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gest that an initial protonation determines the struc-
ture of the reduction products. Indirect evidence for
significant basicity in the S-position of the pyrrole
ring has been inferred from reaction products with
other electrophilic reagents, e.g., nitration.'* This
is also apparent in the fact that all the hydrogen atoms
in pyrrole are readily exchanged with deuterium in
acid solutions.! Finally, the mechanism proposed®
for the trimerization of pyrrole, which assumes (-
protonation, is indirectly supported by our direct
observation of this step in a closely related system.

Experimental?!,?2

Materials —2,5-Dimethylpyrrole was prepared by passing a
slow stream of dry ammonia gas through a refluxing solution of 10
g. of acetonylacetone in 30 1nl. of benzene; water was removed
azeotropically. The pure product, b.p. 164-166° (755 mm.)
(reported? b.p. 165°), weighed 7.6 g. (929); v.p.c. analysis at
150° showed a single sharp peak, retention time 6.5 min. The
infrared spectrum (pure liquid) had bands at 2.98 u (NH) and
6.25 u (double bonds).

1,2,5-Trimethylpyrrole, prepared by the above method with
methylamine instead of ammonia, was a colorless liquid, b.p.
168-170° (755 mm.) (reported?! b.p. 173° (746 mm.)); v.p.c.
analysis at 150° showed a single sharp peak with a retention time
of 9 min.

2,5-Dimethyl-1-phenylpyrrole was prepared by the method of
Yanovskaya.2

Fisher certified reagent sulfuric acid and perchloric acids were
used for all measurements. Concentrations were determined by
titration with 0.2 N sodium hydroxide (standardized against
potassium acid phthalate) using phenolphthalein as indicator.

(19) H. J. Anderson, Can. J. Chem., 35, 21 (1957).

(20) H. A. Potts and G. F. Smith, J. Chem. Soc., 4018 (1957).

(21) Melting points and boiling points are uncorrected. V.p.c. analysis
was carried out with a Perkin-Elmer model 154-B chromatograph equipped
with a Perkin~Elmer ’O” column, with helium as the carrier gas.

(22) The authors are indebted to Mr. Spyros Theodoropulos for the syn-
theses of the pyrroles,

(23) C. Paal, Ber., 18, 2251 (1885).

(24) L. Knorr, Ann., 286, 291 (1886).

(25) L. A. Yanovskaya, Akad. S.S.S.R. Inst. Org. Chim. Sintizy Org.
Saedinenenii Sbornik, I, 152 (1950); C. A., 47, 8005¢ (1953).
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N.m.r. Spectra.—Samples (0.2 g.) of the freshly distilled
pyrrole and 1.0 ml. of aqueous sulfuric acid of the concentration
specified containing a few crystals of tetramethylammonium
chloride were degassed separately and mixed under vacuwn.
Sealed 3-mm. o.d. precision ground thin wall sample tubes con-
taining the mixed solutions were examined using a Varian HR-60
spectrometer (59.997 m.c.) and Hewlett-Packard 200-] audio-
oscillator calibrated against a 524-C frequency counter. Tle
frequency separation between the tetramethylammonium ion
internal reference and tetramethylsilane is 198.7 ¢.p.s., the latter
occurring at higher field. Areas were deterinined with a H. A.
Philbrick model UPA-2 integrator using an ac-lock in detector
operating at 1200 c.p.s. according to the circuit described by
Johnson,

pK, Measurements.—Stock solutions (10~2 A) of the freshly
distilled pyrrole in 959 ethanol were prepared immediately
before each determination. In the indicator measurements, 0.1
ml. of the stock was pipetted into 10-ml. volumetric flasks and
diluted to volume with the appropriate acid. TUltraviolet ineasure-
ments were conducted at 25° in l-cm. silica cells in a Beckman
DU spectrophotometer equipped with double therino-spacers
except for preliminary work carried out on a Beckman model DK-2
recording spectrophotometer. All bases and conjugated acids
were found to obey Beer’s law. The reversibility of the spectra
was demonstrated by approaching intermediate acid concentrii-
tions either from mneutral or strongly acidic media. Indicator
ratio determinations were made about 2 minutes after inixing
the pyrrole and acid, and readings rechecked 4 ininutes later
showed less than 1%, change in absorbance. The pK,’s listed
were determined at 237, 242 and 275 my, respectively, for 2,3-
dimethyl-, 1,2,5-trimethyl- and 1l-phenyl-2,5-dimethylpyrrole.
In the first two cases, direct extrapolation using the eq. 10

pKpr+ = lim C; — 0 [log (Cer+/Cs) — log Cr+] (10)
was possible, the value for Cg+ being corrected for the second
ionization of sulfuric acid using a constant of 0.02.27 A least
squares technique assuming the linearity of the equation above
was used to obtain pKgm+ from the experimental points. Tle
extrapolation of the data for l-phenyl-2,5-dimethylpyrrole was
based on the indicator ratio plot for 2,5-dimethylpyrrole, the two
curves being parallel in the region of overlap; 509, protonation of
1-phenvl-2,5-dimethylpyrrole occurs in 2.83 M H,SO,, and the
slope of log I ¢s. molarity of H,SOy is 0.80 at the 509, protonation
point.

(26) Leroy F. Johnson,’ NMR and EPR Spectroscopy,’’ Pergamon Press,
New York, N. Y., 1960, Ch. 15.

(27) R. P, Bell, *Acid-Base Catalysis,”” Oxford University Press, London,
1941, p. 47,

[CONTRIBUTION FROM THE DEPARTMENTS OF CHEMISTRY, NORTHWESTERN UNIVERSITY, EVANSTON, ILL., AND ILLINOIS INSTITUTE OF
TECHNOLOGY, CHICAGO 16, ILL.]

Acylium Ion Formation in the Reactions of Carboxylic Acid Derivatives. III.

The Hydrolysis

of 4-Substituted-2,6-dimethylbenzoyl Chlorides!
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The kinetics of hydrolvsis of five 4-substituted-2,6-dimethylbenzoyl chlorides in 99% acetonitrile-water were
determined. The hydrolysis of mesitoyl chloride was shown to be subject to both hydronium ion (the first

instance of acid catalysis of an acid chloride) and hydroxide ion catalysis.
depresses the rate presumably due to a common-ion rate effect.
Electron-donating 4-substituents accelerate the neutral and acid-catalyzed hydrolysis but depress
The Hammett p-constants for the neutral, acid-catalyzed and base-catalyzed

reaction.
the base-catalyzed hydrolysis.

