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The results of Parts I-V are illustrated by their application to various reactions of aromatic compounds. It is shown that
the predicted effects of annular heteroatoms and of substituents of all types on the rates of reaction and the orientation of the
products agree qualitatively with the predictions of resonance theory. The present treatment leads also to semi-quantitative
estimates of these effects, and of the relative rates of substitution at various positions in even AHs. (The validity of such
calculations has been discussed in previous papers of this series.) The reactivities of even AHs in Diels—Alder reactions, and
in reactions with osmium tetroxide, can also be estimated, the results agreeing reasonably with previous calculations®% and
their significance in connection with carcinogenic activity is discussed. The problem of o: # ratios, ete., in substitution reac-

tions is considered.

In Parts I-V! of this series, a general discussion
of organic chemistry was given in terms of MO the-
ory. Here the results will be illustrated by their
application to some specific chemical problems,
namely, the substitution and addition reactions of
aromatic systems. It will be assumed that the
transition state (TS) in a substitution reaction has
the configuration postulated by Wheland,?® in
which the carbon atom undergoing attack has un-
dergone a change in hybridization to sp? and is con-
sequently removed from conjugation: e.g.
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The activation energy AE may then be written in
the form
AE = C + AE, (1)

where C is a coustant characteristic of the reagent
and the replaced group and AE, is the difference in
w-electron binding energy between the initial and
transition states. For a given type of substitution
(X, Y constant), the activation energy AE, and so
the rate of reaction, will be determined only by dif-
ferences in AE,. The transition state contains
a mesomeric system similar to that in the initial
state but lacking one carbon atom; in the case of
electrophilic substitution it carries a formal positive
charge relative to the initial state, in nucleophilic
substitution a formal negative charge; in radical
substitution there is no first order charge displace-
ment.

(a) Substitution in Alternant Hydrocarbons.—In
substitution of an even AH, the TS is an odd AH;
" for substitution by the three types of reagent the TS
will be an odd AH cation, anion or radical. Since
these differ only in the numbers of electrons present
in the NBMO of the TS, which MO has zero energy,
the term AE, in (1) will be the same for substitu-
tion at a given position in a given even AH by rea-
gents of all three types. The orientation of substi-
tution, and the relative reactivity of different even
AHs, should then be similar for all three types of

(1) For Parts I-V see THIS JOURNAL, T4, 3341 ff, (1952).
(2) Reilly Lecturer March—April, 1951. Present address: Univer-
sity of London, Queen Mary College, Mile End Road, London E.1,,

England.
(3) G. W, Wheland, TH1s JoUurNaL, 64, 900 (1942).

reagent. This effect is known experimentally;
thus naphthalene substitutes mainly « with electro-
philic, radical and nucleophilic reagents.

In the case of an even AH, AE, can be calculatel
at once from theorem 2 of Part 11!

AE‘H’ = 23((10: + aos) (2)
where a,o-, dos are the NBMO coefficients of the TS
at the points of attachment to the center of attack.

Thus for a-substitution in naphthalene the NBMO
coefficients are as indicated in (I)

H X
o>
—a 2a
a —2a
a = (11)~Y:
I

hence AE, = 28(¢ + 2a) = 1.813. 'These energy
differences AE, may be called localization energies
since they represent the energy required to localize
reactive electronic groupings at specific atoms in
even AHs. Values for substitution in different po-
sitions in a number of aromatic hydrocarbons are
given in Table I, in units of 8. The smaller the
localization energy, the more readily should substi-
tution occur.

The relative rates of substitution in different
AH’shave not been measured, but predictions made
from Table I agree qualitatively with the informa-
tion available. Thus reactivity rises in the series
benzene < naphthalene < phenanthrene < anthra-
cene < naphthacene < pentacene. The orienta-
tions predicted from Table I again agree in almost
every case with those observed; e.g., naphthalene
(@), phenanthrene (9), anthracene (9), naphthacene
(3), pyrene (3), chrysene (6), 1,2-benzanthracene
(7), 3,4-benzpyrene (6).* Triphenylene is an ex-
ception, substituting 2 rather than 1; however, the
predicted difference in reactivity between the two
positions is small and the 1-position is sterically
hindered. A second exception is the Friedel-
Crafts acylation of 3,4-benzpyrene in the 1l-posi-
tion,® other substitution reactions giving 6-deriva-
tives; it seems likely that in this case coérdination
with the electrophilic catalyst blocks the most re-
active (6) position, leaving the next most reactive
(1) position open to attack. Other cases are

(4) For references see N. P, Buu-Hoi, P. and R. Daudel and C.
Vroelant, Bull. soc. chim., 16, 211 (1949).
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known where Friedel-Crafts reactions give unex-
pected products (e.g., acenaphthene), probably for
similar reasons.

