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The purpose of this paper is to summarize recent investigations of the
mechanism of substitution reactions in benzenoid aromatic compounds and
to present an interpretation of the nature of the influence exerted by sub-
stituent groups on the course of these reactions. In the latter connection,
a method for the precise prediction of the orienting effect of a large variety
of substituent groups is described, the basis for which is the accurate
evaluation of the relative electrostatic influence of the various groups in
polarizing the double bonds of the aromatic ring.

I. THE STRUCTURE OF BENZENE

In spite of the great number of formulas proposed for benzene, each with
unique structural features to account for its “‘aromatic’” properties,* the
structural formula proposed by Kekulé for benzene has become more and
more firmly established. In fact, it is now generally accepted that the
many characteristic reactions, as well as the unusual stability of the
aromatic nucleus, are simply manifestations of such a cyclic conjugated
system of double bonds.

In this connection, several authors (13, 60) have recently pointed out
that the compound prepared by Willstitter (66, 67), supposedly cyclotcta-
tetraene, actually had chemical and physical properties closely resembling

1For references and critical discussion see L. F. Fieser in Organic Chemistry, edited
by H. Gilman, Volume I, pp. 52-149, John Wiley and Sons, Inc., New York (1938).
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those of an isomer, styrene. Thus, the experimental evidence cited as
one of the chief arguments against the “aromaticity’’ of a cyclic conjugated
system of double bonds may be entirely erroneous.

The Kekulé formuls in its resonant forms will therefore be used as the
basis for the present discussion. Indeed, the facility with which the
various experimental facts may be interpreted on this basis affords still
further indication as to the validity of this formula.

II. SUBSTITUTION REACTIONS

A. Halogenation

Since many of the reagents which will substztute in benzene will also add
to olefins, and since, in the Kekulé formula, benzene is written with double
bonds, it has frequently been postulated that the latter process is an inter-
mediate in the former. Thus, for instance, the bromination of benzene
has been represented by Holleman (18) and others as addition of bromine,
followed by elimination of hydrogen bromide.

H
4 /\——Br 4 Br
] ]+Br2——>k ——)k] + HBr
N\ VRN
Br

Prins (48) suggested that only one atom of the benzene ring could be
involved rather than two, as in addition to a double bond, since the dihydro-
benzenoid intermediate above should be too readily attacked further by the
substituting reagent. van Alphen (57), however, found that 4,5-dihydro-
phthalic acid yielded phthalic acid derivatives on treatment with various
substituting reagents, invalidating this particular objection to the addition-
elimination theory.

In the same year, Pfeiffer and Wizinger (39), on the basis of the colored
ionic intermediates formed in the catalytic addition and substitution reac-
tions of the double bond in unsymmetrical diaryl ethylene derivatives,
suggested a mechanism for aromatic substitution involving the intermediate
formation of an ionic complex. In the case of halogenation, the purpose
of a halogen carrier (A), such as ferric chloride, iodine, antimony penta-

chloride, etc., is to promote the polarization of the halogen molecule and
thus the formation of the ionic intermediate.

H
]/ ] + QL ech, o FeCli~ — ’/ ’ L HO 4 FeC

N\ \/H+ N\
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Both the mechanism involving addition followed by elimination, as sug-
gested by Hollemann, and that involving an ionic intermediate, as sug-
gested by Pfeiffer and Wizinger, were, however, supported chiefly by
analogy rather than by any direct experimental evidence. For example,
it has never been possible to isolate or detect the presence of such dihydro-
benzenoid derivatives as those postulated as intermediates in the addition=-
elimination mechanism for the case of substitution in the benzene ring.
With phenanthrene, however, the reaction can actually proceed by such
a mechanism. Bromine will add to form a dibromide which is stable at
room temperature but which, on warming, loses hydrogen bromide to
yield 9-bromophenanthrene. This reaction has, therefore, frequently been
considered as evidence for the addition—elimination hypothesis.

il
H>—<Br
— N .
7 \LI_/ N+ B, » 7 <H 7T 80-100° C.

Phenanthrene
Br

7 N7 \
& T ™) + HBr

III
9-Bromophenanthrene

On this account a study of the bromination of phenanthrene offered an
excellent opportunity for the determination of the mechanism of substitu-
tion. A detailed investigation of this reaction (10, 40, 41, 44), with par-
ticular regard to the effect of halogenation catalysts, has shown that the
catalytic substitution does not proceed according to this addition—elimina-
tion scheme, but that the experimental facts are in complete accord with
the ionic mechanism suggested by Pfeiffer and Wizinger.

In the first place, it was found that, at 25°C. in carbon tetrachloride
solution with no halogenation catalysts present, only the addition reaction
occurred and that it proceeded to a measurable equilibrium by a chain
mechanism which was entirely light-catalyzed (24, 44). The chain
initiating step in the photochemical addition of bromine to a double bond
in a non-polar solvent has been found to be the photochemical dissociation
of bromine into bromine atoms (2, 33, 52, 61). These active atoms then
initiate a chain reaction leading to the addition of bromine to the dou-
ble bond.
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Br; + hv — 2Br e
Br H

N H'K

>4 S+Be—s E-*
\=_/—<__=/+B’r \_/

I
Phenanthrene
il
< __/—H—Q + Bre

In the presence of a halogen carrier such as iodine or ferric chloride, the
reaction of phenanthrene with bromine followed a different course (41).
It proceeded smoothly in the dark and was accompanied by the evolution
of hydrogen bromide and the formation of 9-bromophenanthrene. The
effect of these catalysts could not have been simply the elimination of
hydrogen bromide from the dibromide (II), since, under equivalent condi-
tions, the rate of formation of 9-bromophenanthrene (III) from phenan-
threne was very nearly the same as from the dibromide and both reactions
proceeded at about the same rate as establishment of equilibrium for the
addition reaction. These facts would indicate that the reactions were all
proceeding through a common intermediate. This intermediate could not
be the free radical of the photochemical addition, since iodine, an effective
bromination catalyst, strongly inhibits the photochemical addition of
bromine to phenanthrene. Since, however, iodine does slowly catalyze
the addition reaction in the dark, the reaction in the latter case must be
ionic rather than atomic. Allowing A to represent the halogen carrier
(iodine, ferric chloride, antimony pentachloride, etc.), the catalytic reac-
tion in the dark may be represented as follows:

A + Br, = Br+(ABr)~

2D

— <+ Br+ Br H
Phenar{threne | \\\\\‘ H_L——Q
Br H , /___\ /:\_\ —
a7

¢
11
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Br

7 N N

111
9-Bromophenanthrene

The initial step in the reaction from the dibromide (II) involves ioniza-
tion of a carbon—bromine bond. Since the bond is to a secondary carbon
atom alpha to a benzene ring, the reaction could certainly proceed by such
a mechanism.? It has frequently been suggested that such reactions, which
usually follow first-order kinetics in a polar solvent such as alecohol, are
only pseudo-unimolecular and actually involve attack by the solvent mole-
cule. The reaction cannot have been unimolecular in the case under
consideration, in which a non-polar solvent, carbon tetrachloride, was used,
since the pure dibromide was stable in this solvent, neither dissociating to
phenanthrene and bromine nor decomposing to 9-bromophenanthrene and
hydrogen bromide. It was only after the addition of a halogen carrier
that both reactions occurred simultaneously. The initial step must be
electrophilic attack by the catalyst on the bromine atom, a step similar to
the polarization of & halogen molecule by the catalyst.