Tetra-n-butylammonium chloride
Other salts have relatively little effect on the

reactions are —3.85, —3.73 and +1.20, respectively, the former two obtained from plots employing o *-constants

and the latter one obtained from a plot employing o-constants.
carbonyl oxyvgen exchange was found to accompany the reaction.

In neutral and acid-catalyzed hydrolysis, no
On the basis of the above evidence it is

postulated that two distinct pathways occur in the hydrolysis of these acid chlorides: (1) in neutral and acid-
catalyzed hydrolysis, a unimolecular heterolytic fission occurs, with the formation of an acylium ion in the rate-
determining step; and (2) in base-catalyzed hydrolysis, addition of hydroxide ion to the carbonyl group occurs,
with the formation of a tetrahedral addition intermediate in the rate-determining step.

Introduction

Previous papers in this series have presented experi-
mental evidence for the formation of acylium ion in-
termediates in two reactions, the diazotization of
benzamide® and the hydrolysis of methyl mesitoate
in sulfuric acid.* The present paper attempts to pre-

(1) This research was supported by grants from thie National Science
Youndation and the U. S. Atomic Energy Commission,.

(2) Alfred P. Sloan Foundation Research Fellow; present address North-

western University.
(3) H. Ladenheim and M, L. Bender, J. Am. Chem. Soc., 82, 1895 (1960).

sent evidence concerning an analogous reaction, the
hydrolysis of 4-substituted-2,6-dimethylbenzoyl chlo-
rides.

The nucleophilic reactions of acid halides differ
from those of esters principally in the speed of re-
action, presumably because of the smaller resonance
stabilization in the ground state of acid chlorides than
of esters and of the ready ionization of the carbon--
halogen bond. Acid chlorides may react with nucleo-

(4) M. L. Bender, H. Ladenheim and M. C. Chen, ¢bid., 83, 123 (1961).
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philes either through an S~1 reaction with the inter-
mediacy of an acylium ion or wia a bimolecular re-
action which can either be described as an SN2 re-
action or a carbonyl! addition reaction. In highly polar
solvents and in the absence of strong nucleophiles,
the first mechanism tends to predominate, whereas in
non-polar solvents and in the presence of strong nucleo-
philes the latter mechanism tends to predominate.’~7
Substituent effects on the nucleophilic reactions of sub-
stituted benzoyl chlorides indicate that electron-
withdrawing groups facilitate the bimolecular re-
action as expected.?8.®

In solvents of low polarity to which attention is
devoted in this work, the bimolecular reactions of
benzoy! halides are well characterized. The relative
rates of solvolysis of various p-substituted benzoyl
chlorides in 409, ethanol-609, diethyl ether show that
electron-attracting groups accelerate the reaction.”
Furthermore, the bimolecular reactions of a series of
substituted benzoyl chlorides with aniline in benzene
solution shows the same substituent effect (Hammett
p = 1.2).19-12 The relative rates of reaction of a series
of substituted anilines with benzoyl chloride in benzene
solution show that the reaction is also proportional
to the basicity of the amine!®!? (Hammett p = 2.78!
(3.121%). The rate of this reaction is dependent on
the polarity of the solvent in benzene-nitrobenzene
mixtures, indicating that the transition state of the
amine-acid chloride reaction is more polar than the
reactants.!% Thus the kinetic importance of nucleo-
philic attack on the carbonyl carbon atom of p-sub-
stituted benzoyl chlorides in non-polar solvents is estab-
lished.

Although the nucleophilic reactions of p-substituted
benzoyl chlorides appear to occur wia a bimolecular
pathway, the effects of di-o-substituents on the alcohol-
yses of benzoyl chlorides indicate that sterically hin-
dered benzoyl chlorides may be hydrolyzed by an alter-
native mechanism. 2,6- and 2,4,6-substituents of
benzoyl chlorides affect alcoholysis in such a way that
electron-donating groups accelerate the reaction whereas
electron-withdrawing groups retard it.® Steric hin-
drance is known to cause large reductions in rate in SN2
reactions, and also in the alkaline hydrolysis of benzo-
ate esters, e.g., methyl mesitoate.” The fact that
steric hindrance does not operate in the alcoholyses of
2,6-and 2,4,6-trimethyl-, -methoxy- and -ethoxybenzoyl
chlorides shows that these reactions may proceed by a
different mechanism. An accumulation of electron-
donating groups on a benzene nucleus, despite apparent
steric hindrance, causes the hydrolysis to proceed by
an ionization mechanism even in solvents of low water
content.” Thus hydroxide ion has no effect on the rate
of hydrolysis of mesitoyl chloride in 95%, aqueous ace-
tone’; alkoxide ion has very little catalytic effect on
the rate of alcoholysis of mesitoyl chloride.’® These
results seem to support the conclusion that mesitoy!
chloride may be hydrolyzed by an Sx1 mechanism

(5) R, F.Hudson and J. E, Wardill, J. Chem. Soc., 1729 (1950).
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(10) E. G. Williams and C. N. Hinshelwood, #bid., 1079 (1934),
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cited therein,
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whose rate-determining step is the formation of an
acylium ion intermediate.

The results of other investigations, however, do not
support the above hypothesis. In 959, (v./v.) aqueous
dioxane a powerful acceleration of the rate of hydrolysis
of mesitoyl chloride by hydroxide ion was found.!®
Furthermore, the carbonyl oxygen atom of mesitoyl
chloride was found to exchange with the solvent con-
currently with the hydrolysis reaction.? From these
results] Bunton andjco-workers concluded that the hy-
drolysis of mesitoyl chloride should not be regarded as an
SN1 reaction involving the formation of an acylium
ion, but rather as a reaction involving a tetrahedral in-
termediate. They pointed out that ordinarily it is found
that aromatic carboxylic acid derivatives are less re-
active than corresponding aliphatic compounds; how-
ever, the conjugation between the benzene ring and the
carbonyl group of a benzoyl chloride, which is usually
responsible for the lower reactivity of aromatic com-
pounds, is not present in mesitoyl chloride because of
steric hindrance to such conjugation. Therefore, the
rate of reaction of mesitoyl chloride should not be
thought of as inordinately high but rather that of
benzoyl! chloride as inordinately low. These experi-
mental findings and conclusions were supported by a
study of the kinetics of alcoholysis of some substituted
benzoyl chlorides.2! In this reaction a similar large
effect of alkoxide ion and no significant effect of added
salts on the rate of alcoholysis of mesitoyl chloride was
observed, as compared with that of other p-substituted
benzoyl chlorides. In order to resolve these two diver-
gent views of the hydrolysis of mesitoyl chloride the
present kinetic and isotopic experiments were under-
taken.