Further work is desirable to check the predicted
orientations in other ring systems, but it seems al-
ready likely that they will in general prove correct.
Such calculations would then be of some practical
value since the study of polynuclear hydrocarbons
has been hampered by the difficulty of ascertaining
the orientations of their derivatives.

(b) The Diels-Alder Reaction.—It is well known
that many polynuclear aromatic hydrocarbons will
undergo Diels—Alder reactions with active dieno-
philes such as quinone or maleic anhydride, and the
evidence suggests that such reactions proceed by
one-step processes through cyclic transition states;

e.g.
& \/\\ + |
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Brown® pointed out that the energy difference be-
tween the initial and transition states should then

TaABLE II

PARALOCALIZATION ENERGIES IN UNITS OF 3, FOR THE MOST
ReaCTIVE ParRA POSITIONS IN SOME ALTERNANT HYDRO-

CARBONS
Predictions This Experi~
by Brown# paper ment%
Pomts Points Points of
of a_&ck
Compound attack E/B attack E/B (if any)
Benzene 1:4 4.00 1:4 4.62
Phenanthrene 1:4 3.77 1:4 3.82 .
Naphthalene 1:4 3.68 1:4 3.62 1:4(?)
1,2-5,6-Dibenzanthracene  5:10 3.51 5:10 3.04 5:10
1,2-7,8-Dibénzanthracene 5:10 3.51 5:10 3.02 5:10
1,2-3,4-Dibenzanthracene 5:10 3.48 6:10 3.00 5:10
Pentaphene 5:14 3.45 65:14 2,83 5:14 +8'13b
1,2-Benzanthracene 5:10 3.41 5:10 2.79 5:10
Anthracene 9:10 3.31 9:10 2.52 9:10
5:12 3.36 5:12 2.33 6:11
1,2-Benznaphthacene {6:11 3.98 6:11 2.21
Naphthacene 5:12 3.25 5:12 2.25 5:12
Pentacene 6:13 3.18 6:13 1.60 6:13

s The compounds are arranged in order of increasing re-
activity to maleic anhydride, insofar as this is known. ¢ As
Brown® has pointed out, the monoadduct is a simple an-
thracene derivative, and shouild react more readily thar
pentaphene itself with maleic anhydride. In fact, enly the
double adduct can be isolated from the reaction.

(8) R. D, Brewn, J, Chem. Soc,, 691, 2730 (1050),
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be related to the difference in w-electron energy
between the parent AH and the AH, or pair of AH’s,
obtained by removing the two carbon atoms at
which addition takes place. Brown estimated
these paralocalization energies by an ingenious semi-
empirical method for a number of hydrocarbons
and showed that in fact Diels—Alder reactions are
observed only when the corresponding paralocaliza-
tion energy is small. These paralocalization ener-
gies can also be estimated approximately by the
NBMO method, since to a first approximation the
paralocalization energy should be equal to the sum
of the individual localization energies at the two
carbon atoms. Values so calculated are compared
with the more accurate results of Brown in Table 11,
and it will be noticed that they show an excellent
correlation with the accurate values and with the
experimental evidence.

(¢c) Oxidation with Osmium Tetroxide.—The
oxidation of AH’s to dihydrodiols with osmium
tetroxide is probably a reaction similar to the Diels—
Alder reaction in that attack takes place simultane-
ously at two atoms in the hydrocarbon, but in
this case the steric requirement is that the atoms
should be directly linked to one another, 7.e., ortho
and not para. The case of reaction should then
run parallel to the m-electron energy difference be-
tween the parent AH and the AH obtained by re-
moving those two atoms—i.e., the ortholocalization
energy. Brown® has shown such a parallel to exist.
Here again, the ortholocalization energies can be es-
timated by the NBMO method, though a little
more complexity is involved. Suppose the atoms
removed are s and t, and let atom s be also linked to
atom r, atom t to atom u in the parent AH. Let
the NBMO coefficients of atoms r, t in the odd AH
obtained by removing atom s be a, at, respectively;
and the coefficients of atoms s, u in the odd AH ob-
tained by removing atom t be b5, by, respectively.
Then it has been shown! that, to a first approxima-
tion, the orders of the various bonds are

Pay = bs
Pat = @ P = by

The two values for ps will not in general agree,
since they are approximate only; we may take
their mean

Prs = Qr

(3)

1
Pst = é ((Zt + bs) (4)
The ortholocalization energy is then given! ap-
proximately by

Ey = 28(prs + pst + Pru)
= B(2a: + as + bs + 2by) (5)

Values so calculated are compared in Table I11 with
the accurate values obtained by Brown and with
the results of experiment; the agreement is quali-
tatively excellent.”