H H H H
Br—|~——|—Br | +

< N / N\ + FeBr; —» < N \ + FeBr,~

Of these three reactions of phenanthrene with bromine, i.e., the light-
catalyzed atomic addition and the chemically-catalyzed ionic addition and
substitution, two may be realized for benzene. It is a well-known fact
that chlorine and bromine in an inert solvent will add to benzene photo-
chemically to form the corresponding hexahalocyclohexanes (see, for exam-
ple, 16 and 58).

Bl‘z + hy — 2Br »

H H HBr
/N—Br . 7 N—B: o5, BrH \HBr
] + Bre — LN + Bre =5
\/ \/——Br BrH HBI‘
HBr

The catalytic substitution reaction with benzene must proceed just as
with phenanthrene, except that the ionic intermediate evidently may be

¢For references and discussion see reference 14, pp. 131-183.
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stabilized only by the loss of a proton, since no addition product is formed
during substitution.

A + Bry = Br+(ABr)-

4 7 \H——Br 7\—Br
] ] + Br+ — N - ] ] + Ht
AN \/H AN

In fact, such elimination of a proton from this type of intermediate, leading
to substitution, may be considered a characteristic of the aromatic nature
of a substance. Olefinic character, on the other hand, is typified by the
acceptance of an anion by such an intermediate, leading to addition. The
double bonds of the benzene ring are thus wholly aromatic, while the
9,10-double bond of phenanthrene is only partially so.

Whether the reaction of ionic intermediates of this type will proceed
by the acceptance of an anion, leading to addition, or by the loss of a proton,
leading to substitution, must depend chiefly on the relative energy rela-
tionships for the two courses, i.e., the relative ease with which the bromide
(or complex bromide) ion may act as a base and remove a proton from the
active intermediate, acting as an acid. The basicity of the bromide ion
will be largely dependent on the solvent medium, while the acidity of the
intermediate will depend on its structure.

\Br H Br
é/ \C/
(t} + Br - !JJ + HBr
+ (or ABr™) (+A4A)
/|
H H
Br H Br H
\(J;/ \(lj/
é + Br - é (4A4)
+ (or ABr)
/| RN
H H Br

The identity of the mechanism of the iodine-catalyzed substitution in
the two hydrocarbons, benzene and phenanthrene, is established by the
kinetics of the two reactions since, in each case, the rate of reaction was
found to be proportional to the three-halves power of the bromine con-
centration and to the five-halves power of the iodine concentration (44).
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A reaction of such high order must be due to some sequence of reactions
involving the two halogens. A series of reactions capable of accounting
for the observed kinetics follows:

I, 4+ Br; = 2IBr
IBr + I, = I;Br
2IBr = IBr; + I+

H
N Am
I;Br + ] ] = ] N + Ig—
AN N\
H
H
/\—Br 4 —Br
.+ IBr;—>] \ + HBr + IBr
\/H

If the rate-controlling step in this series of reactions is the last one,
the rate of formation of bromobenzene may be expressed as

Cl[g%‘—Bﬂ = k[C¢HsBr*][IBr;]
Since [CsHgBr*] is proportional to [I;Br][CsHs], which in turn is propor-
tional to [I2]%/2 [Br,]'/2 [CeH,], and since [IBr,~] is proportional to [I.][Br.],
the expression becomes

d[CeHsBr] _
d
The last step in the process is written as irreversible, since hydrogen
bromide is not ionized in a non-polar solvent. In the presence of a strong
acid, this step too becomes reversible. For instance, the removal and
migration of bromine in certain instances of the Friedel-Crafts reaction (7)
can be accounted for in the following manner:
AIC; + HCl — AICI;H?
H
7/ \—Br /N_p:  /N\-H
| J + Ht = 1 = | 4B
N N\

k[CoH] [Bro]" [ L,]**
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Since the bromine cation liberated in this step would be an active
brominating agent, it might enter another molecule or a different position
in the same molecule, either in the aromatic ring or in an aliphatic side
chain. The wandering of bromine from the ring to the side chain, which
has been observed during the chlorination of bromotoluenes (1), may be
accounted for in a similar manner.

CH;

Vi
] ’ + Ol —EeCh_, ArGH,CI and ArCH,Br

\ 180°
L

The second step in the course of such a replacement of bromine by hydro-
gen is the same as the second step for the reversal of the phenanthrene—
bromine addition reaction in the presence of a polar catalyst such as iodine.

B. The Friedel-Crafts reaction

Another substitution reaction of aromatic compounds which has been
studied extensively with regard to its mechanism is the Friedel-Crafts
type of reaction, including acylation with acid chlorides, anhydrides, or
esters, and alkylation with alkyl halides, alcohols, ethers, esters, or olefins.
Such compounds as boron, aluminum, or iron halides, as well as sulfuric,
phosphorice, or hydrofluoric acids, have served as the most useful catalysts
for the condensations.

In these cases, also, the experimental evidence indicates an ionic type of
mechanism. Wertyporoch and Firla (62) have clearly demonstrated by
conductance studies the formation of an ionic complex between aluminum
chloride and an alkyl halide.

Ct Cl
R:X: 4+ Al:Cl = RH(:X:Al:ChH-
Cl Cl

That catalysts for the Friedel-Crafts reaction actually do promote dis-
sociation of the carbon-halogen bond in some manner is supported by an
investigation of Bodendorf and Bohme (3). These authors found that
optically active a-phenylethy! chloride (CeH;CHCICH;) was racemized by
the action of various metal salts which act as catalysts for the Friedel-
Crafts type of reaction and that activity for the two reactions was roughly
parallel:

HgCl < ZnCl; < 8nCli < BCL: < SbCls
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Lithium, silicon, tetramethylammonium, and arsenic chlorides, as well as
hydrogen chloride, were ineffective as racemizing catalysts. Ulich and
Heyne (56) have measured the equilibrium for the formation of certain
of the catalyst-alkyl halide complexes postulated by Wertyporoch and,
in addition, found that the rate of alkylation of benzene was directly
proportional to the concentration of this catalyst-alkyl halide complex.