Experimental

Materials.—Spectrograde acetonitrile(Eastman Organic Chem-
icals) was used. The water content of this solvent was deter-
mined with Karl Fischer reagent (Fisher Scientific Co.) to be
0.029,. Perchloric acid solutions of desired molarity were diluted
from concentrated perchloric acid (Allied Chemical, reagent
grade). Diluted aliquots of the stock solutions were standardized
by titration with standard sodium hydroxide. Tetramethyl-
ammonium hydroxide solutions of desired molarity were diluted
from a 109, aqueous solution (Eastman Organic Chemicals).
Diluted aliquots of the stock solutions were standardized by
titration with standard hydrochloric acid. The tetra-n-butyl-
ammonium halide solutions of desired molarity were diluted from
a 1 M aqueous solution of tetra-z-butylammonium chloride (K
and K Lab.) or prepared from the solid salts, tetra-u-butyl-
ammonium bromide (Eastman Organic Chemicals, reagent
grade) and tetra-su-butylammonium chloride obtained by evap-
orating commercial 1 } aqueous solutions. Labeled water con-
taining 1.85 atom 9, 0 was obtained from the Weizmann In-
stitute of Science, Rehovoth, Israel.

Benzoyl Chlorides.—Benzoy! chloride (Matheson, Coleman
and Bell, reagent grade) was distilled under vacuum.

2,6-Dimethylbenzoyl chloride was prepared from 2,6-di-
methylbenzoic acid and purified thionv! chloride?? (209, molar
excess), the reaction being allowed to stand overnight. After 30
minutes of refluxing, the excess thionyl! chloride and the gaseous
by-products were removed under vacuum. The acid chloride
was distilled under vacuum, b.p. 90-91° (5 mm.), lit.?* b.p. 217°
(752 mm.). Since the acid chloride hydrolyzes readily in air to
the corresponding acid, the refractive index of the compound was
not measured. 2,6-Dimethylbenzoic acid, the starting material
for this preparation, was synthesized from 2,6-dimethylaceto-
phenone? by means of the haloform reaction.?® 2,6-Dimethyl-
benzoic acid which was obtained in 109} vield was recrystallized
from ligroin; m.p. 115°,1it.%¥ m.p. 115°.

Mesitoy! chloride was prepared from mesitoic acid (m.p. 153.5-
155.8°) in the same manner as above. The acid chloride was dis-

(19) C. A. Bunton and T. A. Lewis, Chemistry & Industry, 180 (1956).

(20) C. A. Bunton, T. A, Lewis and D. R, Llewellyn, ibid., 1154 (1954).

(21) E. R. A. Peeling, J. Chem. Soc., 2307 (1959),

(22) L. F. Fieser, “Experiments in Organic Chemistry,” 3rd edition, D. C.
Heath and Co., Boston, Mass., 1957, p. 345.

(23) G. Lock and K. Schmidt, J. prakt. Chem., 140, 229 (1934).

(24) The authors gratefully acknowledge the gift of this material from
Dr. H. Shechter of the Ohio State University.

(25) E. A. Braude and R. L. Erskine, J. Chem, Soc., 4673 (19386).
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TABLE 1
THE KINETICS OF HYDROLYSIS® OF 4-SUBSTITUTED-2,6-DIMETHYLBENZOYL CHLORIDES’ AND BENZOYL CHLORIDE®
Tetramethylammonium——-—
w———————Perchloric acid catal. hydroxide catal.
Spontaneous hydrolysis kg X 10, E X 10,3074
Substituent k X 103,° sec, ™1 k X 103,59 sec. -1 M1 sec, "t sec, 1 koH, M ~1 sec. "1

CH,0 126 700-2100° 5201800 .. ..
CH; 4.45 58.4 49.5 45.8 27.7
H 0.424 5.85 4.98 60.2 40.1
Br 0.06067 . 0.56 0.458 42,67 44.3
NO,; 9.6 X 10-% 1.85 X 10-% 1.15 X 10~# 184" 369
Benzoyl chloride 1.30 X 10-% 1.20 X 10-% 1.32 0.885

8 25.0° unless otherwise noted. 999, acetonitrile-water.
two runs, 9 1.09 X 10~2 Jf perchloric acid.
pletion a few seconds after mixing.
tetramethylammonium hydroxide.
10~¢to 6 X 1078 M, 7255°

tilled 47 vacuo; b.p. 73° (0.5 mm.), lit.* b.p. 143-146° (60 mm.).

4-Methoxy-2,6-dimethylbenzoyl chloride was prepared from
the corresponding acid by the method described above. The acid
chloride, a colorless liquid, was distilled ¢ vacuo, b.p. 106~107°
(5~6 mm.). The chlorine content of the acid chloride was an-
alyzed by hydrolyzing the acid chloride in water and titrating the
hydrochloric acid produced with a standard solution of silver
nitrate in the presence of 6 N nitric acid, ferric nitrate and potas-
sium thiocyanate.?” Since the acid chloride hydrolyzes very
readily in air, there was considerable difficulty in weighing an
accurate amount of the compound. Because the weighed sample
of the acid chloride contained the product of hydrolysis in con-
siderable amount, the chlorine content was 209, smaller than that
calculated for CicHuClO;. However, since the method of syn-
thesis from the corresponding acid is unequivocal, the identity of
the acid chloride is assured. 4-Methoxy-2,6-dimethylbenzoic
acid was synthesized from 3,5-xylenol (Eastman Organic Chemi-
cals) in three steps: bromination to produce 4-bromo-3,5-xylenol,
methylation to produce 4-methoxy-2,6-dimethylbromobenzene,
and conversion to the Grignard reagent followed by carbonation
produeing 4-methoxy-2,6-dimethylbenzoic acid. The bromina-
tion of 3,5-xylenol was carried out according to the directions of
Auwers and Borsche.® The crude bromination product was
methylated in the conventional way with 109, sodium hydroxide
and dimethy! sulfate. After two consecutive methylations, the
product was distilled under vacuum; 449, yield, b.p. 118-127°
(12.5 mm.), 1it.?¥ b.p, 131-134° (14-15 mm,). 4-Methoxy-
2,6-dimethiylbromobenzene was converted to 4-methoxy-2, 6-
dimethylbenzoic acid by conversion to the Grignard reagent
followed by carbonation with Dry Ice. Ethyl bromide was used
to facilitate the formation of the Grignard reagent. The product
was recrystallized from ligroin-ether; yield 449,, m.p. 146°,
lit.3 m.p. 144-146°,