(d) Oxidation to Quinones,—The mechanism of
oxidation of hydrocarbons to quinones is not
known, but it can be deduced from the preceding

(6) R. D. Brown, J. Chem. Soc., 3249 (1950).

(7) The use of the NBMQ method to calculate ortholocalization
and paralocalization energies involves a cruder approximation than its

usé to calculdte simple lecalisation energies 80 a quabtitative cofre-
spondence would not be sxpected in the fermer cases.

AROMATIC SUBSTITUTION AND ADDITION

3359

TaBLE III
ORTHOLOCALIZATION ENERGIES OF SOME HYDROCARBOXNS

Most Ortholocalization energy?

reactive Caled. This

Hydrocarbon bond?® Brown8 paper
Benzene 1:2 3.53 3.46
Triphenylene 1:2 3.38 2.99
Naphthalene 1:2 3.26 2.68
1,2-3,4-Dibenzanthracene  5:6 3.24 2.70
Anthracene 1:2 3.20 2.16
Chrysene 1:2 3.12 2.08
3,4-Benzphenanthrenc 1:2 3.10 2.23
1,2-Benzpyrene 6:7 3.08 2.02
Phenanthrene 9:10 3.07 2.15
Pyrene 1:2 3.06 2.35
1,2-5,6-Dibenzanthracene  3:4 3.05 1.94
1,2-7,8-Dibenzanthracene  3:4 3.04 1.99
1,2-Benzanthracene 3:4 3.03 1.90
1,2-Benznaphthacene 3:4 3.01 1.84
Pentaphene 6:7 3.01 1.74

@ Both theoretical methods predict similar orientations
for attack, and these agree with experiment in all cases that
have been studied. °®The definition of ortholocalization
energy used here differs slightly from Brown’s, the values
here being uniformly greater by 2 8.

results. If the oxidation involves a simultaneous
attack at two carbon atoms, it should take place at
the two atoms with the minimum combined locali-
zation energy; in 1,2-benzanthracene, these are the
5,6-positions, the ortholocalization energy for these
being less than the 7,12-paralocalization energy.
Since oxidation gives the 7,12-quinone, one may de-
duce that the first step is rather a one-center attack
by some electron-deficient cation which takes place
at the point with the smallest localization energy.
The secondary attack should then take place in such
a way as to give the most stable possible product;
that is, at the position of opposite parity to the first
with the largest combined localization energy pro-
vided the product is a Kekulé AH (in the case of
ortho positions, this will be the ortholocalization en-
ergy calculated from (8); in other cases it will be
the sum of the simple localization energies). These
considerations lead correctly to the prediction that
1,2-benzanthracene should give the 7,12-quinone.
Some further examples are given in Table IV; the
case of 1,2-benznaphthacene is particularly inter-
esting since it is not at all easy to predict on the
basis of current theory whether the 7,14- (VII) or
the 8,13-quinone (VIII) should be formed

S ooy

VIII

(e} Biochemical Oxidation of Aromatic Hydro-
carbons.—An analogous argument suggests that the
biochemical oxidation of hydrocarbons to dihydro-
o-diols is a reaction akin to the osmium tetroxide
oxidation, since it involves attack at double bonds
and not at reactive meso positions; these reactions
cannot therefore involve one-center attacks by radi-
cals as some authors have suggested, However,
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TasLEe IV
PREDICTED ORIENTATION AND RELATIVE EASE OF ATTACK

v CrO; OXIDATION OF AROMATIC HYDROCARBONS TO
QUINONES
AE/8 for
Predicted primary Quinone

Hydrocarbon quinone attack formed
Benzene 1,4 2.31 ..
Naphthalene 14 1.81 1,4
Phenanthrene 9,10 1.79 9,10
Chrysene 1.2 1.67 1,2
Pyrene 3,8 + 3,10 1.581 3,8 + 3,10
1,2-Benzanthracene 7,12 1.35 7,12
Antliracene 9,10 2.16 9,10
Naplithacene 5,12 1.13 5,12
1,2-Benzonaphthacene 8,13 1.09 8,13
Pentacerne £,13 0.80 6,13

the reactions cannot be strictly analogous to the os-
mium tetroxide oxidations since the products are
invariably trans-diols.® It seems imore likely that
in this case the first step is an addition of some bio-
chemical acceptor to a double bond to form a =-
complex, and that the latter then reacts with some
nucleophilic reagent such as HO~ or H,O to give a
trans-diol derivative; the reaction would then be
analogous to the usual electrophilic additions to ole-
fins, which will be discussed in more detail in a later
paper of this series.

