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Abstract
Full Text

Chemistry
Corresponding Member of the Academy of Sciences of the USSR O. A. REUTOV
and I. P. BELETSKAYA

ON THE MECHANISM OF BIMOLECULAR
ELECTROPHILIC SUBSTITUTION AT A
SATURATED CARBON ATOM
The mechanism of electrophilic substitution at a saturated carbon atom still re-
mains insufficiently elucidated. One of the reasons for this lies in the difficulty of
simultaneously studying the stereochemical and kinetic aspects of electrophilic-
substitution reactions.

In 1953, one of us, together with A. N. Nesmeyanov and S. S. Poddub-
naya (1), studied the stereochemistry, and in 1957 we, together with R. E.
Mardaleishvili, studied the kinetics (2) of the symmetrization reaction of esters
of 𝛼-bromomercuriphenylacetic acid under the action of ammonia in chloroform
in the cold. Thus, for the first time, the stereochemistry and kinetics of a
reaction of electrophilic substitution at a saturated carbon atom were studied
simultaneously:

𝑅1𝑅2𝑅3𝐶− ⋯ 𝐻𝑔𝐵𝑟+𝑅1𝑅2𝑅3𝐶−𝐻𝑔 ⋯ 𝐵𝑟
𝑁𝐻3−−−→ 𝑅1𝑅2𝑅3𝐶−𝐻𝑔−𝐶𝑅1𝑅2𝑅3+𝐻𝑔𝐵𝑟2⋅2𝑁𝐻3

(𝑅1 = 𝐶6𝐻5; 𝑅2 = 𝐻; 𝑅3 = 𝐶𝑂𝑂𝐶2𝐻5 or 𝐶𝑂𝑂10𝐻19)

After our work on the simultaneous study of the stereochemistry and kinetics
of electrophilic-substitution reactions using as an example the symmetrization
of esters of 𝛼-bromomercuriphenylacetic acids (1,2), only one work appeared—
that of Ingold (3) (1959)—on the simultaneous study of the stereochemistry and
kinetics of the racemization reaction of di-tert-butylmercury under the action
of 𝐻𝑔𝐵𝑟2.

On the basis of the kinetic (reversibility of the reaction, second order with
respect to 𝑅1𝑅2𝑅3𝐶𝐻𝑔𝐵𝑟 and second order with respect to ammonia) and
stereochemical (retention of configuration) data, the mechanism of the reaction
under consideration may be represented by the following scheme:
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(a) 2𝑅1𝑅2𝑅3𝐶−𝐻𝑔𝐵𝑟 ⇌ (A) ⇌ 𝑅1𝑅2𝑅3𝐶−𝐻𝑔−𝐶𝑅1𝑅2𝑅3 + 𝐻𝑔𝐵𝑟2

(b) 𝐻𝑔𝐵𝑟2 + 2𝑁𝐻3 ⇌ 𝐻𝑔𝐵𝑟2 ⋅ 2𝑁𝐻3

The first stage (a) is a reaction of bimolecular electrophilic substitution (𝑆𝐸2)
at a saturated carbon atom*.

a) 𝑅1𝑅2𝑅3𝐶𝐻𝑔𝐵𝑟 + 𝑁𝐻3 ⇌ 𝑅1𝑅2𝑅3𝐶𝐻𝑔𝐵𝑟 ⋅ 𝑁𝐻3,

b) 2𝑅1𝑅2𝑅3𝐶𝐻𝑔𝐵𝑟 ⋅ 𝑁𝐻3 ⇌ (𝑅1𝑅2𝑅3𝐶)2𝐻𝑔 + 𝐻𝑔𝐵𝑟2 ⋅ (𝑁𝐻3)2

* An alternative mechanism (satisfying the stereochemical and kinetic re-
quirements) is less probable, since the symmetrization reaction proceeds
under the influence of the most diverse reagents that irreversibly bind
𝐻𝑔𝐵𝑟2. Thus, together with L. R. Filippienko (4), we found that esters
of 𝛼-bromomercuriphenylacetic acid (like other organometallic compounds
with readily mobile mercury) are readily symmetrized under the action of
diphenylmercury:

2𝑅1𝑅2𝑅3𝐶−𝐻𝑔𝐵𝑟 + (𝐶6𝐻5)2𝐻𝑔 → (𝑅1𝑅2𝑅3𝐶)2𝐻𝑔 + 2𝐶6𝐻5𝐻𝑔𝐵𝑟.

