammett equation by means of u= 
values, p indicating the absence of marked steric 
effects. That this is the case also with l-(lethoxy- 
ethy1)benximidaxoles can be seen from the values in 
Table 4. These have been calculated from the 
kinetic data given in Table 2. For this purpose eqn 
(1) where k,. has been replaced by kz(obs.), in 
accord with eqn (3), is written in the form (5). As 

IgK*=lg(~-l)-PII (5) 

seen from Fig. 1, a fairly good linear correlation 

exists between the calculated lg KA values and the 
0, constants of the 2-substituen& with the reac- 
tion constant, pm, of 9.0*0.3. The points for the 
2-chloromethyl and 2-cyanomethyl substituted 
compounds are included in the plot, although their 
K,, values refer to lower temperatures than those 
for the other derivatives. Tbe fact that the basicity 
of the 2-cyanomethyl compotmd does not markedly 
change with temperature, as can be seen from 
Table 4, gives some justiiication for this procedure. 
Fig. 1 also shows the dependence of lg kA on S, 
constants. The susceptibility to electronic effects is 
inthiscaseahnostthesameasintheionixationof 
the protonated substrates, but the correlation line 
exhii a slight curvature, and the point for the 
unsubstituted derivative falls below the line the 
other compounds yield. These lindings suggest that 
the substituentx in position 2 exert, besides elec- 
tronic effectq observable steric accelerations on the 
decomposition of the protonated substrate. It has 
been shown= that the steric demands of ortho- 
substituents in aromatic systems can be descrii 
by Taft’s I?, parameters,= designated originally for 
aliphatic compounds. If it is further assumed that 
8, constants adequately measures the electronic 

effects of 2-s&Muents on the Merolyais of proto- 
nated 1-(lethoxvethv;)benximidaxoles, as they do 
intheionixationofthesamespe&s,lgkAvalues 
wouldbeexpectodtoobeyeqn(6),whereaandb 
are adjustable parameters. 

lek4=p(O+BE3+b (6) 

Figure2&arlyshowsthatthisisin&edthesitua- 
tion. The value of -0.033 for a gives the best 5G 
the reaction conscant,p,andparame~,b,beins 
10.8*0.2 and -3.37ztO.02, respectively. Accord- 
WY, the hydrolysis of l-(lcthoxy- 
ethyl)benximidaxol~ seems to be to some extent 
accelerated by bulky ortho-sub&tuents, though 
the electronic effects, no doubt, play much more 
decisive role. 

1 / I 1 I 

-0.1 0 0.1 0.2 

%I 

Fig. 1. Dcpeudencu of leuixatiou constants, K,,, for pro- 
toMte4i I-(l-euJoxyethyl)ben (line I) snd tlrst- 
order mte omstants, k,, for their heterulysis (hue II) on 
the 0, vslW of the substitwuts in pudtioa 2. The W& 
values employed are these rqxuted in Ref. 26. 
Notation:(l) CH,, (2) 9 (3) QIaOH. (4) WQ md (5) 

cH&N sulstituted anupeulld. 
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