(f) Carcinogenic Activity.—A. and B. Pullman
noticed® that carcinogenic activity is shown only
by hydrocarbons having a phenanthrene structure
with a bare 9,10-bond which they called the K-
region of the molecule. They found a semi-quanti-
tative correspondence to hold between carcinogenic
activity and a theoretical quantity which they
termed the total charge density of the K-region, this
being defined as the sum of the bond order of the K-
region bond and the indices of free valency of the
terminal atoms. It can be shown that the corre-
sponding quantity in MO theory is linearly related
to the ortholocalization energy of the K-region, be-
ing greater the less the ortholocalization energy.
Accepting the empirical correspondence!® between
bond orders and free valencies determined by the
MO and VB methods, this result implies that the
first step in carcinogenic action is an attachment of
the hydrocarbon to some acceptor grouping in the
cell by one-step addition to the K-region bond.
Undoubtedly this in itself cannot be the basis of
carcinogeuicity, since many hydrocarbons with
low miniimum ortholocalization energies are 1on-
carcinogenic; but it does seem to eliminate from
consideration free radical mechanisms for carcino-
genesis. (It is still entirely possible that the pre-
liminary association with cell constituents involves
formation of w-complexes rather than simple ad-
ducts, the more so in view of the arguments from
biochemical oxidation which were considered
above.)

(g) Addition vs. Substitution.—Many reactive
hydrocarbons, particularly the higher acenes, tend

(8) Cf. Biochemical Society Symposia No. 5; Biological Oxidation
of Aromatic Rings, Cambridge, 1950.

(9) A, Pullman and B. Pullman, Acta de I’ Union Inter. ¢/le Cancer, 6,
57 (1948); Bull. soc. chim, Biol., 81, 343 (1949); J. chim. phys., 48, 212
(1949).

(10) C. A. Coulson, P. Daudel and R. Daudecl, Rev. Scientifigue, 85,
29 (1947); Bull. soc. chim., 18, 1181 (1948).
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to undergo addition rather than substitution with
the usual electrophilic reagents. Both reactions
will of course proceed through similar intermediate
cations, formed by addition of the reagent; addi-
tion should be favored by an increase in stability of
this intermediate, prolonging its life, and by an in-
crease in relative stability of the product. Addi-
tion should therefore be favored by a low localiza-
tion energy at the point of primary attack, and a
low combined localization energy (ortho- or para-)
with some other position. These conditions are ful-
filled especially well in the higher polyacenes, and
also by the reactive K-regions of many phenan-
threne derivatives; it is just these types of com-
pound that tend to undergo addition instead of sub-
stitution.

(h) Substitution in Alternant Heterocyclic Sys-
tems.—The properties of alternant heterocyclic
svstemis can be related to those of isoconjugate
AHs, as Longuet-Higgins!! has shown. The
activation energy (AE of equation (1)) is given, for
any heterocyclic compound, by

AE = AE, — Y alqe — qf) (6)
where AL, is the corresponding activation energy for
the isoconjugate AH; ¢, ¢f are the charge densities
at atom r in the initial and transition states, re-
spectively; and ar is the coulomb term of atom 7.
If the heterocyclic compound is alternant, this be-
comes

AE = AEy — 4 Y a:al (7)
r

where @or is the NBMO coefficient of atom r in the
TS, and A = 41, —1, 0 for electrophilic, nucleo-
philic and radical substitution, respectively.

To a first approximation, ¢ = 0 for all atoms ex-
cept the heteroatoms; equation (7) then implies, as
Longuet-Higgins!! pointed out, that a heteroatom
should activate all positions of opposite parity to
itself toward nucleophilic substitution and deacti-
vate them toward electrophilic substitution; while
the reactivities of positions of like parity to the het-
eroatom should remain unchanged. The magni-
tude of the effects can be estimated from equation
(7): thus the NBMO coefficients of the TS (I) show
that replacement of the 2- or 4-carbon atoms in
naphthalene by nitrogen should activate the 1-po-
sition strongly to nucleophilic substitution and de-
activate it strongly to electrophilic substitution, ni-
trogen atoms in the other ring having much smaller
effects. 4-Chloroquinoline and 1-chloroisoquinoline
do in fact undergo nucleophilic replacement of
chlorine much more readily than does «-chloro-
naphthalene.