The intermediate formation of the complex 𝑅1𝑅2𝑅3𝐶𝐻𝑔𝐵𝑟⋅(𝐶6𝐻5)2𝐻𝑔 in this
reaction is unlikely, in particular because it contradicts the stoichiometry of the
reaction.

Together with U Yan-tsze1 we studied the kinetics of another electrophilic re-
action at a saturated carbon atom—the isotopic exchange reaction of esters of
𝛼-bromomercuriphenylacetic acid with bromine mercury labeled with Hg203,

R1R2R3CHgBr + Hg∗Br2 ⇌ R1R2R3CHg∗Br + HgBr2,

(R1 = C6H5; R2 = H; R3 = COOC2H5 or COOC10H19)

This reaction is of overall second order and, possibly, proceeds by an analogous
two-stage mechanism, the first stage of which (a) is identical with the first stage
of the symmetrization reaction:

(a) 2R1R2R3CHgBr ⇌ R1R2R3C − Hg − CR1R2R3 + HgBr2,
1Reference number as printed on the page.
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(b) (R1R2R3C)2Hg + Hg∗Br2 ⇌ R1R2R3CHg∗Br + R1R2R3CHgBr.

In all probability, through a transition state (𝐴), reactions of the types con-
sidered may also proceed in the case of other organomercury salts having a
relatively weak C—Hg bond.

We studied the influence of structural factors on the rate of bimolecular elec-
trophilic substitution at a saturated carbon atom, choosing as the model reac-
tion the symmetrization of compounds of the type 𝑛-YC6H4CH(HgBr)COOR
under the action of ammonia in chloroform. The first slow stage of this reaction
evidently also proceeds through a transition state of type (𝐴).

2Y−C6H4−CH(HgBr)COOR ⇌ (𝐴) ⇌
ROOC−CH(YC6H4)−Hg−CH(COOR)(C6H4Y) + HgBr2

1. Y = H; R = CH3, C2H5, iso-C3H7, tert-C4H9, n-C9H19, l-C10H19

2. Y = Cl, Br, H, CH3; R = C2H5.

The considerable influence of the nature of substituents R on the rate of sym-
metrization may be judged from the following values of the reaction rate con-
stants, calculated by the method proposed earlier2.

R CH3 C2H5 iso-C3H7

tert-
C4H9 n-C9H19

C10H19
(l-

menthyl)
𝐾2,
ml/mol・
sec

181.5 110 25.9 negligibly
small

10.2 6.9

The rate of reaction of the methyl ester is more than 25 times greater than the
rate of reaction of the 𝑙-menthyl ester.

Naturally, the influence of the nature of R on the reaction rate is due to the
sum of polar and steric factors.

The nature of substituent Y also influences the rate of symmetrization, as is evi-
dent from the values of the corresponding reaction rate constants for compounds
of the type 𝑛-YC6H4CH(HgBr)COOC2H5.

2Reference number as printed on the page.
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Reaction scheme: transition state (A) with substituents 𝑌 and 𝑋, structures
(I) and (II)

Figure 1: Reaction scheme: transition state (A) with substituents 𝑌 and 𝑋,
structures (I) and (II)

Y Cl Br H CH3

𝐾2, ml/mol・sec 470 400 110 0

Replacement of the hydrogen atom in the 𝑛-position of the benzene ring by
chlorine accelerates the reaction by more than 5-fold, while replacement by a
methyl group leads to the reaction practically not occurring. Naturally, in the
case of bimolecular nucleophilic substitution in analogous systems

an inverse dependence is observed when comparing the influence of substituents
on the reaction rate*.

Since the influence of the substituents 𝑌 on the rate of the reaction under consid-
eration is apparently due purely to polar factors, the data presented lead to the
conclusion that withdrawal of electrons from the reaction center (the saturated
carbon atom) facilitates the bimolecular reaction of electrophilic substitution
(𝑆𝐸2). This fact indicates that, even in bimolecular substitution, cleavage of
the old bond, rather than formation of the new one, may play the more impor-
tant role. This circumstance brings the bimolecular 𝑆𝐸2 mechanism closer to
the unimolecular, dissociative 𝑆𝐸1 mechanism, since in the latter cleavage of
the old bond is the stage determining the rate of the entire process.

The results obtained by us show that reactions of electrophilic substitution
at a saturated carbon atom proceed considerably more complexly than had
previously been assumed on the basis of the simple limiting cases 𝑆𝐸1 and 𝑆𝐸2.
Since in the transition state (A) not only the old C—Hg bond but also the old Hg
—Br bond is being cleaved, one might expect that the symmetrization reaction
will proceed faster in the case where unlike molecules of organomercury salts,
containing different substituents in the 𝑝-position of the benzene ring, react with
each other. If, for example, 𝑌 is an electron-accepting substituent and 𝑋 an
electron-donating substituent, then the transition state (A)

will be reached more easily than in the case of reaction of identical molecules. In
the first of the reacting molecules, cleavage of the old C—Hg bond is facilitated;
in the second, cleavage of the Hg—Br bond.