The reaction is then entirely analogous to halogenation, the electron-
deficient carbonium ion (R*), which may be either an alkyl or acyl group,
reacting just as does the bromine cation (Br™) to complete its octet by
association with a pair of electrons from a double bond of the aromatic
nucleus (9, 19, 45).

RCl + AICI = : R+(AICL)-

H

4 . /N—r /" N\-r
Oa=( =] em
N\ \/H N

There have been many experimental verifications of the reversibility of
the alkylation reaction. Ipatieff and Corson (21) have found that p-di-
tert-butylbenzene in benzene solution is readily converted to tert-butyl-
benzene in the presence of such catalysts as ferric chloride, sulfuric acid,
or phosphoric acid.

C(CHs)s FeCls 5 7 —C(CHs)s
(CHs)sc-—J ] T or HiS0: ]\ i

p-Dl-tert-butylbenzene Benzene tert-Butylbenzene

Ipatieff and Corson found that these catalysts were effective only in remov-
ing tertiary alkyl groups. It haslong been recognized, however, that more
vigorous catalysis with aluminum chloride is effective for any type of
alkyl group (4, 32; see also 68).

The relative ease of the two possible reactions for the active intermediate
in the alkylation, i.e., loss of a proton to yield the alkylated derivative
or loss of an alkyl cation to revert to the starting material, must depend
on the tenacity with which the group R will retain the electrons it shares
with the carbon atom of the ring. The fact that tertiary alkyl groups are
most easily removed and primary least is in agreement with this prediction,
since the order of electronegativity for alkyl groups has been found to be
primary > secondary > tertiary (6, 64). Further evidence that this is
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clearly in accord with experimental facts will be discussed later under the
consideration of orientation in the Friedel-Crafts reaction.

The mechanism for the reversibility of alkylation by the Friedel-Crafts
reaction, as well as for the mobility of aromatic halogen under certain
conditions, thus involves substitution by hydrogen through attack by a
proton. A clear case of such substitution is the deuteration of benzene
by deuterium chloride and aluminum chloride (25).

DCl! + AICI; — D+AICI;

/W Nep Ao
k l+ov=] | =) [ 4w
N \/H \

The effect of the various catalysts on the oxygen-containing reagents,
such as alcohols, ethers, esters, and anhydrides, is a polarization of the
molecule similar to that exerted on the alkyl and acyl halides. For exam-
ple, the general case of boron fluoride catalysis in such instances may be
represented as follows:

F F
R:0: + B:F = R:0:B:F = R+(OBF;)~
R, F R F L
1
Ry +(ROBF; )~

Complexes of this type in the case of ethers are well known; that of ether
and boron fluoride, for example, is a stable liquid which boils at 126°C.
with no decomposition. The complexes of ethers with boron chloride,
however, decompose on warming to give alkyl chlorides and esters of
boric acid (49).

(CHs):0 + BCl; — (CH;):0—BCl;
(CHj)2:0—BCls — CH;Cl + CH;0BCl,
CH;0BC!; + (CH,;);0 — (CH;),0—BCl.OCH;
(CH,),0—BCl,0CH; — CH;Cl + BCI(OCHjs),, ete.

Coordination with oxygen has also been suggested to account for the
fact that the boron fluoride—alcohol complexes are strong acids. The
association of the boron fluoride with the oxygen atom serves to promote
the release of the proton (30, 38).
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H

CH;0H 4 BF; — CH3—$—>BF3
H

l
CH;0—-BF; + CH;OH — (CH;0H,)+(CH;OBF;)~

In the case of alcohols as well as ethers, the fluorides differ from the
chlorides. While boron fluoride forms dialcoholates which, in the case
of primary alcohols, are stable enough to be distilled (30), both boron and
aluminum chlorides are vigorously decomposed by alecohols. In fact, the
latter reaction has been recommended for the preparation of methyl, ethyl,
and propy! chlorides (37).

AIC; 4+ CH;0H —— AICLOCH; + HCI
AICLOCH, 2%°C, A10C1 + CH,Cl

In the reactions of aleohols larger than propyl with aluminum chloride
(37, 65) and of secondary alcohols with boron fluoride (46, 65), however,
the principal product consists of polymeric material.

A particularly interesting case of the Friedel-Crafts reaction involving
oxygen-containing compounds is that of esters. Since an alkyl group has
considerably less affinity for electrons than an acyl group, it should be
expected that ionization (or polarization) of the alkyl group as a cation
would be predominant.

] ]
RC——IO—->BF3 = (RC—OBF;)"R:*
Ry

As would be expected on this basis, the reaction of esters in which R, is an
alkyl group leads principally to alkylation (5, 29, 36). An aryl group,
however, would be much less readily released as a cation than an alkyl
group (6, 64). In the case of esters of phenols, therefore, it is to be expected
that the acyl group might be liberated more readily. This may then
recombine with a carbon in the phenol ring.

0
— — vd
7N — (7 > o0— - N
{9 ({__>—o—aicn)-rot
COR
H
H

X Sda0 — 7N
GO _=/——OA1013 RCO—-—\____/—OH + AlCl,
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That the acyl group in the ester actually acts as a free acylating agent
in the Fries rearrangement is indicated by the fact that Cox (8), in carry-
ing out such a reaction in dipheny! ether, obtained the p-acyldiphenylether
as well as the rearrangement product.

The condensation of olefins with aromatic compounds to yield alkyl
derivatives has also been accounted for on the basis of a cationoid mech-
anism (19, 45). The electron-deficient catalyst in this case associates
with a pair of electrons from the double bond of the olefin to give an active
intermediate which is similar to that of the ordinary Friedel-Crafts reae-
tion, in that one carbon atom has only a sextet of electrons.

H H
R:C R:C(H
O+ A— .
H:C H:C:A
H H

IV

This carbon atom may then complete its octet by association with an
electron pair from the aromatic nucleus. The final step is elimination
of the catalyst, followed by the «,y-shift of a proton.

a R R

RCH+ 7 4 \——éHCHzA / (1JHCH3

L T =1 L — | + 4
: A \/H N\

Completion of the octet of the electron-deficient carbon atom of IV by
association with an electron pair of a second olefin molecule will, of course,
result in polymerization (19).

