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The rates of hydrolysis of a series of N-acylimidazoles have been measured in 0.1 3 HCI at 30°.

Increased

branching at the e-carbon of the acyl group produces small increases in rate, while branching at the 8-carbon re-
sults in decreased rates. The relative rate ratios parallel closely those found previously in the hydroxide ion and

imidazole catalyzed hydrolysis of these compounds.

The rate increases found for the compounds with branch-

ing at the a-carbon are due to more favorable values of AH* than would be expected. Branching at the 8-carbon

produces a large unfavorable effect on AH*.

A further similarity in the hydrolysis of the N-acylimidazoles and

N-acylimidazolium ions relates to susceptibility to electronic effects; the p value for hydroxide ion catalyzed
hydrolysis of a series of substituted N-benzoylimidazoles was found to be +1.4. The relative rate ratios for the
hydrolysis of the N-acylimidazolium ions are insensitive to changes in solvent composition, being approximately

the same in 759, dioxane-water, 509, dioxane—water, and water.

Thus, it is probable that the same factor(s) is

primarily responsible for the anomalous steric effects found for the hydrolysis reactions in both acid and base, and
this factor is likely independent of solvation effects, the most probable explanation being relief of strain in a

transition state lying close to products.

The hydrolysis of N-acylimidazoles has received much
attention.!~? In a previous study! it was found that
in the general base, general acid, and hydroxide ion
catalyzed reactions, steric effects due to branching in
the acyl group are anomalous. Increased branching
at the a-carbon does not result in an observed steric re-
tardation in rate but actually produces a small rate in-
crease. Branching at the g-carbon does result in a rate
decrease but to a smaller extent than found in nucleo-
philic catalysis of ester hydrolysis. Increased branching
at the a-carbon of the acyl group does, however, result
in large rate decreases in the aminolysis of N-acylimid-
azoles in tetrahydrofuran as the solvent.” It was sug-
gested! that in the general base catalyzed reaction, and
presumably also in the hydroxide ion catalyzed reac-
tion, the transition state lies close to products. If a
large amount of bond breaking has occurred then
steric strain might be relieved upon entering the tran-
sition state for hydrolysis of the branched compounds.
It is also possible that water structured about the alkyl
groups might play a large role in the hydrolytic process
and account for the observed steric effects.! To ob-
tain further information concerning these effects the
hydrolysis of the series of N-acylimidazolium ions has
been studied, and activation parameters have been
obtained for these reactions.

Experimental Section

Materials.—The imidazole employed was from Eastman Ko-
dak Co. (White Label). Dioxane was purified according to the
method of Fieser® and stored frozen. Isovaleryl chloride was
obtained from Matheson Coleman and Bell. Deuterium oxide
(99.89,) was obtained from Bio-Rad Laboratories.

Dioxane solutions were prepared by mixing given volumes of
dioxane and water. A desired concentration of HCI in these
solutions was obtained by bubbling in the required weight of an-
hydrous HCI.

A 0.1 M solution of DCI in deuterium oxide was prepared by
bubbling into the solvent the desired weight of anhydrous HCI.
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Using the glass electrode correction formula of Fife and Bruice,
pD was found to be 0.95.

The N-acylimidazoles were the same as previously described.!
The isovaleryl derivative was added to the series; it is a liquid
boiling at 71-73° (0.5 mm), n?*2p 1.4839.

Anal. Caled for C;HN:O: C, 63.13; H, 7.95; N, 18.41.
Found: C, 63.11; H, 8.28; N, 18.20.

The series of substituted N-benzoylimidazoles was prepared by
the method of Caplow and Jencks.® The physical constants of
the products matched closely the values reported by these work-
ers. N-Benzoylimidazole had bp 104-105° (0.25 mm), lit.!
mp 19-20°.

Kinetic Measurements.—The kinetics of the hydrolysis of the
N-acylimidazoles were studied in aqueous 0.1 M HCI and 0.19
M HCl in 50% and 759, dioxane-water mixtures (v/v). The
rates in the acid solutions were measured spectrophotometrically
with a Beckman DU spectrophotometer, equipped with a Gilford
Model 2000 recording attachment, by following the decrease in
absorption at 245 mu. The material was added, with vigorous
stirring, to the thermostated cuvette by means of a microspatula.
The rates were generally followed to 759 completion. Infinity
points were taken at roughly 10 half-lives.