This treatment as it stands is inadequate since it
predicts that positions of like parity to the hetero-
atom (e.g., the B-positions in pyridine) should
remain unaffected, and also that the hetero-
atom should have no effect on radical substitution.

Now in addition to its effects on the x-electrons a
heteroatom will induce positive charges on adjacent
carbon atoms, and so increase their effective elec-
tron affinities, by polarizing the intervening o-

(11) H. C. Longuet-Higgins, J. Chem. Phys., 18, 285, 275, 283
(1950).
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bonds. Quantitative studies!? of the inductive ef-
fect suggest that if the coulomb term of the hetero-
atom is a, that of an adjacent carbon atom will be
changed to ea, of a next-adjacent carbon to ew
etc.; with e ~ 0.3. These carbon atoms will then
affect substitution in accordance with equation (7).
The most important effect is that of atoms adja-
cent, and therefore of opposite parity, to the hetero-
atom, since these will affect substitution at positions
of opposite parity to themselves—i.e., of like parity
to the heteroatom. Consequently by this indirect
action a heteroatom should also deactivate to elec-
trophilic, and activate to nucleophilic, substitution
positions of like parity to itself; although of course
the direct effect on positions of opposite parity
should be greater. It is well known that heterocy-
clic compounds undergo electrophilic substitution
much less readily than do isoconjugate hydrocar-
bons, and that the deactivation is usually greater at
positions of opposite parity to the heteroatoms (e.g.,
the @, v-positions in pyridine).

Free radical substitution should be facilitated by
heteroatoms without any marked orientation,
since according to theorem 60 of Part IV! hetero-
atoms at any position stabilize odd alternant radi-
cals more than they stabilize even alternant sys-
tems. There should be a slightly greater activation
of positions of opposite parity to the heteroatom
but the difference should be small. The experi-
mental evidence suggests that pyridine is substi-
tuted more readily by radicals than is benzene, and
all three positions show similar reactivity.!3!4

The idea that heteroatoms in unstarred positions
should stabilize odd AH anions is supported®® by
the observation that 8-picoline is much more acidic
than toluene, the methyl group being alkylated
readily by sodamide and methyl iodide.

Equation (7) cannot be tested experimentally at
present for lack of experimental data.

(i) Effect of =E Substituents.—An AH bearing
a =F substituent is itself an AH, and substitution
in it may be studied by the methods used in (a)
above. It is interesting, however, to compare the
substituted AH with the unsubstituted AH—i.e.,
to determine the effect, if any, of the substituent.
The analysis need be carried out only for hydrocar-
bomns since in the present approximation the effects
of different structural changes will be additive.
(Additivity has also been established experimentally
for the combined effect of two or more substitu-
ents on substitution.f)

If the substituent is attached at an inactive posi-

(12) G. E. K. Branch and M. Calvin, ‘““The Theory of Organic
Chemistry,”” New York, N, Y., 1946; J. C. McGowan, Chemisiry and
Industry, 632 (1948); cf. M. ]J. S. Dewar, J. Chem, Soc., 463 (1849).

(13) Cf. D. H. Hey and E. W, Walker, ¢bid., 2213 (1948). The o-
isomer predominates, presumably through selective activation of posi-
tions adjacent to nitrogen, as discussed in section (n) below.

(14) Notice that Wheland? had predicted significantly greater re-
activity in the «,y-positions. Here the present treatment seems more
satisfactory than the MO method, to which it is only a first approxima-
tion. The same curious situation has arisen much more foreibly in a
study of light absorption and a possible explanation will be given in
papers dealing with that problem. Such discrepancies cannot reason-
ably be held against the present treatment so long as they continue to
operate in its favor.

(15) H. C. Brown and W. A. Murphey, Abstracts of 119th Meeting
of the American Chemical Society, 1931.