4-Bromo-2,6-dimethylbenzoy! chloride was prepared from the
corresponding acid with thiony! chloride according to the method
outlined above. It was purified by sublimation under vacuum;
m.p. 56°, lit.?%32 m.,p, 56-57°, 4-Bromo-2,6-dimethylbenzoic
acid was synthesized from 2,6-dimethylaniline by bromination to
produce 4-bromo-2,6-dimethylaniline, diazotization and treat-
ment with cuprous cyanide producing 4-bromo-2,6-dimethyl-
benzonitrile and hydrolysis of the nitrile with concentrated sul-
furic acid to produce 4-bromo-2,6-dimethylbenzoic acid. 2,6-
Dimethylaniline was brominated in glacial acetie acid.??
The crude product melted in the vicinity of 50°, lit. m.p.? 50-51°,
4-Bromo-2,6-dimethylaniline was converted to 4-bromo-2,6-di-
methylbenzonitrile according to the procedure for the preparation
of o-tolunitrile from o-toluidine.? The product was obtained in
87% yield from the bromoaniline; m.p. 66-70°, lit.® m.p. 71~
72°.  4-Bromo-2,6-dimethylbenzoic acid was prepared by
hydrolysis of the nitrile in concentrated sulfuric acid.?® The yield
oggtgle acid from the nitrile was 52%, m.p. 197°, lit.» m.p. 197~
1 .

4-Nitro-2,6-dimetliylbenzoyl chloride was prepared from the
corresponding acid with thionyl chloride according to the above
procedure. The acid chloride was purified by sublimation under
vacuum; m.p. 40-41°, The chlorine content of the acid chloride

(26) R, P, Barnpes, "Organic Syntheses,’”” Coll, Vol, I11, John Wiley and
Sons, Inc.,, New York, N. Y., 1955, p, 555.

(27) 1. M. Kolthoff and E. B. Sandell, "*Textbook of Quantitative Inor-
ganic Analysis,”’ 3rd ed., The MacMillan Co., New York, N, Y., 1952,

(28) K. v. Auwers and E. Borsche, Ber., 48, 1698 (1915).

(29) R. C. Fuson, J. Corse and P. B. Welldon, J, Am. Chem. Soc., 63,
2645 (1941).

(30) K, v. Auwers and H. Schiitte, Anr., 421, 63 (1920).

(31) A. Burawoy and J. T, Chamberlain, J. Chem. Soc., 624 (1949).

(32) E. Noelting, A. Braun and G. Thesmar, Ber., 34, 2242 (1900).

(33) H, T, Clarke and R. R. Read, ““Organic Syntheses,” Coll, Vol. 1,
John Wiley and Sons, Inc.,, New York, N. Y., 1941, p. 514,

b Initial concentration: 5 X 10~¢to 2 X 10~5 M. ¢ Average of at least
¢ Estimated from the spectrophotometric observation that the reaction approaches coni-
71.49 X 10~3 M tetramethylammonium hydroxide unless otherwise noted.
»0.497 X 10-% M tetramethylammonium hydroxide.

¢0.961 X 10— A
¢ Initial concentration of acid chloride

was analyzed as described above. Caled. for CoHsCINO;: Cl,
16.63. Found: Cl, 16.67. 4-Nitro-2,6-dimethylbenzoic acid
was prepared from 4-acetamido-2,6-dimethylbenzoic acid®* by
conversion to methyl 4-acetamido-2,6-dimethylbenzoate, hydrol-
ysis of the acetoamido group to produce methyl 4-amino-2,6-
dimethylbenzoate, conversion of the amino group to a nitro
group by diazotization of the amine and treatment with cupric
cobaltinitrite, and finally hydrolysis of the methyl ester to pro-
duce 4-nitro-2,6-dimethylbenzoic acid. Methy! 4-acetamido-2,6-
dimethylbenzoate was synthesized from the acid by treatment
with thionyl chloride, followed by treatment with excess methanol
using pyridine as catalyst. The acetamido group was hydrolyzed
by refluxing for 1 hour in a solution of 90%, (v./v.) aqueous meth-
anol containing 0.25 N sodium hydroxide. Methanol was then
distilled off and the hydrolysate was diluted with water, extracted
with ether and the ethereal extract was dried over anhydrous
sodium sulfate. Hydrogen chloride was passed into the ethereal
solution. The yield of the hydrochloride of methyl 4-amino-
2,6-dimethylbenzoate from the acid was 51%. Methyl 4-nitro-
2,6-dimethylbenzoate was prepared from the amino compound
according to the method of Hodgson and Marsden.® The prod-
uct melted at 87-91°, lit. m.p. 91-91.2°, The crude methyl
ester was then hydrolyzed for 20 hours by refluxing in 60% (v./v.)
aqueous {-butyl alcohol containing 0.3 N sodium hydroxide.
After recrystallization from water a 309, yield of 4-nitro-2,6-
dimethylbenzoic acid was obtained (based on the hydrochloride
of the amine); m.p. 179-180°, 1it.¥ m.p. 180-181°,

Kinetic Measurements.—A direct spectrophotometric method
was used for the determination of the kinetics of hydrolysis of
the acid chlorides in this research, In order to determine a suit-
able wave length for the kinetics, the ultraviolet spectra of the
reactant and the product of each reaction were measured in the
same medium as that used for the kinetics. The wave length
chosen for the kinetic study was the wave length at which the
difference of molar absorptivities between the reactant and the
product causes, if not tlie maximum change in absorbance, at
least a large change during the kinetic run. All kinetic runs were
carried out under first-order or pseudo first-order conditions.
Usual first-order plots of Guggenheim? plots were used (when
the absorbance at infinite time was not determined). The ab-
sorbance at infinite time was obtained both from the spectro-
photometric measurements and from calculations using the initial
concentration of the reactant and the molar absorptivity of the
hydrolysis product. In general these two methods were in good
agreement. The 999 acetonitrile solvent was prepared by adding
water to a volumetric flask in the amount of 19 of the capacity of
the flask and then diluting to the mark with acetonitrile. When
a base, acid or salt was present, an aqueous solution of the appro-
priate substance was substituted for water. The reaction was
initiated by the addition (with a micropipet or syringe), of the
acid chloride to the solvent mixture which had previously been
thermostated in the quartz cuvette (either 1 em. or 5 cm.) in
the cell compartment of either a Beckman spectrophotometer or a
Cary 14 PM recording spectrophotometer. Each acid chloride
was prepared immediately before kinetic measurements. A
typical plot is shown in Fig. 1.

