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It is well known that an ortho substituent in an aromatic substitution reaction
often exhibits a retarding effect on the substitution velocity and in general this
is attributed to the so-called steric hindrance or steric inhibition of resonance.
There are, however, several examples in which the ortho substituent accelerates
the reaction. It is of interest to note that this phenomenon of rate inversion due
to orientation exists in the case of nucleophilic substitutions on halobenzene
derivatives (1); 7.e., it seems that nucleophilic reagents may be classified into two
groups with respect to their position of most favorable attack. Thus with o- and
p-nitrohalobenzenes [chloronitrobenzene (2-11), bromonitrobenzene (2), (4),
(8, 10), (12), (13), and iodonitrobenzene (4), (10), (13)] the o-compound reacts
faster than the p-isomer with uncharged nucleophilic reagents (e.g., ammonia
and amines), whereas with negatively charged reagents (e.g., hydroxide and
alkoxide ion) the reverse is true [chloronitrobenzene (4), (14-17) and bromoitro-
benzene (2), (18)]. The same phenomenon was observed with halobenzonitriles
(7) and with 3,4,6-trichloronitrobenzene (19).

The studies described in this article were undertaken for the purpose of demon-
strating it in the existing literature and to add some new data related to it by
carrying out experiments with other substituted halobenzenes, and especially to
explain these phenomena on the basis of the atomic charge distribution pattern
agsumed for each activated complex.

Since there has been no data on the rate comparison between o- and p-halo
derivatives of benzophenone, methyl phenyl sulfone, and acetophenone, the
authors measured the rates of reaction of these compounds with piperidine (an
uncharged reagent) and sodium ethoxide or hydroxide (charged reagents). The
results are listed in Table I.

The table shows the preference of ortho substitution with the uncharged reagent
and the preference of para attack with negatively charged reagents, the only
exception being the p-bromophenyl methyl sulfone which reacted with sodium
ethoxide slower than the o-isomer, as does p-chlorophenyl methyl sulfone (16).

There are two reports which are opposed to this generalization. Campbell,
Anderson, and Gilmore (20) have reported that p-bromonitrobenzene reacted
with piperidine faster than its o-isomer. Our experiment, however, shows the
reverse result, which is also consistent with the recent Chapman-Parker-Soanes’
result (8) obtained in a 99.8% ethanolic solution and also Brieux-Deulofeus’
data in benzene (11). Another communication (4) reporting that o-bromonitro-
benzene reacts with sodium ethoxide more readily than the p-isomer does not
seem to be correct, since the inevitable formation of azo-compound occurs
under these conditions and the reaction leading to this compound should consume
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TABLE I

ReacrioNn RATES OR PERCENTAGES OF 0- AND p-SUBSTITUTED BROMOBENZENES WITH
NvucLeorHILIC REAGENTS

Attacking Reagent Piperidine NaOC:H;s NaOH
Restion v sndime | 5, | 5| 0| w
Tnitial Substrate 0.09 0.09 0.09 0.09 0.0015 0.001

Conc'n M. Reagent 1.3 1.3 1.3 1.3 0.54 0.3
Reaction rate

cpe C.P, C.P. R.CY R.C. C.P.

Substituent
0-COCH; 84.0 90.8 _ -—_ 4.4 X 10-8 —_
p-COCH; 26.1 34.9 — — 35 X 1078 | —
0-80,CH; 93.3 94.8 — —_ 96 X 10-¢ —_—
p-SO.CH; 75.3 79.9 — — 6.1 X 107¢| —
0-COC:Hj; — — 25.8 — — 0.6
p-0005H5 — —_ 4.3 —_ —_— 2.4
0-NO, —_ — —_ 40.1 X 10-¢® 1.3 X 1074 —
p-NO, — — — 8.4 X 10-¢ 7.4 X 1074 —

¢ C.P. represents conversion percentage.
® R.C. represents second-order rate constant in 1./(mole. sec.).
¢ The reaction temperature is 60°.

alkoxide and organic bromide. The authors recognized that at an early stage of
the reaction, the rate of bromide ion formation from p-bromonitrobenzene was
greater than that of the o-isomer, but that it decreased with time and the rate
became even slower than that of the o-isomer.

Recently, Hawthorne (21) suggested an explanation for this inversion of
orientation on the basis of plots of the probable positions of the activated com-
plex along the reaction codrdinate obtained from the consideration of relative
equilibrium data. He assumes the same free energy content for the o- and p-amine
transition states and concludes that the difference in the free energies of activa-
tion for o- and p-substitutions would be due to the difference in ground state free
energies of the two sets of reactants. It is true that an o-halonitrobenzene will
have a higher energy content than the p-isomer owing to the repulsive force
between substituents in o-position, but their energy contents in the transition
state do not seem equal.