Pseudo-first-order rate constants were calculated by means of a
Honeywell 800 computer using s program designed to carry out
multiple regression and correlation analysis. The output of
interest consisted of the regression coefficient (rate constant) of
In (OD; — OD.)/(0ODy — OD.,) vs. time, the standard error of
the regression coefficient, the intercept value of the log function
ps. time, and the correlation coefficient. The latter generally
had a value between 0.9990 and 0.9999. If the correlation coeffi-
cient was below 0.98, the computed value of the rate constant
was rejected and determined from a plot of the above log func-
tion vs. time. Spot checks showed that the values obtained from
the computer agreed well with those calculated by hand.

Constant temperature was maintained during the kinetic runs
by circulating water from a Haake Model F constant-tempera-
ture circulating bath around the cell compartment of the spec-
trophotometer. The temperature in the 4° run with N-tri-
methylacetylimidazole was obtained by circulating a 20% alco-
hol solution through a copper coil immersed in an ice-salt mix-
ture and then around the cell compartment. The temperature
of the cell compartment in this run was determined by means of a
temperature probe supplied with the Gilford instrument. The
temperature was controlled to #0.1° in the runs above 10° and
=+0.5° for the one run at 4°.

The rates of alkaline hydrolysis of the N-benzoylimidazoles
were measured titrimetrically with a Radiometer TTT1 Auto-
titrator and Radiometer Titrigraph. A Metrohm EA 115-X
electrode was employed. The procedure and equipment were the
same as previously described.’? The rates were followed to com-
pletion, and the pseudo-first-order rate constants were obtained
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by the method of Guggenheim.!* Identical rate constants were
obtained when the initial concentration of substrate was varied
over a 2-3-fold range. Rate measurements were made at sev-
eral pH values with each compound with the exception of N-(p-
nitrobenzoyl)imidazole which could not be studied conveniently
above pH 8.6 at 30° owing to the rapidity of its rate of hydrolysis.
The observed rate constants were directly proportional to the
hydroxide ion concentration in the pH range studied titrimetri-
cally. The second-order rate constants (kom) were calculated
from kor = kobsadr/Kw. The value of K. at 30° was obtained
from the International Critical Tables.¢

Results

The kinetic results are presented in Tables I-IV.
Table I lists the observed rate constants at each tem-
perature for the hydrolysis of the series of N-acylimid-
azoles in 0.1 M HCl where the amide is completely
protonated.** The rates were measured in duplicate
or triplicate at each temperature with an average devi-
ation of 2-39%, in the rate constants with the exception
of those for N-trimethylacetylimidazole which had an
average deviation of 6%. The relative}rate ratios
at 30° are approximately the same as found previously!?
for the general base,® general acid, and hydroxide
ion catalyzed reactions of these compounds, except that
the value for the trimethylacetyl derivative is slightly
larger. Increased branching at the a-carbon of the
acyl group does not result in observed steric retardation
of the rate but actually produces small rate increases.
Thus, both N-trimethylacetylimidazole and N-isobu-

TaBLE I
RaTte CONSTANTS FOR THE HyYDROLYSIS OF N-ACYLIMIDAZOLES
iN 0.1 M HCl at Various TEMPERATURES
AND IN 0.1 M DCI ar 30°

Temp,  Kobsd, kobsd
N-Acyl group °C  min—1@ krel min -1 ku/kD
Acetyl 49.0 11.6
39.3 6.57
30.0 4.08 0.90 2.50°
20.6 2.19
Propionyl 39.4 7.79
30.0 4.54 1.00 1.83 2.48
20.6 2.70
Isobutyryl 39.4 12.0
30.0 7.57 1.67 2.78 2.72
20.6 4.71
Trimethylacetyl 30.0 31.6 6.96 12.6 2.50
26.8 28.7
20.4 20.8
14.0 13.4
13.4 13.9
12.1 12.3
4.0 8.0
Butyryl 39.4 4.65
30.0 2.74 0.60 1.10 2.49
20.5 1.57
Isovaleryl 49 .4 2.43
39.7 1.42
30.0 0.814 0.18
20.0 0.394
3,3-Dimethylbutyryl 48.1 0.325
39.4 0.197
30.0 0.118 0.026 0.0417 2.83
20.7 0.0827
Triethylacetyl 49.0 0.0391
39.6 0.0211
30.0 0.0101 0.0022 0.00446 2.26
21.1 0.00535
0.1 M HCl in HO. *0.1 M HCl in D;0. ¢ Reference 2,
25°.
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Tasie I1