Isotopic Oxygen Exchange Experiments.—The solvent con-
taining H»'®0 was prepared in the same way as in the kinetic
measurements except that Hy!8O was substituted for normal water.
The thermostated solution of 999 acetonitrile-water was added

(34) The authors gratefully acknowledge the gift of this material from
Dr. R. V. Heinzelman of the Upjohn Co.

(35) H. H. Hodgson and E. Marsden, J. Chem. Soc., 22 (1944).

(36} H. L. Goering, T. Rubin and M. S, Newman, J. Am. Chem, Soc., T6,
787 (1954).

(37) Private communication from Professor M. 8, Newman.

(38) A. A. Frost and R. G, Pearson, ‘‘Kinetics and Mechanism,” J. Wiley
and Sons, Inc., New York, N, V., 1952, p. 48.
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Fig. 1.—Kinetics of the hydrolysis of 4-X-2,6-dimethylbenzoyl
chlorides and benzoyl chloride in 999, aq. CH;CN at 25°: X =
Br, A; NOg, O; benzoyl chloride, O.

to the mesitoyl chloride, weighed in a 10-ml. volumetric flask.
The mixture was rapidly shaken, and, if the reaction time was 1
ininute, was immersed in a thermostat bath. After a time inter-
val ranging from 20 seconds to 1 minute, the solution was added
to ca. 15 ml. of liquid ammonia.?® Subsequently the liquid am-
monia was evaporated at room temperature and benzene was
added to the solution. The benzene-aceonitrile solution was
washed with 5%, sodium carbonate and with water. The mesit-
amide was recrystallized from aqueous acetone; m.p. 188-89°,
lit. m.p. 187-188°,3 189°,9 The carbonate washing was acidi-
fied, extracted with methylene chloride and the latter evaporated
to obtain mesitoic acid, which served to indicate the extent of
reaction. The mesitamide was pyrolyzed to carbon dioxide with
mercuric chloride (Fisher reagent grade) at 500° for 2 hours#
and the carbon dioxide was analyzed with a Consolidated Electro-
dynamic Corp, 21-130 mass spectrometer. The procedure used
was identical with that of Rittenberg and Ponticorvo?!! except
that quinoline (Matheson, vacuum distilled) was used in place of
5,6-benzoquinoline to remove the hydrogen chloride by-product
of the pyrolysis. The atom fraction of oxygen 18 in mesitamide
was calculated from the mass spectrometric data in the same way
as that for benzamide.?

Results

The kinetic data for the hydrolyses of 4-substituted-
2,6-dimethylbenzoyl chlorides, the substituents being
CH;0-, CH;—, H~, Br—and NO,~, and for benzoy! chlo-
ride in 999, acetonitrile-water solution at 25° are shown
in Table 1.

Both acids such as perchloric acid and hydrochloric
acid, and bases such as tetramethylammonium hy-
droxide, increase the rate of hydrolysis of the 4-sub-
stituted 2,6-dimethylbenzoyl chlorides in 999, acetoni-
trile-water solution, The product of the acid- or base-
catalyzed hydrolysis as well as the spontaneous hydrol-
ysis of the compounds was confirmed to be the 4-sub-
stituted-2,6-dimethylbenzoic acid by spectrophoto-
metric analysis. The observed rate constants of the
catalyzed hydrolyses can be expressed as

kobs = ko + kH(H+) (1)

(39) H. L. Wheeler, Am. Chem. J., 28, 468 (1900).

(40) A. Hantzsch and A. Lucas, Ber., 28, 748 (1895).

(41) D. Rittenberg and L. Ponticorvo, J. Appl. Radiation Isotopes, 1, 208
(1956).
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Fig. 2.—Hammett plots for the hydrolysis of 4-substituted-2,6-
dimethylbenzoyl! chlorides in 999, aqueous CH;CN at 25°: A,
neutral hydrolysis (zs. ¢*): B, acidic hydrolysis (vs. o*); C,
neutral and acidic hydrolysis (#s. ¢); D, basic hydrolysis (zs. o).

for acid-catalyzed hydrolysis and
koos = ko + kon(OH ) (2)

for base-catalyzed hydrolysis, where kops is the ob-
served first-order rate constant, %, is the first-order rate
constant for the spontaneous hydrolysis, and kg and
kon are the catalytic rate constants for the acid- and
base-catalyzed reactions. Knowing the values of Eops,
ko and the concentration of the catalyst, it is possible
to calculate by and kon. It is shown later that the per-
chloric acid-catalyzed and tetramethyl-ammonium
hydroxide-catalyzed hydrolyses of mesitoyl chloride
adhere to eq. 1 and 2, respectively. In Table I are
shown the kinetic results for the hydrolysis of 4-sub-
stituted-2,6-dimethylbenzoyl chlorides in 999, aceto-
nitrile-water containing 1.09 X 10~2 M perchloric acid
or various concentrations of tetramethylammonium
hydroxide at 25°. In contrast to 2,6-disubstituted
benzoyl chlorides, the hydrolysis of benzoy! chloride it-
self is seen not to be catalyzed by acid; however, the
hydrolysis of both 2,6-disubstituted benzoyl chlorides
and benzoyl chloride are catalyzed by base.

Hammmett plots of the kinetic data of the spontaneous
hydrolysis, the acid-catalyzed hydrolysis and the base-
catalyzed hydrolysis of the 4-substituted-2,6-dimethy!-
benzoyl chlorides are shown in Fig, 2. The Hammett
plot of the rate constants of the spontaneous hydrolyses
leads to a straight line with a slope of —3.85 when
o*-constants are used, but to a curved line when o-con-
stants are used. Likewise, the Hammett plot of the
rate constants of the acid-catalyzed hydrolyses leads
to a straight line with a slope of —3.73 when o*-con-
stants are used, but to a curved line when o-constants
are used. However, the rate constants for the base-
catalyzed hydrolyses gives a Hammett plot with a slope
of ++1.20 using o-constants.