A necessary corollary to such an intermediate complex formation for
the olefins should be their cis-trans isomerization by these catalysts.
This has been established for boron fluoride acting on cis-stilbene (47) and
for the other Friedel-Crafts catalysts acting on diethyl maleate (11). In
the latter case, the effectiveness of the catalysts in isomerization was closely
parallel to that in condensation.

R—C—H RCHt R—C—H
g + A= ‘JJ = ] _+A
R—C—H RCHA H—C—R

In the case of catalysis of any of these reactions by strong acids, such as
sulfurie, phosphorie, or hydrofluoric acid or hydrogen chloride in the pres-
ence of aluminum chloride, the electron-deficient catalyst is evidently a
proton.
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RCH RCH+
.+ H— |
CH, CH,
H R R
roEs 7N ANch /N
) = () e

In accord with the views of Whitmore on molecular rearrangements (63),
the electron-deficient carbon atom in the intermediate alkyl cation should
tend to be secondary rather than primary, and tertiary rather than second-
ary. This tendency must account for the rearrangements of the alkyl
group which are frequently encountered in Friedel-Crafts reactions (see,
e.g., reference 22).

In those cases in which a possible rearrangement does not occur, such
as alkylation using alcohols with aluminum chloride (20) or with boron
fluoride (28) as catalysts, the existence of the alkyl cation may be too
transient to allow for the migration of a proton (or an alkyl group), leading
to a rearrangement product. This must certainly be true in the particular
case of the boron-fluoride-catalyzed alkylation by means of alcohols, since
d-sec-butyl alcohol was found to yield I-sec-butylbenzene (46). The rota-
tion of the hydrocarbon ([y]%® = — 0.16) indicates not only an inversion
of the configuration of the asymmetric carbon atom but also simultaneous
racemization to the extent of about 95 per cent (27). This is the charac-
teristic behavior of those replacement reactions at a saturated asymmetric
carbon atom in which the rate-controlling step is the primary dissociation
of the reagent into ions (reference 14, pages 131-183). If the asymmetric
alkyl cation reacts almost simultaneously with the process of ionization,
the only avenue of approach is at the face opposite that being vacated by
the anion. The process will then result in almost complete inversion of
configuration. The longer the life of the cation, however, the more

(planar)

NS

N0—ClRy — 0= et

S b k|

(d) 3 3 /

B, B I
Rz;C—/\’ Ra—C ’\’+ o
Rs ;\/ Rs 7
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extensive will be its racemization before subsequent reaction. In the
case of the alkylation of benzene, using an alcohol with boron fluoride as
catalyst, the alkyl cation must have had a free enough existence to racemize
considerably. It did, however, react so rapidly that inversion of con-
figuration was a significant reaction.

It is of particular interest to compare these results of alkylation, using
d-sec-buty! alcohol, with the results of Sprung and Wallis (55) on the rear-
rangement of d-sec-butyl aryl ethers. In each case the reaction involves
scission of a carbon-oxygen bond, followed by union of the alkyl group
thus liberated with the carbon atom of a benzene ring. In the case of the
rearrangement, however, when the alkyl group moved to the ortho position
in the same molecule, the reaction apparently proceeded with retention
of configuration, accompanied by racemization. This may be readily
accounted for on the basis that the planar intermediate alkyl cation never
leaves the sphere of influence of the anion.

ZnCl, CH,
) O——C—/— . anh -
7 0() H
(] o ! =7«
AN
(d) (tles
0ZnCl, OH
/N om 7
__)\ _ __)]\] */CHS + ZnCly
H Nop, C<H
CH,
)]

This course for the reaction is well substantiated by the fact that, when the
alkyl group must react with a second molecule, as in the case of the alkyla-
tion of phenol with d-sec-butyl mesityl ether (12), the sec-butylphenol
produced is racemie.

CH*/H/CH,, oy
CH.\/__<— /__\\6—05 — om-< ‘_2‘01{ + CH+
CH3 Csz CzHE

(@ (planar)
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OH
V4
N + H+
CH; N\ CH,
yd Z
1
AN AN

OH OH
/ /CH*' y
+ chr  — H\
\ \C H +
2i1s
H

C. Nitration and sulfonation

C *CH

Cz H5 Cz Hb
(dl)

Although experimental data for the interpretation of the mechanism of
nitration and sulfonation are not available, both reactions have been ac-
counted for on the basis of a cationoid mechanism similar to that which
has been established for the cases of halogenation and alkylation or acyla-
tion.! During the process, the nitric and sulfuric acids must dissociate
in such a manner as to lose a hydroxyl group. It has been postulated that
this occurs so as to leave the nitro and sulfonic acid groups as cations.

HONOg — HO- N02+
HOS0.0H — HO~ SO,0H*

These active intermediate cations may be formed by interaction of the
respective acid anhydrides with a proton

0 0 0
N / 7/
N—O—N + H+ — HONO, + *N
Vg \ \
0 0 0
? ?
%:0 + HY — +?—OH ¢
0 0

The electron-deficient cations then react by picking up a pair of electrons
from a double bond of the aromatic ring, and a proton is lost from the
intermediate thus formed.

H

7 /N—No, 7 \—No,
| + ot — > + H
\ \/H’“ N
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III. ORIENTATION

If the cationoid mechanism for substitution as presented above is to be
considered entirely satisfactory, it should be capable of accounting for the
influence of substituent groups in directing the entering group to certain
preferred positions in the ring, as well as in affecting the ease with which the
substitution can occur.

For those reactions proceeding by the cationoid mechanism,? the enter-
ing group in each case associates with a pair of electrons from a double
bond of the aromatic nucleus. The substituent already present may there-
fore orient the incoming group by influencing the position of these electrons.
The substituent may further influence the reaction (independently of its
orienting effect) by conditioning the availability of these electrons, i.e.
it may facilitate or hinder further substitution.

There are many manifestations of the effect of various substituent groups
at a double bond on the position of the electrons of the bond. In particu-
lar, the mode of addition of most unsymmetrical reagents to a double bond
is governed by the nature of the polarization of the bond imposed by the
various neighboring groups.

If, for instance, the over-all effect of a group were negative, the electrons
of the double bond, particularly the extra labile pair, would be repelled.
This has been represented below in formula A, the a-carbon atom acquiring
some measure of positive charge while the §-carbon atom becomes cor-
respondingly negative. The second case (B), in which a group has a
positive effect, will result in polarization of the double bond in the opposite
sense.