ACTIVATION PARAMETERS FOR THE HYDROLYSIS OF
N-AcyrLiMipazores IN 0.1 M HCI at 30°

Acyl group AH*, keal/mole AS*, eut
Trimethylacetyl 8.6 —31.4
Isobutyryl 8.7 —34.3
Propionyl 9.9 —31.3
Acetyl 10.4 —-29.8
Butyryl 9.8 -32.3
Isovaleryl 11.0 -~30.7
3,3-Dimethylbutyryl 10.7 -35.8
Triethylacetyl 12.9 —-33.3

¢ Values of AS* were calculated at 30° with the rate constants
having the units sec—*.

TasrLg 111
Rate CoNsTANTS FOR THE HyYDROLYSIS OF N-ACYLIMIDAZOLES
N 0.19 M HCl 1§ 509, D1oxANE-WATER AND 759
Dioxane~-WATER (v/v) a1 30°
509, dioxane-H:0 75% dioxane-H:Q

N-Acyl group kobsd, min™t  krel kobad, min ! krel
Propionyl 1.71 1.00 0.748 1.00
Isobutyryl 3.02 1.77 1.27 1.70
Trimethylacetyl 16.6 9.71 7.40 9.89
Butyryl 1.07 0.63 0.454 0.61
Isovaleryl 0.259 0.15 0.133 0.18
3,3-Dimethylbutyryl  0.0470 0.027 0.0255 0.034
Triethylacetyl 0.00415 0.0024 0.00291 0.0039

TaBLE IV
RATES oF ALKALINE HYpROLYSIS OF N-BENZOYLIMIDAZOLES
IN WATER AT 30° AND & = 1.0 M wita KCl

Compound kon® 1. mole~! min !

N-(p-Methoxybenzoyl)imidazole 8,100
N-(p-Methylbenzoyl)imidazole 12,900
N-Benzoylimidazole 21,000
N-(p-Chlorobenzoyl)imidazole 41,000
N-(p-Nitrobenzoyl)imidazole 251,000

® kom = Kobsatn/Ks.

tyrylimidazole hydrolyze faster than does N-propi-
onylimidazole. Branching at the B-carbon does re-
sult in rate decreases, and in the case of N-triethyl-
acetylimidazole a very slow rate is obtained. Also
reported in Table I are the observed rate constants
measured in D;0 (ku/kp > 2.26).

Table IT lists the activation parameters for hydrolysis
of the N-acylimidazoles in 0.1 M HCl. It can be seen
that increased branching at the a-carbon of the acyl
group results in progressively lower values of AH¥*,
accounting for the fact that steric retardation of the
rate is not observed with these compounds. Branching
at the B-carbon results in more positive values of AH*
and with the 3,3-dimethylbutyryl and triethylacetyl
derivatives in more negative AS* values. A small
compensation in the activation parameters may exist
for a series composed of N-isobutyrylimidazolium ion
and those derivatives having straight chain acyl groups.
A plot of AH* vs. AS* for the hydrolysis of these com-
pounds (Figure 1) is linear with a slope of 375° K. The
temperature at which the relative rate ratios were ob-
tained (30°) is therefore 72° below the apparent iso-
kinetic temperature.®® The points on this plot for
those compounds having very bulky acyl groups,
trimethylacetyl, 3,3-dimethylbutyryl, and triethyl-
acetyl, show large deviations from the isokinetic line.

(18) J. E. Lefler, J. Org, Chem., 30, 1202 (1955).
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In Table III are reported rate constants for hydroly-
sis of the N-acylimidazoles in 0.19 M HCI in 509, di-
oxane-water and 759, dioxane-water (v/v). The rela-
tive rate ratios are quite similar in these solvents
to those obtained in water. Changing the aqueous
content of the solvent and the solvent dielectric con-
stant, therefore, affects the rates of hydrolysis of all
the compounds in the same manner which would
indicate that solvation factors or water structuring
about the alkyl groups is probably not responsible for
the observed relative rate ratios.