The effects of various substances, including perchloric
acid, hydrochloric acid, tetramethylammonium hy-
droxide, tetra-n-butylammonium bromide, chloride and
sodium perchlorate, on the hydrolysis of mesitoyl
chloride are shown in Table IY and Fig. 3. A linear re-
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TABLE 1

KINETIC EFrECrs OF VARIOUS SUBSTANCES ON THE HYDROLYSIS
oF MEsITOYL CHLORIDE"

Concn. Concun.
of added of added
substance k substance k
Added X 107, X 1030 Added X 102 X 108,
substance M sec, 71 substance M sec, ™1
None 4.45 By N*Cl1- 0.1 3.77
HCIO, 0.583 32.9 Bu,N*Cl~ 1.0 2.05
HCIO, 1.09 38.4 Bu,N*C1- 1.63 1.44
HCl 0.99 11.3 By NBr~ 0.115 4.46
HCI 3.55 22.5 By N*Br— 0.871 4.76
HCl 6.4 31.8 By N*Br~ 1.19 4.70
HCl 11.5 38.9 NaClO, 0.455 3.85
Me, NTOH-  0.149 45.8 NaClO, 0.994 4.23
Me,NTOH~ .288 89.6 NaClOy 6.59 4.10
Me N1TOH™ .344 124.8

2999, acetonitrile~water, 25.0°, * Average of at least two runs.

lationship between the observed rate constant and the
concentration of the catalyst is demonstrated, with
the exception of high concentrations of hydrochloric
acid. Thus the validity of the acid- and base-catalysis
described above is proved. It should be noted that
hydrochloric acid does not have the same effect on the
hydrolysis as perchloric acid does. Furthermore, tetra-
n-butylammonium chloride retards the rate, but there
is no significant salt effect by tefra-n-butylammonium
bromide or by soditun perchlorate.

Concentration X 102, M.
0 3 10 15

T 1 1

100 +

kubs./sm- (X 103)

o
<

T —

0 K
0 5 10
Concentration X 102, M.

I'ig. 3.—Effect of media on the hydrolysis of mesitovl chloride
in199% aq. CH,CN at 25°: O, Me,N+QH-; A, HCIO,; 0O, HCI;
4, BuN*Br—; m, NaClO,; ®, By, N+Cl-.

Isotopic Oxygen Exchange.—The results of isotopic
oxygen exchange experiments during the hydrolysis of
mesitoyl chloride in acidic and neutral hydrolysis are
shown in Table III. For convenience in analysis, 50~
100 mg. of mesitoyl chloride was used in each oxygen
exchange experiment, resulting in a concentration of
2.7-5.4 X 10~? M. In this concentration range, the
hiydrolysis is catalyzed by the hydrochloric acid pro-
duced during the reaction. Therefore even in run 3 of
Table IITI, the reaction probably cannot be considered
to be a neutral hydrolysis. This conclusion was qualita-
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TasLe [II

CARBONYL OXVCGEN DIIXCHANGE DURING THE HYDROLYSIS OF
MESITOYL CHLORIDE

Time
of hy- Atom
droly- fraction,
sis, 130 in
Run Solvent sec. Ry R, C=0, X
J 1%
1 [99% CHLCN, Hi*O] 1o 0040 0.00203
| and 583 X 1070 0405 0.002025
2 | M HCIO, J ' e
3 99% CH:CN, Hy*0 25  0.00404 0.00203
4 Lig. NH; 0.00406 0.00204

tively confirmed by the fact that the yield of mesitamide
in run 3 was much smaller than that calculated from
the rate constant of hydrolysis without any hydrochloric
acid present.

Discussion

A number of experimental criteria can be used to
delineate a mechanism involving acylium ion formation.
These criteria include the use of the Hammett acidity
function, entropy and ethalpy data, isotopic oxygen
exchange, the effects of substituents on the rate and the
effects of salts on the rate of reaction.®? In the present
study the last three experimental criteria have been
used. Isotopic oxygen exchange should be positive in
the nucleophilic reaction of a carboxylic acid derivative
involving a tetrahedral addition intermediate, but
should be negative in a reaction involving an acylium
ion intermediate.® Electron-attracting substituents
should facilitate nucleophilic reactions of carboxylic
acid derivatives involving tetrahedral addition inter-
mediate formation, but electron-donating substituents
should facilitate reactions involving acylium ion inter-
mediates. The primary salt effect should facilitate and
the comumon-ion salt effect should retard reactions pro-
ceeding through an acylium ion intermediate, but
neither should have a profound effect on a reaction
proceeding through a tetrahedral addition intermediate.
The bearing of each of these criteria on the hydrolysis
of 4-substituted-2,6-dimethylbenzoyl chlorides will be
discussed.

The rate of alcoholysis of benzoyl chlorides is affected
by 2,6- and 2,4,6-substituents in the following manner:
electron-donating groups enhance the rate whereas
electron-withdrawing substituents decrease the rate
considerably.l* The differences in rate caused by
these di-o-substituents are much greater than the
changes caused by momnosubstitution. Steric hindrance
has been suggested to explain the large reductions in
rate of solvolysis and a similar reduction observed in
the hydrolysis of 2,6-dibromobenzoyl chloride.*® Steric
hindrance, however, is apparently not exhibited in the
solvolysis of 2,6-dimethyl- and 2,6-dimethoxybenzoyl
chlorides. These results imply that the latter com-
pounds may be solvolyzed with a different, possibly
unimolecular mechanism, in which the rate of reaction is
not adversely affected by steric hindrance. Arguments
involving the effect of various o¢-substituents on the
rates of reaction are, however, inherently unsatis-
factory because, as has been pointed out by Hammett,*
entropies of activation are usually not constant when o-
substituents are varied. That is, separation of the elec-
tronic effect and steric effects of o-substituents becomes
a difficult problemn. In order to obviate this problem,
we have investigated electronic effects of substituents
on the reactions of o-substituted benzoyl chlorides by

(42) M. L. Beuder and M. C. Chen, J. Am. Chem. Soc., 88, 37 (1963).

(43) S. C. G. Olivier, Rec. trav. chim., 48, 227 (1929).

(44) L. P. Hammett, 'Physical Organic Chemistry,” McGraw-Hill
Book Co., Inc,, New York, N. Y., 1940,
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keeping the o-substituents constant and varying only
the p-substituent. Presumably under these conditions,
entropies of activation are constant and one can observe
solely electronic effects on the rate of reaction.