In the amine (or ammonia) substitution, the attacking agent donatesits two
electrons for bond formation and is positively charged in the transition state;
the electrostatic attraction between this positively charged nitrogen and negative
poles of the substituent will surely contribute to the lowering of the energy level
of the activated complex, while in the transition state of the alkoxide reaction,
no interaction save a coulombic repulsion is conceivable between the substituent
and the reactant, which together with steric hindrance will make the para
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transition state stable to such an extent as to surpass the energy difference in
the ground states.

The authors attempted to correlate the electrostatic interaction of the atomie
charges in the assumed transition state with the rate of substitution such as
Price (22) and Sixma (23) have done with electrophilic substitutions. Price (22)
has assumed that the atomic charge induced in the benzene ring by a substituent
is concentrated on atom C; in most benzene derivatives. However, the dipole
moments calculated on this basis are not in accord with the true values and we
have distributed the charge to the o- and p-carbon atoms (no charge on C;, Cs,
and Cjs), in order to obtain agreement of the dipole moment and bond moment
data tabulated by Price (24).

As an example, the reaction between o- and p-chloronitrobenzenes and am-
monia will be discussed rather precisely. The molecular model for chloronitro-
benzene was derived from Stosick’s data of tetranitromethane (25) and Huse-
Powell’s data of picryl iodide (26), 7.¢., O—N avitroy distance: 1.35 A and 0—N—O
angle: 120°. The C—N (ammonisy distance was assumed to be elongated in the
activated complex 10% (27) over the usual covalent bond distance, 1.47 A (27).
The transition state for the nucleophilic aromatic substitution is assumed to be
quinoidal with the plane which involves the old C—Cl and new C—N bonds
perpendicular to the plane of benzene nucleus (28). The atomic distances neces-
sary for calculation were evaluated graphically.

The electrostatic attraction energy between charges +e and —e’ at distance r
is expressed as ee’/er, where e is the dielectric constant. Thus if one electronic
charge is 4.77 X 10~ e.s.u., the Avogadro number 6.062 X 10%, and 1 cal.
corresponds to 4.185 X 107 ergs, the energy of interaction between the atomic
charges on the nitro group and the positive charge on the ortho amine nitrogen
will approximately be (attraction is indicated by a plus sign)

477 X 107 X 6.062 X 10% 1, 1\ 34718
, = 2025 = — ==
aB 1078 X 4185 X 10'e [ 5( + > 2.88:|

273 " 400
= 2.83/¢ k cal./mole

On the other hand, the interaction between the atomic charges introduced on
benzene carbons ortho and para to the chlorine atom may be calculated according
to Price’s calculation (22)

(1.59 - 9_?) X 6.062 X 10% 1 1 3.476
AE, = [{—2.025 <—— -+ —-) -+ -——} 2-2

4185 ¢ 4087 466/ ' 367
2025 3476
X5 T —1‘35] = 15.53/¢ k cal./mole

and hence AE, + AE,/ = 18.36/¢ k cal./mole. In the same way, for the substitu-
tion of m- and p-chloronitrobenzene with ammonia, the decrease of energy will
be

AE, + AEn' = (1.26 + 4.75)/e = 6.01/¢ k cal./mole

AEp, + AE,’ = (1.43 + 15.53)/e = 16.96/¢ k cal./mole
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Therefore, if ¢ remains constant, the value of electrostatic interaction is in the
order, 0 > p > m, and in accord with the experimental results. However, since
the energy contents of o- and p-chloronitrobenzene do not seem to be equal, the
electrostatic interactions between the chlorine atom and the nitro group in the
ortho and the para positions were compared. In the molecular model for o-chloro-
nitrobenzene, the nitro group was assumed for convenience to be coplanar with
the benzene ring (29). Thus the energy difference between o- and p-compounds in
their initial states is

0.97 X 6.062 X 10% 1 1 3.476
AE) = | (2025 ==+ = |+ =
? 4185 ¢ [{ 025 (2.45 + 4.19) t %08 }

2 3.476
—{— —_— —_— = 1
{ 2.025 (6.58) + 590 }:I 0.21/¢ k cal./mole

and the o-compound is seen to be of higher energy content, but this energy
difference in the original state may be neglected in comparison with that in the
transition state.

Since the observed rate increase in going from the p- to the o-position is
mainly due to an increase of entropy of activation (9), the electrostatic attraction
above will make its main contribution to the desolvation of reactants in the
transition state; this desolvation will increase the entropy of activation, and
accelerate the reaction (30). In order to coincide with the experimental value of
entropy of activation (9), the value of ¢ should be 3-5.

Similar ealeulations for halogenated acetophenone, benzophenone, and bromo-
phenyl methyl sulfone again demonstrate the preference of ortho substitution as
shown in Table II. Here also each initial energy level of the o-compound will be
higher than that of the corresponding p-isomer, and at least does not reverse
the tendency for preferential o-substitution. Even if the relative rates of o-,
m-, and p-substitution are rational, the unusually low values of A E’s calculated
for sulfones does not agree with experiment, The sulfone is also abnormal in that
it does not allow o-p inversion. These facts may be attributed to the peculiarity
of the sulfur atom which may utilize a d-orbital for activation and hence to the
small change in the group geometry between the initial and activated states
(31).