In Table IV are given values of koy for hydrolysis of
a series of substituted N-benzoylimidazoles. In Figure
2 the logarithms of these values are plotted vs. o, the
Hammett substituent constant.” The value of p ob-
tained from the slope of this plot is +1.4, showing that
the bond-making process (attack of the nucleophilic
hydroxide ion) is quite important in the transition
state.

Discussion

It was previously suggested! that for hydrolysis re-
actions of the neutral species the observed steric effects,
which are highly unusual for bimolecular reactions,
are the result of compensating effects: (a) a normal
rate-retarding effect due to the increased difficulty
of approach to the carbonyl by a nucleophile as branch-
ing in the acyl group is increased, and (b) a rate-ac-
celerating effect produced by increased branching. If
the rate-accelerating effect was due to water structuring
effects by the alkyl groups® then it might reasonably
be expected that the AS* values would become more
positive as branching was increased since more water
would be restricted in the ground state, resulting in
a smaller difference between the number of water mole-
cules involved in the ground states and in the transition
states. However, in 0.1 M HCl AH* was found to
decrease with increased branching at the a-carbon and
increase with branching at the B-carbon. Changes
in AS* are smaller and more complex, but it would
appear that AS* generally tends to become more un-
favorable as steric bulk in the acyl group is increased.
It is apparent that branching results in faster rates of
hydrolysis than would normally be expected because
of relatively favorable AH* values.

The results of studies in 0.19 M HCI in the solvents
509, dioxane-water and 759, dioxane-water, showing
that the relative rate ratios are approximately the
same in these solvents as in water, indicate further that
specific solvation effects are probably not causing the
accelerating effect. In dioxane-water mixtures it is
likely that the nonpolar alkyl groups would be solvated
by dioxane to a large extent. If water structuring
about the alkyl group was an important factor in these
reactions then compounds with large bulky acyl groups
should be affected more by changing solvent composi-
tion than those with comparatively small acyl groups,
but this is not observed. Water orientation and avail-
ability for reaction, however, are certainly important
factors and will be discussed further in a succeeding

(17) L. P. Hammett, ‘‘Physical Organic Chemistry,” MeGraw-Hill Book
Co., Inc., New York, N. Y., 1940, Chapter VII; H. H. Jaffé, Chem. Rev.,
88, 191 (1853).
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Figure 1.—A plot of AH* »s. AS* for the hydrolysis of the series
of N-acylimidazoles in 0.1 M HCI.
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Figure 2.—A plot of log kom vs. o, the Hammett substituent
constant, for the hydrolysis of a series of para-substituted N-
benzoylimidazoles in water at 30°.

paper. The results also suggest that the transition
state has approximately the same polarity for each
compound since otherwise the relative rate ratios should
depend on the dielectric constant of the solvent.

A further piece of evidence indicating that similar
factors are influencing the hydrolysis of the N-acylimid-
azolium ions and the hydroxide ion catalyzed hydroly-
sis of the neutral species is the susceptibility to elec-
tronic effects. The hydrolysis of a series of substituted
N-benzoylimidazoles in 0.1 M HCl was previously
found to give a p value of +1.7%° when the logarithms
of the rate constants were plotted vs. ¢, the Hammett
substituent constant. In the present study a p value
of +1.4 has been found for alkaline hydrolysis of the
same series of compounds. The similarity of the two
values indicates that attack at the carbonyl (bond
making) is an important feature of both reactions.

Staab’ has suggested that the faster rate of hydrolysis
in conductivity water for N-acylimidazoles with branch-
ing at the a-carbon of the acyl group is due to twisting
of the carbonyl group out of coplanarity with the imid-
azole ring, thereby reducing resonance interaction
and resulting in a less stable molecule. Marburg and
Jencks® have postulated the same effect to explain the
similar rates of hydrolysis of N-acetylimidazole and N-
benzoylimidazole in 0.1 M acid. Assuming that the
kinetically important species has a ring nitrogen pro-
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tonated to afford a good leaving group,!® resonance
between the ring and the carbonyl would necessitate
the importance of resonance structures having more
than one positive charge residing on the imidazole
ring which should not be favorable in comparison to
the resonance structures that can be written for the
neutral species. Thus, if inhibition of resonance was

i |
ZON-C-R > & IN=C-R
H 0

the principle cause of the observed abnormal order of
reactivity in reactions of the neutral species then it
would be expected that a more nearly normal order
would be obtained in the hydrolysis of N-acylimida-
zolium ions which, of course, is not the case. Also,
ground-state effects such as steric inhibition of reso-
nance between the ring and the carbonyl would not
explain why a normal steric order is obtained in the
aminolysis reaction with diethylamine.” Thus, there
is apparently a feature of the hydrolysis transition
state which allows the accelerating effect due to acyl
group branching to become important.