Cosymmetrization of this type was carried out for the following pairs of com-
pounds: 𝑋 = 𝐻, 𝑌 = 𝐶𝑙; 𝑋 = 𝐻; 𝑌 = 𝐵𝑟; 𝑌 = 𝐻, 𝑋 = 𝐶𝐻3. For each case
the initial reaction rate was calculated. The following result was obtained: for
the first two cases the total rate of the process proved to be greater than the sum
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of the initial rates for the individual components, taken at the same concentra-
tions, by an amount exceeding the individual rates of the most rapidly reacting
components. In the case 𝑋 = 𝐶𝐻3, the result proved especially interesting. Al-
though symmetrization of the 𝑝-methyl-substituted ester alone practically does
not occur, in a mixture with the unsubstituted ester it does take place, though
not to completion, to a certain extent. The total rate of the process proves
greater than for the unsubstituted ester at the same concentration.

One of the interesting and important questions is the effect on the rate of the
process of additives of various compounds not participating in the reaction. Such
an effect of additives of polar molecules on the rate of nucleophilic reactions was
studied by Ingold (10−14) and by Swain (15,16), who drew from their results
diametrically opposite conclusions about the nature of this phenomenon.

We studied the influence of additives in 𝑆𝐸2 reactions. It was found that ad-
ditives of polar agents to the reaction mixture considerably accelerate the sym-
metrization of esters of 𝛼-bromomercuriphenylacetic acid. Table 1 gives the
values of the second-order reaction constants, calculated from the half-lives of
the substance at an initial ester concentration

* For example, in the reactions of substituted benzyl chlorides with amines (6),
azides (7), or in Finkelstein substitution (8,9).
𝛼-bromomercuriphenylacetic acid 6.8 ⋅ 10−5 mole/ml, ammonia ∼ 1 ⋅ 10−3

mole/ml, and various concentrations of additives.

It was further shown that the solvent itself (in our case, chloroform), being a
polar molecule, has an accelerating effect on the reaction. For this purpose the
reaction was carried out in an inert solvent—benzene—with additions of various
amounts of chloroform.

A similar result was obtained in studying the rate of isotopic exchange of
𝐶6𝐻5𝐶𝐻(𝐻𝑔𝐵𝑟)𝐶𝑂𝑂𝐶2𝐻5 with 𝐻𝑔203𝐵𝑟2. Thus, if in benzene the percentage
of exchange is negligibly small, then on going over to a solvent possessing ap-
preciable polarity, for example 70% aqueous dioxane, the rate increases almost
9-fold.

Table 1

Added
substance 𝐶 ⋅ 103, mole/ml* 𝜏1/2, sec 𝐾2, ml/mole・sec
Nitromethane 0 136 108
Nitromethane 0.469 75 197
Nitromethane 0.937 57 258
Nitrobenzene 0 170 86.7
Nitrobenzene 0.902 128 114.8
Methyl
alcohol

0 136 108
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Added
substance 𝐶 ⋅ 103, mole/ml* 𝜏1/2, sec 𝐾2, ml/mole・sec
Methyl
alcohol

0.309 110 133

Methyl
alcohol

0.618 93 158.5

* On average this is 1/25 of the amount of solvent.

The rate of the isotopic-exchange reaction of esters of 𝛼-bromomercuriphenylacetic
acid with 𝐻𝑔203𝐵𝑟2 is accelerated by additions of both acids and bases. For
example, we found an extremely strong effect of additions of pyridine on the
rate of isotopic exchange of the 𝑙-menthyl ester of 𝛼-bromomercuriphenylacetic
acid in acetone (reactant concentration 0.03 mole/ml) at 50∘. Whereas in the
absence of additives exchange in 6 hours proceeds only to 1%, the addition of
5 parts by weight of pyridine (relative to the amount of acetone) leads to 35%
exchange after 3 hours, and 10 parts by weight—to 92% after 4.5 hours.

It remains an open question whether polar additives enter into the transition
state (i.e., whether there is a definite kinetic order with respect to the additives),
or whether their role is reduced to changing the polarity of the reaction medium,
which in turn affects the reaction rate. This question is subject to further study.

Moscow State University
named after M. V. Lomonosov

Received
19 XII 1959
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