If the hydrolysis of 4-substituted-2,6-dimethylben-
zoyl chlorides proceeds by a unimolecular mechanism
with the formation of an acylium ion intermediate. one
may expect that an electron-donating group at the 4-
position will accelerate, and an electron-withdrawing
group at the 4-position will retard the rate of hydrolysis.
Moreover, due to possible resonance interaction be-
tween the positively charged transition state and the
substituent in the 4-position, one will anticipate in the
unimolecular mechanism that a Hammett plot should
show a correlation between log k/ky and ot values
rather than with o-values, leading to a value of the
slope (p) which is highly negative.*? The kinetic re-
sults and the Hammett plot shown in Table I and Fig.
2, respectively, confirm this picture of the mechanism of
hydrolysis of 4-substituted-2,6-dimethylbenzoyl chlo-
rides in 999, acetonitrile—water.

While this research was being carried out, two studies
of the influence of steric hindrance on the reactivity of
acid chlorides were reported. The sterically hindered
acid chloride o-butyl-a-ethyl-y-carbomethoxybutyryl
chloride is very sensitive to traces of moisture whereas
the unhindered acid chloride y-butyl-y-ethyl-y-carbo-
methoxybutyryl chloride is not.# These results may
be interpreted on the basis of a unimolecular heterolysis
for the sterically hindered acid chloride and a bimolec-
ular displacement for the unhindered acid chloride.
In a study of the solvolysis of four 4-substituted-2,6-
dimethylbenzoyl chlorides in 89.1%, acetone-water at
—20°, electron-donating substituents were found to
accelerate and electron-attracting substituents were
found to retard the hydrolysis,* as in the present work.
A Hamumett plot of the logarithms of the relative rates
shows a correlation with ¢+ with a slope (p) of —3.88
close to that found in this investigation (p = 3.85).
Thisis a surprising result considering that the water con-
tent of the two media are considerably different, a
condition which should result in differing development
of the cationic character in the transition states of
the two reactions and thus a different p of reaction.

The formation of an acylium ion in the hydrolysis of
a sterically hindered benzoyl chloride, 7.e., mesitoyl
chloride, is strongly suggested by the occurrence of a
common-ion salt effect on its hydrolysis shown in Table
II and Fig. 3. It is seen that the ratz of hydrolysis of
mesitoyl chloride is retarded by tatra-n-butylammonium
chloride in direct proportion to its concentration.
Non-common ion salts such as sodium perchlorate and
tetra-n-butylammonium bromide might be expected to
show an enhancement in rate, but do not show any
significant effect on the reaction rate. This lack of a
primary salt effect cannot eliminate the unimolecular
mechanism, however, for in 999, acetonitrile-water,
these salts are probably in the form of ion pairs instead
of dissociated 1ons, leading to an additional salt effect.
In solvents of such low water content, water may be
rendered unavailable for solvation of the transition
state because of preferential solvation of the ion pairs,
and the hydrolytic rate may thus be retardsd. The
very slight enhancement of rate of hydrolysis due to the
bromide and the very slight retardation of rate due to
the perchlorate salt may be attributed to the compensa-
tion of the rate-enhancing primary salt effect and the
rate-retarding removal of water by salts in a solvent of
low water content.#” Thus the salt effects on the rate

(45) J. Cason and K. W. Kraus, J. Org. Chem., 26, 2624 (1961),
(46) 1. Ugi and F. Beck, Chem. Ber., 94, 1839 (1961).
(47) Peeling?! concluded that a unimolecular heterolysis did not occur
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of the hydrolysis of mesitoyl chloride are cousistent
with a mechanism involving a rate-determining ioniza-
tion.

Carbonyl oxygen exchange during hydrolysis is a
good indication of a tetrahedral intermediate; its ab-
sence is a resonable although not infalliblz indication of
an acylium ion intermediate.® The knottiest problem
to a consistent picture for the mechanism of the
hydrolysis of mesitoy! chloride is the observation that
carbonyl oxygen exchange occurs concurrently with
hydrolysis of this compound in 959, dioxane-water.?
Carbonyl oxygen exchange during the hydrolysis of
mesitoyl chloride in 999 acetonitrile-water was
investigated in thisresearch. The results shown in Table
IIT indicate no oxygen exchange, in agreement with the
results of other experimental data obtained in this in-
vestigation, but not in agreement with the earlier oxy-
gen exchange results. The explanation is not forth-
coming for the earlier results in which oxygen exchange
was observed with mesitoyl chloride in 959, dioxane-
water, a solvent in which benzoy! chloride and p-toluyl
chloride did not show oxygen exchange, This set of
results is confusing since the latter two compounds usu-
ally show a greater tendency toward formation of a
tetrahedral intermediate and therefore would be ex-
pected to show the most oxygen exchange. The most
that can be said at the moment is that carbonyl oxygen
exchange does not occur in the hydrolysis of mesitoyl
chloride in 999, acetonitrile-water, which is consistent
with a mechanism involving acylium ion formation in
this solvent; however, something else may occur in 95%
dioxane-water, which has a lower dielectric constant
even though it has a higher water content.

The substituent effects, the salt effects and the lack
of carbonyl oxygen exchange are thus consistent with a
mechanism for the hydrolysis of 4-substituted-2,6-di-
methylbenzoyl chlorides in which the rate-determining
step is the formation of an acylium ion. A mechanism
for this process may be written as

0 0
I c® | _OH

Il .Cl
c” (‘:ea C
CH3 CH3 slow CHa\@CHa H,0 CH:jTij/cHa
: - — |
fast =
% X x +HCI

Acid Hydrolysis. —The hydrolysis of benzoy! chloride
is reported not to be catalyzed by hydrogen ion,% a
result which has been confirmed in this investigation.
However, acid catalysis of the hydrolysis of benzoyl
fluoride is known,*® presumably proceeding through
electrophilic assistance of the removal of fluoride ion
by the acid catalyst. The results shown in Table IT
and Fig. 3 clearly demonstrate the occurrence of per-
chloric and hydrochloric acid catalysis in the hydrolysis
of 4-substituted-2,6-dimethylbenzoy! chlorides. This
is the first instance of the demonstration of acid cataly-
sis in the hydrolysis of an acid chloride. Since sodium
perchlorate does not enhance the rate, the effect of
perchloric acid is a genuine acid catalysis. The finding
that perchloric acid catalyzes the hydrolysis more
strongly than hydrochloric acid is easily explained: in
acid-catalyzed hydrolysis by hydrochloric acid there

in the alcoholysis of mesitoyl chloride in 80%, acetone-ethanol solution
because the rate was not affected by the addition of 0.1 M lithium chloride,
but was increased twofold in the presence of 0.1 M lithium bromide. The
apparent lack of a common-ion salt effect with lithium chloride in this reac-
tion can be attributed to the (often noted) compensation of the rate-retarding
common-ion salt effect and the rate-enhancing primary salt effect, On this
ground it would be predicted that lithium bromide would have a rate-
enhancing primary salt effect which indeed is the experimental result,

(48) G. Berger and S. C. G. Olivier, Rec. trav, chim., 46, 516 (1927).