A transition state for the hydrolysis of N-acylimid-
azolium ions in which the carbon-nitrogen bond is
breaking in concert with nucleophilic attack by a water

a
/s‘_i;N'---IC:——R
N 0,

H H i+
‘o-H
B

(19) This assumption is supported by the finding of Wolfenden and
Jenckst that the hydrolysis of 1-acetyl-3-methylimidazolium ion serves as a
model for the hydrolysis of N-acetylimidazolium ion,
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molecule, so that relief of strain would occur, is consist-
ent with all of the data presently available. This
mechanism is exactly analogous to that proposed pre-
viously! for the imidazole-catalyzed hydrolysis of the
neutral species.

All of the compounds hydrolyze more slowly in acidic
D,0, ku/kp being equal to or greater than 2.26 in each
case. These values are in accord with proton transfer
in the rate-determining- step®® as shown, although
neither the actual number of water molecules involved
nor their mode of action can be specified with certainty.
Jencks and Carriuolo?! have previously suggested that
in the hydrolysis of N-acetylimidazolium ion more than
one molecule of water is involved, arriving at this con-
clusion on the basis of the D,0O solvent isotope effect,
large negative AS*, and salt and acid effects.

A concerted type of mechanism, such as shown, in
which the leaving group departs as the nucleophile
attacks, would not involve a kinetically significant
tetrahedral intermediate in which the oxygen atoms
can become equivalent and, therefore, it would be pre-
dicted that O exchange into the amide carbonyl
would not occur when the reaction was run in water
enriched with O, This is consistent with the results
obtained by Bunton® in a study of the hydrolysis of N-
acetylimidazolium ion where little O® exchange was
found.

Acknowledgment.—This work was supported by
grants from the National Institutes of Health and the
American Cancer Society. We also wish to acknowl-
edge tuition support for J. A. F. from the National
Institutes of Health Research Training Grant GM 197.
The program for the calculation of the rate constants
was written by Mr. Laszlo Engelman of the University
of Southern California Computer Sciences Laboratory.

(20) F. A. Long, Ann. N. Y. Acad. Sci., 84, 596 (1960).
(21) W, P. Jencks and J. Carriuolo, J. Am. Chem. Soc., 88, 1743 (1961).

Benzo|clquinolizinium Salts via Intramolecular Cylization'?

AraN Fozarp anp C. K. BRADSHER

Depariment of Chemistry, Duke University, Durham, North Carolina
Received March 256, 1966

cis-2’-Chloro-2-stilbazoles, obtained by irradiation of the trans form with ultraviolet light, cyclize intramolecu-

larly at suitable temperatures affording benzo{[c]quinolizinium salts.
ium salts is achieved by treating ¢rans-2’-chloro-2-stilbazoles with iodine at high temperatures.

A direct formation of benzo[c]quinolizin-
Certain 5-sub-

stituted benzo{c]quinolizinium salts are obtained directly in the initial condensation between an a-substituted

picoline and 2-chlorobenzaldehyde.

Karlier work carried out in this laboratory has
afforded convenient methods for the synthesis of the
benzo[a]-3—% (phenanthridizinium) and the benzo[bl-
quinolizinium®~7 (acridizinium) ions. A convenient

(1) This work was described in a preliminary communication by A.
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method has now been found for the synthesis of the
hitherto difficulty accessible’=* benzo[c]quinolizinium
ion ITI.

It seemed logical to expect that the benzo[c]lquino-
lizinium system might be prepared by the intramolecu-
lar quaternization of a ¢is-2’-chloro-2-stilbazole. For
the initial attempt it was decided to prepare cis-2'-
chloro-4’-nitro-2-stilbazole (II, R, = NO;; X = Cl)
in which the chlorine atom is activated by a p-nitro
group. {rans-2’-Chloro-4’-nitro-2-stilbazole (Ib) was

(8) E. E. Glover and G. Jones, J. Chem. Soc., 3021 (1955).
(9) Cf. O. Westphal, K. Jann and W. Heffe, Arch. Pharm., 294, 37
(1961).