(16) A. F. Holleman, Die Direkte Einfuhrung von Substituenten
in dem Benzolkern,”” 1910; Chem. Revs., 1, 187 (1925).
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tion in the TS, it will not affect the NBMO of the
latter since the substituted T'S will be cross-conju-
gated. Hence a = E substituent has no first-order
effect on the rate of any mode of substitution in-
volving a TS in which the substituent is attached at
an inactive atom. It is also easily seen thata £ E
substituent at an active position will not alter the
relative magnitudes of the NBMO coefficients of the
TS, but it will reduce their absolute magnitudes
since the NBMO now spills over into the substitu-
ent. This will be clear from a comparison of the
TS's (IX) and (X) for substitution in benzene and
diphenyl. It follows that a = E substituent should
facilitate substitution of all types at positions of
unlike parity to its point of attachment, which
conclusion agrees qualitatively with that of current
theory.

L N N4 ,
e DTS

a/2
a = (3)7' a = (875)7"
IX X

A semi-quantitative estimate of £ E activity of a
= I substituent S may be given by extending this
argument., Suppose S is attached to an odd AH R
at an active position r. Let the NBMO coefficient
of r in RS be a,, and let the NBMO coefficients of
active atoms in S in RS be 4;. Then an estimate of
the = F activity of R is given by the quantity 4 =,
defined by

4= =a? ) b (8)
N

since 4 * is a measure of the extent to which the
zero MO of R spills over into S, and it is easily seen
that A = is characteristic of S and independent of
the substrate R. Some such values are given in
Table V.

TABLE V

Substituent A=
—CH==CH, 1
—CH=CH—CH =CH, 2
—Ph 0.75
—CH=CHPh 1.75
a-Naphthyl 1.49
B-Naphthyl 1.37
9-Anthryl 1.87
—CH=CPh;, 2.5

Again, few experimental results are available to
check these values but they seem qualitatively rea-
sonable. For instance, the basic strengths of aro-
matic amines are less than those of aliphatic amines
since the conjugation between nitrogen and the ring
in the former is broken in the salt; the decrease in
basic strength is then a measure of the conjugating
power of the % E substituent attached to nitrogen.
Hence the decrease in basic strength in the series
aniline > B-naphthylanine > a-naphthylamine imn-
plies increasing =+ £ activity in the series Ph < 8-
naphthyl < a-naphthyl as predicted from Table V.

The effect of = E substituent on the ease of a re-
action such as substitution can be expressed in terms
of its 4*=. Let the NBMO coefficient of the un-

(17) It is easily shown that the effect of the #=E group in this con-
nection should run parallel to its £ E activity.
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substituted TS at the point of attachment of the
substituent be a., and the energy difference between
the unsubstituted initial and transition states be
AL, Then the corresponding energy difference
AF, for the substituted TS is given approximately
by

AE, = AE(1 + a."{*) R (12;)

Note that if the substituent is attached to an inac-
tive atom, ¢ = 0 and AEs = AE,, as stated earlier.
Note also that a. will be greatest for substitution in
the ring bearing the substituent, so that the effect
of tlie latter tends to be localized (¢f. the effect of
lieteroatoms in heterocyclic systems).

(j) +E Substituents.—The effects of -/ sub-
stituents can be derived from those of equivalent
=+ /7 substituents in the same way that the proper-
ties of heterocyclic compounds were derived fromn
those of equivalent AH’s. The effect will fall into
two parts; the first identical with that for the
equivalent =K substituent, the second a measure
of energy changes due to changes in charge density
at the heteroatoms. Since tliese will vanish {(ap-
proximmately) if the substituent is attached to a neu-
tral AH, the effect of the 4/ substituent R+ will
thien be approximately the same as that of the equiv-
alent +E substituent R. Differences arise when
the =+ £ substituent is attached to an active atom
1 an odd AH ion. In the notation of the previous
section, it is easily shown that the stabilizing effect
on the odd AH ion S is given by

AE* = AE™ & qiPa (1 + aid* )1 (13
where

dy = be/as (14

d, being defined to be a characteristic of R, and «;
being the coulomb term of atom S in R. The sign
1s negative for odd AH anions, positive for odd AH
cations. This result iimmplies that a 4+ E substitu-
ent at an active atom stabilizes an odd AH anion
more efficiently, an odd AH cation less efficiently,
and an odd AH radical about as efficiently as does
the equivalent =+ E substituent.