HH HH
X—:.C.:..C.:H Y+:.C..:6:H
a ﬂ oz. 8
A B

L ]
Addition of a reagent H*A~ to these double bonds will then, of course,
occur in such a manner that the negative portion of the adding reagent

3There are a few reactions, proceeding by different mechanisms, which do not
obey the ordinary rules for orientation. For those involving the reaction of an
anion, such as the replacement of chlorine by hydroxyl ion (see Waters: Physical
Aspects of Organic Chemistry, pp. 4563-459, Routledge, London (1935)), the influence
of substituent groups, both as to relative ease of replacement and relative position of
activation, is opposite to that for the usual cationoid substitution reactions. This
is as would be expected according to the mechanism for orientation outlined herein.
Those reactions proceeding through free radical intermediates (Hey and Waters:
Chem. Rev. 21, 169 (1937)) lead chiefly to ortho and para derivatives, regardless of
the nature of the substituent group present. Thus, on the basis of orientation,
mercuration and metalation reactions may belong in the latter class.
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will become attached to the more positively charged carbon atom. This
is a statement of Michael’s rule (31).

These two cases for a group attached to the conjugated system of double
bonds in the aromatic nucleus may then be represented as follows (42):

X- Y+
& &
H—'C'{+\—\ —H m_cf Yom
H—é + 4 é—H H——.é. - - é—H
\?6/ \5/
5 I
(ortho—para directing) (meta directing)

For.each double bond, it is usually the polarity of the atom (or atoms)
directly attached to the double bond which is the principal factor. This
follows simply from Coulomb’s law of electrostatic attraction and repul-
sion, the interaction of two charges decreasing in proportion to the square
of the distance between them.*

Thus the group X, having a negative field with respect to the electrons of
the ring, will shift the electrons in such a way as to increase the electron
density at the ortho and para positions. Since the group which sub-
stitutes in the benzene ring is an electron-deficient group, tending to pick
up & pair of electrons from the aromatic nucleus, it may obviously do so
most readily at the ortho and para positions in this case. The group X
will, therefore, be an ortho-para-directing group.

The group Y, with the opposite effect, will shift the electrons in the
opposite direction, the electron density being greater in the meta positions.
The entering group will thus tend to associate with the carbonatoms in the
meta positions in this case. The group Y will therefore be a meta-direct-
ing group.

A. Ease of substitution

The ease of cationoid substitution in an aromatic compound will be
governed by the ease of the initial attack involving acquisition of a pair of
electrons from the ring. A substituent which will increase the electron
density will increase the ease of substitution. One means of affecting the
relative electron densities of the atoms in the ring must be the polarization
of the bonds in the ring, induced by the substituent in the manner outlined
above.

4For the interatomic distances dealt with in this paper, the dielectric constant
has been assigned the value of unity.
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In addition, the substituent may evidently affect the over-all electron
density of the ring by donating or withdrawing electrons. For example,
the chlorine atom acquires a major share of the pair of electrons it shares
with the ring, thus decreasing the over-all electron density of the ring.
Chlorobenzene is thus more resistant to cationoid substitution than ben-
zene.

Furthermore, it seems evident that the atom attached to the ring (re-
ferred to as the a-atom in table 2) may also share with the ring a portion
of the charge which it acquires from some other atom or atoms. For ex-
ample, the oxygen of the hydroxyl group will acquire a somewhat greater
share in the electrons binding it to the ring than will the carbon atom to
which it is bound. On this basis the hydroxyl group might resemble the
chlorine atom and deactivate the ring to further substitution. The oxygen
atom of the hydroxyl group, however, differs from the chlorine atom in
that a major portion of its negative charge is acquired from the hydrogen
atom. It apparently may share a portion of this negative charge acquired
from the hydrogen with the ring, thus accounting for the fact that the
hydroxyl group increases the ease of aromatic substitution.

Similarly, in the case of such groups as the carboxyl and trichloromethyl
groups, further substitution in the ring must be hindered by the fact that a
portion of the positive charge on the carbon atom in these two groups,
acquired from the oxygen and chlorine atoms, respectively, is shared with
the ring.

B. Rules of orientation

Many of the rules which have been suggested for predicting the orienting
effect of a group substituted on the benzene ring, and particularly the more
modern rules, such as those proposed by Hammick and Illingworth (17)
and by Latimer and Porter (26), may actually be interpreted as empirical
approximations for determining whether, in a substituent group, the atom
which is directly attached to the ring is relatively positive or negative.

Since the over-all effect of many simple groups will be governed prin-
cipally by the charge on this atom, which is closest to the electrons affected,
the rules will correctly predict the orienting influence for these simple
groups.

In order to determine whether the orienting influence of substituent
groups could be more accurately correlated with their electrostatic effect,
the charge on all the atoms of the substituent group should be taken into
account, as well as their position relative to the electrons affected. This
calculation has been carried out, using accurate molecular models, with
charges assigned to the various atoms on the basis of bond moments deter-
mined from experimental dipole moment data (43). Many of these in-
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dividual bond moments have already been estimated (53, 54). Others
have been calculated in an analogous manner from more recent dipole
moment data on saturated aliphatic derivatives containing the bond in
question and from the respective atomic radii. These various individual
bond moments are summarized in table 1.

TABLE 1
Individual bond moments and atomic charges in fractions of an electron

o d ( Q ) Rt
ATOMIC CHARGE
Bom® sy | ewem [ AX1CWAXI0s| SRR
e AN ELECTRON
Debyes 4.
+) (=)
H—C 0.30 1.08 0.28 X 1071 0.06
Cc—0 0.85 1.43 0.60 0.13
C=0 2.40 1.24 1.93 0.40
c—S8 0.95 1.81 0.53 0.11
C—N 0.40 1.47 0.27 0.06
C=N 3.60 1.15 3.13 0.66
C—F* 1.60 1.44 1.11 0.23
C—F (3F)t 1.20 1.44 0.83 0.17
C—Cl 1.70 1.76 0.97 0.20
C—Cl (2 C)t 1.2 1.76 0.68 0.14
Cc—Cl 3 CI) 0.85 1.76 0.48 0.10
C—Br 1.70 1.91 0.89 0.19
C—I 1.60 2.09 0.77 0.16
H—-O 1.53 0.97 1.58 0.33
H—N 1.31 0.91 1.44 0.30
H—S8 0.68 1.35 0.50 0.11
N—-O 3.2 1.36 2.35 0.49
N=0 2.0 1.18 1.70 0.36
§—0 0.257) 1.70 0.15 0.03
S—0 2.5 1.70 1.47 0.31

* The values for the carbon-halogen bonds were calculated from primary halides,
rather than from methyl halides.
t See Smyth and McAlpine: J. Chem. Phys. 1, 190 (1933).

The charge on each atom associated with these bond moments was cal-
culated simply by dividing the bond moment by the bond length. The
basic charge distribution for the molecules was then assumed to be that
derived from the various bonds for each atom. These charges, although
undoubtedly modified by dipolar interaction, nevertheless formed a satis-
factory basis for the calculations.