(49) C. W. L. Bevan and R. F. Hudson, J. Chem. Soc., 2187 (1953).
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are two effects, a rate-enhancing acid catalysis and a
rate-retarding common-ion effect which tend to oppose
one another.%

The ratio of the catalytic constant of the acid hydrol-
ysis, ky, and the rate constant of the neutral hydroly-
sis, kmz0, can be used as a measure of the electrophilicity
of the proton toward the leaving group of the reactant
(assuming a unimolecular mechanism in both reactions).
The ratios of km/kmio for the hydrolysis of benzoyl
fluoride and mesitoyl chloride at 1.0 X 105 and 1.1 X
108, respectively. This result is reasonable on the basis
that the fluorine atom is more electronegative than the
chlorine atom.

The Hammett plot of the acid-catalyzed hydrolysis of
4-substituted-2,6-dimethylbenzoyl chlorides is quite
similar to that of the neutral hydrolysis. The correla-
tion with o+-constants is again found and the p-value
of —3.73 for the acid-catalyzed hydrolysis is almost
identical with that of the neutral hydrolysis, —3.85.
This kinetic evidence, together with the lack of car-
bonyl oxygen exchange (Table III) and the acid cataly-
sis itself, supports a unimolecular mechanism involving
the formation of an acylium ion intermediate. Like
the acid-catalyzed hydrolysis of benzoyl fluoride, it
may be suggested that the sterically hindered acid
chlorides undergo acid-catalyzed hydrolysis with the
rate-determining removal of chloride ion by a proton
(or by an ion paitr of the acid). The mechanism may be
written

0 0s* 0
| | |, H0
RCCl 4+ H*A~—> RC---Cl¥"- H¥A~ —> R—C* —nuw—>
fast
HCl + A-
i
RCOH + H*

Alkaline Hydrolysis.—Although it has long been
known that the hydrolysis of benzoyl chloride is cat-
alyzed by hydroxide ion, several contradictory reports
of the effect of hydroxide ion on the hydrolysis of
mesitoy]l chloride have appeared (see Introduction).
The results in Tables I and II indicate that hydroxide
ion does catalyze the hydrolysis of 4-substituted-2,6-
dimethylbenzoyl chlorides in 999, acetonitrile-water.
Furthermore, the base-catalyzed hydrolysis of these
compounds, in contrast to the acid-catalyzed or neutral
hydrolysis, is accelerated by electron-withdrawing
groups and retarded by electron-donating groups.
The Hammett plot of the alkaline hydrolysis data shown
in Fig. 2 yields a p of 1.2, a value comparable to that of
the similar reaction, the alkaline hydrolysis of methyl
4-substituted-2,6-dimethylbenzoates.® Since this ester
saponification has been shown to proceed vig a tetra-
hedral intermediate formation' and since the sub-
stituent effects in the acid chloride reaction also favor

(50) The neutral hydrolysis of these acid chlorides produces hydrochloric
acid which might catalyze the reaction. However, the concentration of re-
actant was always very low; the combination of a low concentration of

hydrochloric acid and a small catalyvtic constant combine to produce a
negligible autocatalytic effect in the neutral hydrolysis.
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such a mechanism, it must be postulated that the alka-
line hydrolysis of 4-substituted-2,6-dimethylbenzoyl
chlorides proceed by that pathway.

i o
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. I CH, CH:
oM 3 d
——— CH, CH, |
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The exchange reaction of mesitoyl chloride with lithium
chloride-36 in dry acetone, which is reported’® to pro-
ceed slower than the comparable reaction with benzoyl
chloride, may occur by an analogous mechanism.

The influence of hydroxide ion on the rate of reaction
has been used in the past as a semi-quantitative measure
of the bimolecular mechanism based on the findings
that the ratios of the rate constants for alkaline and
neutral reaction are 10%-105 for Sn2, 10%-10% for SN1-
SN2 borderline and 1 for Sx1 reactions.’'®  This
generalization is valid only if the alkaline and neutral
hydrolyses occur by the same mechanism. In the
reactions investigated here it is obvious from the sub-
stituent effects that the neutral and base-catalyzed
reactions are completely different in character. Thus
here one cannot use a mechanistic argument involving a
relationship between alkaline hydrolysis and neutral
hydrolysis. There appear to be two completely inde-
pendent reactions occurring in the hydrolysis of 4-sub-
stituted-2,6-dimethylbenzoyl chlorides, and thus the
previous attempts’-*® to decide the mechanism of this
reaction on the basis of whether or not the reaction
rate was sensitive to hydroxide ion were mechanistically
meaningless.

Bunton and Lewis!? attributed the high reactivity of
sterically hindered benzoyl chlorides to the hindrance
to conjugation between the carbonyl group and the
benzene ring. If this is true one should expect a steri-
cally hindered methyl benzoate to be saponified faster
than the corresponding unhindered methyl benzoate,
which is not in accord with experiment. The poor
reactivity of hindered esters such as methyl mesitoate
toward saponification is apparently due to the steric
hindrance of tetrahedral intermediate formation Steri-
cally hindered benzoyl chlorides, however, may use
another hydrolytic path unavailable to the hindered
esters—the unimolecular heterolysis to an acylium ion
and a chloride ion. Presumably an ester may not
heterolyze in the same way because of its poor leaving
group, the alkoxide ion. The fact, however, that the
alkaline hydrolysis of mesitoyl chloride proceeds more
readily than that of benzoyl chloride is indicative of the
view that steric hindrance of conjugation between the
carbonyl group and the benzene ring may facilitate the
reactivity of mesitoyl chloride.
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