Attempts to apply (13) quantitatively must
again be deferred for lack of data, but one point
may be emphasized. In the case of nucleophilic
substitution, both teriuis in (13) have like signs and
so one can predict unanibiguously that a +£ sub-
stituent will direct such substitution into positions
of unlike parity to its point of attachment. In the
case of electrophilic substitution, however, the
terms have opposite signs; if AE* predominates,
the substituent will be “o,p-directing,”” if the sun,
then it will be “‘m-directing.”” The greater the 4 =
of the equivalent =% substituent the greater AE*;
and the smaller the proportion of heteroatoms in
the substituent, the less the sum. In this way the
apparent anomaly of the —CH=CH--COR group
(which is o,p-directing) can be very satisfactorily
explained; i it the o,p-directinig term AL* out-
weighs the o,p-unidirecting sum.

(k) Effect of =E Substituents on Radicals and
Ions.—At this point it will be convenient to con-
sider the effect of a =E substituent R on the stabil-
ity of a simple methyl ion or radical. At first sight
itmightappear that there would be 1o first-order dif-
lerenice i w-clectron energy between R and RCH,,
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since the first-order perturbation energy vanishes,
just as the total r-electron energy of RS, S being
an even AH, is to this approximation the same as
the sum of the r-electron energies of R and S.
However, in forming RCH,, the zero energy AO of
CH; remains unchanged, while all the bonding
MO’s of R are depressed; whereas in RS, some of
the bonding MO’s are depressed, others raised.
The net effect is therefore much greater in the
former case, and it can be estimated approxi-
mately as follows. Let the =-electron energy of R
be AFE,, and its £ X activity be A*. Then the =-
electron energy of RCH=CH,, AE,, is given ap-
proximately by

AL, = AE, — 28 (15)

Let the m-electron energy of RCH; be AL, The
NBMO coefficient of the methylene is given by
(14 A4=*)"":, Hence

AE, = AE; — 23(1 + A*)_l/’ (16)

Combining (15) and (16), the stabilizing effect of
R on CH; is given approximately by
AE = AEO - AEg
=25(1 = (1 + 4 =)~/ ()

which is very approximately 4= 8. Hence 4=
should be a measure of the stabilizing effect of the
substituent. It is easily seen that the same should
apply for ions. Although the chemical evidence is
obscured by steric effects, it does suggest that the
stabilizing effect on both ions and radicals rises in
the series Ph < B-naphthyl < a-naphthyl < 9-an-
thryl as Table V requires.

(1) —E Substituents.—The effects of —F sub-
stituents can again be derived from those of hydro-
carbon equivalents; here odd AH anions. Only
the siimplest case need be considered, that of mon-
atomic —E substituents (MeO, Me,N, etc.), equiva-
lent to the group~CH;™. One complication arises;
if X is a heteroatom, the CX and CC resonance in-
tegrals are not in general the same, and allowance
must be made for this in calculating the NBMO co-
efficients (¢f. Theorem 7 of Part 1'). For the pres-
ent this complication will be neglected.

The approximate stabilizing effect AE~of a — E
substituent R on an even AH S can be written down
from the results of section (i)

AET =28(1 = (1+4%) ™) 4ol — (1+4%)7) (18)

where 4 = is the £ E activity of S, regarded asa = E
substituent. It follows that the effect of R should
be greater, the greater « and certainly mesomeric
stabilization falls in the series PhCH,~ > PhNH, >
PhOH > PhF, the series of increasing electron af-
finity of the —FE groups. (Of course changes in g
must also be taken into account, but in this series
they are probably small.)

The stabilizing effects on odd alternant systems
can also be written down; if R is attached at a
point with NBMO coefficient a., then

Ae = nfas + na/2 (19)
where # = 0, 1 and 2 for odd AH anions, radicals
and cations, respectively. Hence to a first ap-
proximation, a — /2 substituent at an active position
stabilizes an odd AH cation strougly, an odd A
radical less strongly, and an odd AH anion not at
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all. At an inactive position such a substituent
should have no first-order effect.

Consider now the differences in total w-electron
energy between the initial and transition states for
substitution of an even AH R, and of RCH;™.
Let CH;™ be attached to atom s in the TS from R,
the NBMO coefficient there being &, and let the
energy difference be AE,, AE., for R, RCH,, re-
spectively. Then from (18) and (19)

AE, = AEy — nbg + 28(1 — (1 + A=)"1/s) (20)

where n = 2 for electrophilic, 1 for radical, and 0 for
nucleophilic substitution. For substitution at vari-
ous positions in the AH, the final term in (20) will
remain approximately constant; also when b = 0,
AE; > AE,. Hence the substituent (CH,~) should
deactivate R to nucleophilic substitution at all posi-
tions, and to radical or electrophilic substitution at
points of like parity to the point of attachmentof the
substituent, and it should accelerate radical or elec-
trophilic substitution at other positions. These con-
clusions agree in general with current theory and
experiment although detailed quantitative informa-
tion is still lacking. The effect of replacing CH,~
by a heteroatomic — E substituent can be discussed
only for electrophilic substitution which is fortu-
nately the most important case; we then have

AE, = AE, — 2b,8 + 23(1 — (1 + A*)_‘/s) —
a(l +4=)"1 (21)

The change has the effect of deactivating the whole
of R to substitution, since the last termin (21) will be
roughly independent of the point of attack. The
predicted orientation of substitution remains unaf-
fected. This conclusion again resembles that
from current theory.