The effect of any particular atom on an electron of the adjacent double
bond is then proportional to its charge divided by the square of its dis-
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tance (r) from the electrons. That portion of this total force on the elec-
trons effective in polarizing the double bond equals the total force mul-
tiplied by the cosine of the angle () formed between the line connecting the
electrons with the atom in question and the bond itself. This force, re-
ferred to as the polarizing force, is calculated for each particular atom (z)
from the following expression,

4.77 X 107" X e,
r2

Polarizing force = cos §

in which 4.77 X 107 is the electronic charge in electrostatic units and
e is the charge on the atom (z) in question.

C 688 H &'58
T

4 I89

(+60) Q (2.18)
.40//

245°
C

Fic. 1. Model for the hydroxyl group. Distances in Angstrt’)m units; charges in
E.8.U. X 101° Polarizing force = [—2.18 cos 41.1°/1.892 4 (1.58 cos 68.8°/2.15% 4
1.58 cos 24.5°/2.612)/2]-4.77 X 10~* = —1.46 dynes.

In the calculations, free rotation of substituents® and resonance of the
electrons in the aromatic nucleus have been assumed. When an atom
could occupy several positions relative to the electrons of the double
bond in the ring, the arithmetic mean of the polarizing force in the extreme

&8 In several casges, such as that of the carbomethoxyl group, complete free rotation
was impossible, owing to interference of the ortho hydrogen atoms. In such cases
the extreme position of rotation was taken as that in which the groups approached
each other as closely as the models would permit.
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positions was used. Models for two particular cases, the hydroxyl group
and the acetyl group, are illustrated in figures 1 and 2, respectively.

From such models the electrostatic effect of a large number of sub-
stituents of known orienting influence has been calculated. The correla-
tion between these two factors, listed in table 2,8 is so accurate that the
degree of meta orientation may be estimated to within less than =10
per cent from the value of the polarizing force.

F1c. 2. Model for the acetyl group. Polarizing force = [1.93 cos 42.4°/1.992 +
(—1.93 cos 69.3°/2.65 — 1.93 cos 27.7°/3.082)/2 4 (—0.84 cos 78.7°/2.54? — 0.84 cos
19.9°/3.18%)/2 + 3(0.28 cos 103.3/2.23? + 0.28 cos 1.0°/3.19%2 4~ 0.28 cos 72.8°/3.612
+ 0.28 cos 29.8°/4.072)/4]1-4.77 X 10~* = 0.89 dyne.

It should be noted that the division between the ortho-para-directing
and the meta-directing groups falls, as it should, at the value for the hydro-
gen atom; i.e., a group more negative than hydrogen is predominantly
ortho-para directing, while one more positive is meta directing.

No substituents containing an olefinic double bond have been included
in table 2, since no method is available for calculating the absolute degree
of polarization, and thus the charge distribution, for such bonds. Fur-

8The data listed in table 2 should be useful also for comparing various groups in
regard to their polarizing effect on a simple olefinic double bond.
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TABLE 2

The electrostatic polarizing influence of various substituent groups on an adjacent double
bond, compared with their orienting influence

aour TS| TR | oS
E.8.U. dynes per cent

NH. oo e —3.15 X 1010 —1.66 X 10~

OH. ... i —2.18 —1.46 3

NHCHs. oo —1.98 —1.41

(676) : PO —1.20 —1.21

N(CH) 2 o oo, —0.81 —1.16

o —1.11 —1.12

Clo .o —0.97 —0.68

[o7(0) : P TSN 0 —0.62

Br. . —0.89 —0.55

Lo —0.77 —0.39

0] = P —0.84 —0.39 4

COO .. e e +2.53 —0.07 33(b

CHoCN . oo, —0.56 +0.32 14¢

105 70 [ +0.41 0.36 4 (11¢0)

CHBI. . oo 0.33 0.36 7

103 = 73 0.55 0.39 17

¢ S 0.28 0.45 (40)

C(CH)NOs. ..o, 0.27 0.52 30

CHoNOs .o oo, —0.29 0.68 50

(02 (o) U +1.08 0.75 34

N=O. . 0t 1.43 0.77 O

CH.NHY. ... —0.29 0.80 49

CONHa. ..o i +2.20 0.84 69

1676101 5 P 1.93 0.89 55

076 P 1.44 0.93 64 (100w@)

CHO. ..ot 1.65 0.98 79

CH(CN )zt —0.28 1.05 68

CH.N(CHD . . ..o oo —0.29 1.07 88

COOCH;s. ... oo, +2.53 1.23 73

COOH. . ..., 2.53 1.25 82 (90t)

[0 0) = P 1.88 1.36 98

[0 2.49 1.41 90Wm

COCL. ..o 2.90 1.73 90

C=N . o 3.13 1.80 80 (88(®)

SOH. . oo 2.56 1.87 72 (950)

NOs oo 3.78 2.21 93

NH . o 0.18 2.21 95M)

NCH) . o, 3.69 3.21 100

®Unless otherwise noted, these values have been taken from those given by L. F.
Fieser in Organic Chemistry (edited by H. Gilman), p. 140, John Wiley and Somns,
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thermore, since the olefinic bond is a reactive center in the molecule, it
may well be modified considerably while in contact with a reagent reactive
enough to substitute in the aromatic ring.

The values for the percentage of meta orientation are principally those
for nitration (footnote 1 (page 37) and reference 50). The more recent
data are referred to in the table. These values may vary somewhat under
differing experimental conditions or for different reagents. Significantly
different values have been indicated in the table.

Although the data presented do not lead to any indication of the actual
degree of polarization of the bonds in the aromatic ring, it is significant to
compare the electrostatic polarizing forces in table 2 with two recent
estimations of the effect of substituents on the charge distribution in the
benzene ring (15, 51). If this force is the principal factor involved in
polarizing the bonds of the benzene ring, then the difference in charge
between adjacent atoms of the ring, such as the meta and para carbon
atoms in a benzene derivative, should parallel the electrostatic polarizing
force of the substituent.

Inc., New York (1938), and are principally for nitration.
(0Smith: J. Chem. Soc. 1934, 213. The calculation of the polarizing force was
based on the ion as indicated with the following charge distribution:

+2.53 O -=1.93

7
—C

0 -=5.37

Any hydration of this ion by hydrogen bonding with the solvent (water) would
increase the value of the polarizing effect and thus bring this group into agreement
with the others in the table.

Fliirscheim and Holmes: J. Chem. Soc. 1928, 2230.

(DFliirscheim and Holmes: J. Chem. Soc. 1928, 1607.