The transition-state energy decrease is probably not due to hydrogen bonding,

TABLE II

InTeERATOMIC ELECTROSTATIC INTERACTION ENERGIES (AE -+ AE’) in kg. cal./mole AT
THE TRANSITION STATE FOR AMMONIA REACTION (Attraction --)

Substitution position
Halo deriv.
0 m P
Nitrobenzene. .............ccocviviiinn oo 18.36 6.01 16.96
Acetophenone......... ... 15.4 7.0 12.6
Benzophenone............... ... ..o 14.0 4.2 5.8
Phenyl methyl sulfone. ..................... 12.8 —-3.5 -1.2
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for no appreciable change in the rate was observed with deuterated piperidine
(1).

EXPERIMENTAL

Materials. o- and p-Bromonitrobenzenes were prepared from the corresponding nitroanilines
by the Sandmeyer reaction and were recrystallized from methanol (82). The o-compound
melted at 43° and the p-isomer at 127.5°. p-Bromoacetophenone was prepared from bromo-
benzene and acetic anhydride by the usual Friedel-Crafts reaction (33), m.p. 50°. o-Bromo-
acetophenone was synthesized from o-bromonitrobenzene vig the reduction, the Sandmeyer
nitrile synthesis, and by the Grignard reaction on the bromobenzonitrile so produced (34),
b.p. 118-119° (16 mm.). p-Bromobenzophenone was obtained by the condensation of bromo-
benzene with benzoyl chloride and melted at 82° (35). The o-isomer was prepared from
anthranilic acid by way of o-bromobenzoic acid and then the Friedel-Crafts condensation
of its chloride with benzene, m.p. 41.5° (36). p-Bromophenyl methyl sulfone was synthesized
by the reaction of methyl iodide and p-bromobenzenesulfinie acid obtained from a bromo-
benzene-sulfur dioxide condensation, m.p. 103° (37). The o-isomer was obtained similarly
from o-sulfinic acid prepared by the condensation of diazotized o-bromoaniline with sulfur
dioxide, m.p. 108.5°. A new compound.

Anal. Cale’d for C;HBrO,8: C, 35.76; H, 3.00; Br, 33.98.

Found: C, 35.86; H, 3.38; Br, 33.75.

General procedure for rate measurements. (A). The reaction with piperidine. In a thick-
walled glass tube of ca. 25 ml. capacity were introduced xylene (10 ml.) and weighed amounts
of the bromide and piperidine. These tubes were sealed and completely immersed in an oil-
bath. After appropriate periods of time, the reaction product was extracted with dilute
nitric acid and the quantity of bromide was measured by the Volhard procedure, i.e.,
after adding an excess aqueous solution of silver nitrate, it was titrated with thiocyanate
using ferric salt as an indicator.

(B) The reaction with sodium ethoxzide. In a flask equipped with a reflux condenser, was
placed a solution of sodium ethoxide in absolute alcohol. After the flask was thermostatted,
a known quantity of a sample was introduced into it. Aliquots were taken out at regular
time intervals by a long pipet, and the bromide ion content was measured as described in
(A). The second-order rate constants were calculated by means of the usual method.

Since o- and p-bromobenzophenones are labile to reduction with alcoholate, the authors
employed in this case sodium hydroxide in an agueous acetone solution, and estimated only
a conversion percentage.

An attempted rate measurement for o- and p-bromophenyltrimethylammonium iodide
was unsuccessful, since they gave dimethylaniline with piperidine.

Acknowledgments. The authors wish to express their gratitude to Prof. R.
Oda and Dr. M. Okano for their advice in performing these experiments, and
to the referee for his helpful suggestions.

SUMMARY

The rates of the nucleophilic substitutions at o- and p-positions have been
compared between the ortho and the para isomers of bromoacetophenones,
bromobenzophenones, and bromophenyl methyl sulfones etc. When ethoxide ion
was used as a reagent, the p-isomer reacted faster except in the case of the sulfone,
while with piperidine as a reagent the o-isomer was more reactive. The existing
literature as well as our own experiments described above confirmed the prefer-
ence of ortho substitution with uncharged reagents (e.g., ammonia and amine)
and para substitution with negatively charged reagents (alcoholate and hydrox-
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ide) on nitro-, cyan-, sulfon-, acetyl-, and halogen-substituted halobenzenes.
This acceleration to the ortho substitution with the uncharged reagent (positively
charged in its activated complex) will be due mainly to the coulombic attraction
between oppositely charged atoms in the activated complex. The electrostatic
energies in the transition states of o-, m-, and p-substitutions with ammonia
were calculated by means of the atomic charge distribution pattern, and the
order of these values was shown to be in accord with the experimental orienta-
tion.

Yosaipa, Kyoro, Japan
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