(m) Activities of +F and —E Substituents.—It
is less easy to find concise definitions of +E or of
—E activity analogous to that of =E activity.
The best measure seems to be the difference (4 *) in
n-electron energy between RH and RCH,~ for a
+E substituent R, and the difference (4-) he-
tween SH and SCH,; for a —FE substituent S. In
the notation of the previous sections

A* = 2801 = (1 +4=)V) = T daa(l + A=)
§

A~ = 26b + 3 bia (22)

N
the sums in each case being over the heteroatoms in
the substituents, and also over any carbon atoms
whose electron affinities are appreciably altered by
inductive effects. A quantitative test of (22} must
be deferred for lack of adequate data.

(n) Ortho—para Ratios, etc.—The first-order
treatment given above often prediets identical re-
activities for positions in molecules which in fact
are known to differ chemically; the ortho and para
positions in monosuhstituted benzenes are good ex-
amples. This problem has been discussed else-
where!® and it was shown that the discrepancies
could be ascribed to the changes in electron affinity
of carbon atoms adjacent to heteroatoms, brought

(18) M. J. S. Dewar, J. Chem. Soc., 463 (1949).
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about by the inductive (+I) effects of the latter.
Here similar conclusions will be reached by a sim-
pler and more general argument, using the results
obtained in section (h) above.

Consider the TS for a substitution reaction; the
carbon atom r at which attack takes place is linked
by four ¢-bonds, and since its environment will have
relatively little selective influence on these, the
charge density ¢; at that atom will be approximately
the same for various substitution reactions with a
given reagent. Suppose the coulomb term of the
atom to be a, and the charge density in the initial
state to be ¢gf. Then the =-electron energy differ-
ence AF; between the initial and transition states is
given to a second approximation by

AE: = AE! + a:(qe — q) (23)

where AFE{ is the first approximation obtained pre-
viously. Evidently this second-order effect leads
to a selective activation of positions adjacent to het-
eroatoms or heteroatomic substituents (with +7 ac-
tivity) if those positions were electron-deficient (low
¢’} in the initial state; and to a selective deactivation
if those positions were electron-rich. Since o-bonds
have low polarizabilities, we may take ¢ = 1 in
(23) as a first approximation; and the charge dis-
tributions brought about by various substituents
have been deduced in earlier papers of this series.!
From these considerations it follows that positions
adjacent to cyclic heteroatoms or 4 E substituents
should be selectively activated, and positions adja-
cent to — E substituents selectively deactivated, to
substitution. These conclusions agree with those
reached previously'® and with experiment; thus
the 0:2p" ratio is less than unity for substitution of
— E-substituted benzenes, and greater than unity
for substitution of + E-substituted benzenes, and
the effect increases with the 47 activity of the sub-
stituent.!®

1t should be emphasized that this electronic in-
fluence on o:p-ratios etc., may be outweighed by
steric effects or hydrogen bonding; such extraneous
factors have been discussed elsewhere.!® 1t should
also be noted that similar factors may arise in ring
systems other than benzene, and may even be trans-
mitted to neighboring rings; thus nitration of
quinoline gives comparable amounts of 3- and 8-ni-
troquinoline, although the analysis given previ-
ously would suggest that the 5-position should be
selectively deactivated; however, the 8-position is
only two bonds removed from the nitrogen, which
under the conditions of the reaction will be present

+

as the highly positive ion SNH; selective induc-
tive deactivation of the 8-position might therefore
be expected. In the case of a-nitronaphthalene,
where the nearest heteroatom is now three bonds
away from the 8-position, nitration gives predomi-
nantly 1,8-dinitronaphthalene, in spite of the fact
that formation of this isomer must invelve consid-
erable steric hindrance.
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(19) The factor 2 is a statistical factor allowing for the fact that there
are 2 ortho positions, but only one para.