()Baker and Ingold: J. Chem. Soc. 1926, 2462,

(OHammick, New, and Sutton (J. Chem. Soc. 1932, 742) have suggested that the
reason the nitroso group directs ortho-para, contrary to predictions, is that nitroso-
benzene actually exists in solution as a dimer,

@Lauer: J. prakt. Chem, 142, 252 (1935).

®Reese: Chem. Rev. 14, 55 (1934).

®Baldwin and Robinson: J. Chem. Soc. 1932, 1445.

@ Finger, Nachtrieb, and Reed: Trans. Illinois State Acad. Sci. 81, 132 (1939).

®Lauer: J. prakt. Chem. 143, 127 (1935).

®Since aniline is a weak base, the ortho and para derivatives frequently obtained
from aniline salts may arise from the reaction of free aniline. This view is supported
by the fact that increased acid concentration always results in increased meta ori-
entation in aniline and its derivatives (Noelting and Collin: Ber. 17, 261 (1884);
Clemo and Smith: J. Chem. Soc. 1928, 2414).
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Hammett (15) has found that, for a large variety of reactions of benzene
derivatives, the effect of a substituent in the meta or para position on the
rate (or equilibrium) of the reaction may be expressed as

Ink —Inky = po 1)

where k is the rate constant for the meta- or para-substituted derivative,
ko is that for the unsubstituted compound, and p and ¢ are two constants.
The reaction constant p depends solely on the nature of the reaction under
consideration, e.g., the hydrolysis of an ester, esterification, the ionization

TABLE 3

Comparison of the difference in the substituent constant o for a substituent in the meta
and para positions with the polarizing force of the substituent (table 2)

GROUP om* op Ag FoLaRIING
NH. ... —0.161 —0.660 —0.499 —1.66 X 10—
OCH;s.............. +0.115 —0.268 —0.383 —1.21
F.................. 0.337 +0.062 —0.275 —1.12
Cl.................. 0.373 0.227 —0.146 —0.68
Br................. 0.381 0.232 —0.149 —0.55
CHs............ o1 —0.069 —0.170 —0.101 —0.39
) +0.352 +0.276 —0.076 —0.39
COCH;s............ 0.306 0.874 +0.568t +0.89
CHO.............. 0.381 1.126 0.745% 0.98
COOH............. 0.355 0.728% 0.373 1.25
C=N.............. 0.678 1.000% 0.322 1.80
NOgooovvv oo 0.710 1.27% 0.56 2.21

* The values for ¢ are taken from reference 14, page 188.

t The only determinations from which these data were calculated were the rates
of hydrolysis of the corresponding sulfonic acids.

1 These data are for phenol derivatives. The evidence indicates that these values
may be different for other types of compounds (15).

of an acid, etc., whereas the substituent constant ¢ is dependent solely on
the nature of the substituent in the meta or para position. The substituent
constant is interpreted by Hammett as a measure of the electron density
produced by a substituent at the reactive group, while p measures the sus-
ceptibility of a particular reaction of this group to changes in electron
density.

A comparison of the difference in values of ¢ for different substituent
groups in the meta and para positions is presented in table 3, accompanied
by the polarizing force of the substituents. The close parallel between the
polarization as measured by ¢ and the polarizing force would indicate
strongly that these two values must be directly connected.
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Ri and Eyring (51) have estimated the charges on each nuclear carbon
atom of benzene derivatives by analysis of the data in the literature for the
competitive rates of nitration of various derivatives of benzene. They
based their calculation on the assumptions that nitration proceeds by a
cationoid mechanism and that the interaction between the nitro cation
(NO?) and the charge on the carbon atom with which it reacts changes
the free energy of activation by the amount e,e,/rD, where ¢, is the charge
on the carbon atom undergoing nitration, e, the charge on the nitro group,
r the distance between the two charges in the intermediate activated com-
plex, and D the dielectric constant of the medium separating the charges.
The distance r was taken as 1.6&, a value 10 per cent longer than the nor-
mal carbon-nitrogen bond. At this distance there can be no molecules
separating the charges, so the dielectric constant is considered to be unity.
The rates of substitution at a carbon atom in benzene (kyg) and at a carbon
atom ¥ in a benzene derivative (k,) will then be

kg = e AFIRT ()
k, = ag (AF+euealrD) BT 3)

from which
ky kg = ¢ venlTPRT 4)

From the rates of nitration of a benzene derivative in each position
relative to the rate for benzene itself, Eyring and Ri were thus able to
estimate the charge on each atom in the ring by use of equation 4. The
differences between this charge (e,) for the positions meta and para to the
various substituents are summarized in table 4, again compared with the
electrostatic polarizing force of the substituent group. The agreement is
even more satisfactory than for the values of o (table 3).

It is of some interest to point out the theoretical relationship and im-
plications of the work of Hammett and of Ri and Eyring as well as that of
Jones (23). The latter investigator has found that, in the rate expres-
sion

k= o e—E/RT
for the halogenation of a large variety of aromatic derivatives, particularly
of the type p-XCsH,OR, o remained constant while the effect of the vari-
ous substituents on the activation energy E was additive. Expressing the
rate of chlorination in the same manner as that of nitration (equation 3),
the activation energy, E, may be represented as

E = AF + eye,/rD (5)
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where AF represents a constant, ¢, the charge on a carbon atom y of the
nucleus, e, the charge on the entering substituent, in this case a chlorine
cation, Cl*, and r and D represent the distance and dielectric constant
as before. If the effect of a substituent is principally on the charge, ¢,, and
if this influence for two groups in the same ring is substantially independent,

TABLE 4

Comparison of the differences between the charges on the meta and para carbon atoms, as
calculated by Ri and Eyring (61), with the polarizing force (table 2)

GROUP Cym eyp Aey PO;‘;‘;?;NG
E.8.U. X 10w E.8.U. X 10 E.8.U. X 100
Foooooooo. 0.0933 0.0035 —0.0898 —1.12 X 10~
Cloooiiiin 0.115 0.027 —0.088 —0.68
Br...........ool 0.116 0.0305 —0.0855 —0.55
O 0.0909 0.0065 —0.0844 —0.39
1O & P —0.0128 —0.0532 —0.0404 —0.39
CHCL.............. 0.114 0.070 —0.044 +0.36
CHClg.oovvvvnnn e 0.117 0.104 —0.013 0.75
CCly..ovvininnn 0.0876 0.0892 +0.0016 0.93
COOCH;. .......... 0.0929 0.1230 +0.030 1.23
COOH............. 0.0411 0.0871 +0.046 1.25
NOgovvvvvvinnis 0.191 0.248 +0.157 2.21

then the effect of the two substituents on the activation energy for the
reaction will be additive.

E=AF+(£L1L_._%)"= 6)
rD

In this expression, e,, represents the charge induced on the carbon atom y
by one substituent, and e,, that induced by a second substituent. The ad-
ditivity of the effects of different groups may thus be adequately accounted
for by equation 6.

The constancy of the probability factor” «, observed experimentally by
Jones and implicit in the derivation of equation 4 from equations 2 and 3
by Ri and Eyring, leads to a direct interpretation of the p and ¢ constants
of Hammett (equation 1). If we extend equation 2 to include the pos-
sibility that, in the benzene derivative under consideration (C¢H;R), the
carbon atom to which the reactive group R is attached may have a charge
egr, the equation can be represented as

kg = ae—(Ar°+an¢=/w)/Rr (7)

THammett (14) has presented a discussion of the conditions necessary for the
constancy of «, considered from the viewpoint of the transition-state theory.
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A second substituent, y, in this compound will change the value of ey
to e,

k,, - ae—(AFo-l-Byﬂz/rD)/RT (8)
or
Inky — Ina = — (AF/RT + ege./rD-RT) (9)
and
Ink, —Ina = — (AF°/RT + eye./rD-RT) (10)
Subtracting equation 9 from equation 10, we find
Ink, — Inkyg = — (e, — er)es/rD-RT (11)

The term? (e, — eg) is the change in electron density induced on the
carbon atom of the benzene adjacent to R by the substituent and is in-
dependent of the reaction; thus it corresponds to ¢. The term e./rD, the
charge on the attacking reagent divided by its separation from the point of
attack in the activated complex, is dependent solely on the nature of the
reaction and thus corresponds to the p factor.

The factor 1/T is absorbed in the p factor. The only case for which
o has been determined at two different temperatures is for the reaction of
aniline derivatives with 2,4-dinitrochlorobenzene at 25° and 100°C. At
the lower temperature, p = —3.1910 = 0.07; at the higher, p = —2.581
+ 0.16. Multiplying by the absolute temperature, the first value becomes
—950 =+ 20 and the second —-962 + 60. A much more thorough test of
the inverse proportionality of p and the absolute temperature is necessary.

The fact that equation 1 fails for cases in which the substituent is ortho
to the reactive group may be accounted for very simply by the failure of
the probability or steric factor a to remain constant, although a direct
polar influence of the substituent on the reactive group, rather than one
passed through the ring, is also undoubtedly of considerable importance.

The wide variety of reactions for which equation 1 may be applied im-
plies the constancy of both a and AF? for all these reactions. If AF?®
actually does remain constant for all these diverse reactions, it can of
course be included in «, and the rate expression becomes

kﬂ - ale—evez/rDRT (12)

In other words, the activation energy for this group of reactions may be
determined solely by an expression involving the interaction between
the electron density of the reactive group (e,) and the electron density of
the reagent (e,) at the distance r which separates them in the activated
complex.

¢It must be this difference in charge between a carbon atom in benzene itself and
in a derivative which was calculated by Eyring and Ri, rather than the absolute
value of the charge.
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C. Anomalous orientation

One case of orientation which frequently gives results which have been
considered anomalous is that of alkylation by the Friedel-Crafts reaction.
In many cases of the alkylation of benzene, for instance, using an alkyl
halide with aluminum chloride as catalyst, the dialkylated material con-
sists chiefly of the meta isomer, whereas the first alkyl group should orient
an incoming group to the ortho and para positions. It has been suggested
(45) that this fact is due to the reversibility of the reaction.

R

/ AICI /
]j+RCl~———i‘ ]+HCI
AN \

1 ra

R R R
/ RCl / /
H01+'W=k] +HCl= ] + RCl
% Y R N\
v
][ RC1
R R R
n/ Y Y
] ] and ] ] + HCl= ]W + RCI
\ R R\R R R(_JR

Nightingale and Smith (35), in studying the action of aluminum chloride
in rearranging compounds of the type V to the symmetrical isomer, have,
in fact, isolated substantial amounts of the m-dialkyl compound. This
replacement of the alkyl group in the 4-position by hydrogen would take
place according to the following steps:

HCl + AICl; = H+ (AICL)~

f=v}
f=v}
f=v}
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The ease with which the R group will be replaced by hydrogen in this man-
ner will be conditioned by its affinity for the pair of electrons binding it to
the carbon atom of the benzene ring. This is indeed true, since a methyl
group in this position is much more stable than other alkyl radicals, and
n-propyl is more so than isopropyl (34).

It is thus apparent that an alkylation performed in such a manner that
the reaction is reversible may lead to m-dialkyl derivatives, whereas the
irreversible alkylations will yield the expected o- and p-dialkylbenzenes.

This same explanation may be applied to the results of Wibaut and van
Loon (59) on the halogenation of benzene at high temperatures. For ex-
ample, benzene reacts with chlorine above 600°C. to yield m-dichloroben-
zene rather than the normal o- and p-isomers. The migration of aro-
matically bound halogen atoms under certain conditions has already been
mentioned; evidently elevated temperatures in the presence of hydrogen
chloride may lead to the same result.

cl Cl Cl
Y% V4 Va4
(j+012—>lw +HCIM;>] ] + Ch

IV, SUMMARY

Investigations of the usual substitution reactions in benzenoid com-
pounds involving the replacement of a hydrogen atom, particularly halo-
genation and the Friedel-Crafts type of reaction, support & mechanism
involving attack by an electron-deficient cationoid reagent.

On the basis of such a mechanism, the orientation of an entering group
may be effected by the polarization of the double bonds of the benzene
ring. This polarization may be accomplished by the electrostatic attrac~
tion or repulsion of a substituent group for the electrons of the adjacent
double bond in the ring. Since the electrostatic polarizing forces for a
large variety of substituents, calculated from dipole moment data and
interatomic distances, closely parallel the observed orienting influences of
the groups, this force is apparently the principal factor governing orienta-
tion.

The polarizing force for a hydrogen atom was estimated to be 0.45 dyne.
Groups having a smaller but positive polarizing force are predominantly
ortho—para directing, although significant amounts of the m-isomeride are
usually obtained; groups having a negative (electron-repelling) polarizing
force are almost exclusively ortho-para directing. Groups having a polar-
izing force larger (more electron-attracting) than that of hydrogen (0.45
dyne) but less than 1.0 dyne are principally meta directing, although sig-
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nificant amounts of the o- and p-isomerides are formed; groups having a
polarizing force greater than 1.0 dyne are increasingly powerfully meta
directing, usually yielding 90 per cent or more of the m-isomeride.
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