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but so too is the argument that the resonance ener-
gies of such non-coplanar compounds must be small
and their stabilities due solely to steric factors.
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This point will be discussed in more detail else-
where.
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The methods of the preceding papers!:? are used to analyze the displace meits of charge in an AH when ong or more carbon
atoms are replaced by heteroatoms, or wheu electromeric substituents are introduced. The effects of heteroatoms had been
considered previously by Coulson and Lonuguet-Higgins,*® but here they will be studied by an alternative and more accurate
niethhod. Conditions are found for two electromeric substitueits to conjugate with one another threugh an intermediate

mesormneric system.

The results of this treatment agree qualitatively with those of current theory, but the possibility now

appears of estimating various effects semi-quantitatively within the limitations! of thie present methods.

The next step in the program is to analyze the
nature, causes and effects of charge displacements in
conjugated systems due to the presence of hetero-
atoms and electromeric substituents. Consider-
able progress has been made already 1 the analysis
of changes in an AH caused by replacing one or
more carbon atoms by heteroatoms, by Coulson
and Longuet-Higgins* and by Longuet-Higgins.®
In particular they were able to derive the classical
“law of alternating polarity” for such systems.
Here the same general problem is considered to a
higher approximation by using the new relations
given in Parts I' and I11.* It will also prove possible
to discuss the effects of electromeric substituents
which lay outside the scope of the previous treat-
ment. These two topics are discussed i theorems
34-39 and 40—43, respectively. Theorem 37 is due
to Longuet-Higgins.”

In theorems 46—49 the ability of two groups to
conjugate with each other (“‘mutual conjugation )
through an intermediate mesomeric system is col-
sidered, and as a result rules (theorems 30-33) arc
found for descr.bing the relative activities of elec-
tromeric substituents semi-quantitatively (this
problem will be discussed further in Part V1),

Qualitatively, the present treatment will be
found to give conclusions similar to those reached
by current theory.

Theorems 34. The masn ejfect of an increase (u electron
affinity of an unstarred atom in an even AH is to decrease the
charge densities at all starred atoms. Let the AH be RS,
derived from an odd AH R and an atom S of coulomb term
«. 1If |a| is small, there will be a zeroth order perturbation
of the AO ¢ of S and the NBMO &, of R.  This effect will
be larger than any due to higher periurhations; and so i
first approximation to the change in charge denusity with «
may be found from 2 consideration of the corresponding
change in the pair of MO’s arising from ¢ and &,.

The s=ecula- equation for the perturbed energies is

W8
B @ - o

(1) Fer Part I see THis JoUurNaL, T4, 3341 (1952).

(2} For Part 1I see ibid., T4, 3345 (1952).

(8) Reilly Lecturer, March~April, 1851, Present address:
sity of Lendon, Queen Mary College, Mile End Road, lLoundou, E.1,
England.

(4) C. A. Coulson and H. C. Languet-Higgins, Proc. Roy. Soc.
(Loudon), A191, 39 (1047); A192, 16 (1047); A183, 447, 436 (104%),
A195, 188 (19481

(5) H. C. Longuct-Higgins, J. Chem. Phys., 18, 265, 275, 283 (1950;.
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W= (a £ (a® + 4a5:B%)"") (2)
Of these the fower level alone will be occupied in RS.  The

cocflicients bs of ¥, bo of $,, in this MO are given by
) L 2001‘6
[20° + 8438 + 2ala? + 4af 8%/ 2
b o= (a2 + 402,82)V2 — - (39
P (202 + 8udeBt — 2a(a? + 4al87)V:]/

The NBMO &, covers only starred atoms i R, .c., atoms
i1 RS of opposite parity to 8. Hence the perturbation
leaves the charge densities of unstarred atoms in RS un-
changed to a first approximation. )

If atom t is a starred atom in RS, the coefficient of ¢, i
the NBMO being e, then the coefficient of ¢; in the per-
turbed MO is given approximately by

hy =

R 2(L%>rdot3 _ (4)
[2a? 4+ 8a%,8° — 2a(a® + 4ab,8%)Y/2]L/
The corresponding charge density at t due to occupation of
this MO by two electrons in RS, is then

dohe =

g 3
— gaoraotﬁ
gm = TR

+ 8aor/3 — 2a(a? +F 4a ﬁ e
=t ] (5)

il o« is snmall. Heice ¢, decreases as o decreases, which
proves the theorem, since a decrease in « imiplies an increase
i1 the electron affinity of S.

Theorem 35. If in the even AH RS, atom S is attached
to atom r in R, the mutual polarisability of atoms S, t is given
approximately by a?i/2a.. This result follows at once
from equation (5) and the definition* of mutual polariza-
bility
= &)(](,"aas ~ chr'VQ(IOrB (6)

Theorewt 36, Increasing the clectron affinity of a starred
atowr in an odd AIl lowers the charge densitics at all other
positions by comparable amounts. Let tlie odd A be RS,
derived from an even AH R and tlic atont S of coulomh term
« (a small). Froni equations (38) and (40) of Part 11, the
charge deusity at atom t is given by

oce a8 all o al B

mr mrémt -y
g = %:QGmt(] —iEm_a)g)jLnsZ( (7
where 7, is the number of electrons in the NBMO of RS.
Now since R is an AH, the levels E, occur in pairs, = E,,,
with the same values for the squared coefficients Gm 2, @m:®.
Hence if « is sinall, the last term in (7) will be approximately
constant. Therefore

oce

2ain mr | ,
Z(G d B (8)

g — constant = -
d En — a)
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and since Em < 0 for occupled MQ’s, gy decreases with de-
creasing «, f.e., with increasing electron affinity of S. This
proves the theorem.

Definitions of Substituents. An electromeric substituent
is a substituent which can conjugate with a suitable adja-
cent mesomeric system. A simple nucleophilic electromeric
(—E) substituent consists of an atom with a pair of un-
shared p (or potentially p) electrons; e.g., HO-, O, R:N-,
Cl-. A simple electrophilic electromeric (+E) substituent
contains the grouping —X=Y, or —X=Y, where Y is a
licteroatom and X may be cerbon or another heteroatoin;

e.g., —CR=0, —C=N, —N=N. Hydrocarbon radicals
(e.g., vinyl, phenyl) are classed as == E substituents.

Theorem 37. In an odd AH anion or cation the charge is
confined to starred atoms, being given approximately by ao.?.
This important result, due to Longuet-Higgins,3 follows
from theorems 6 and 8 of Part I1.2

Theorem 38. A —E substituent at an unstarred position
in an even AH raises the charge density at all starred positions
and lowers that at all unstarred positions, the former effect
predominating. 1f the AH is R and the substituent S,
RS is equivalent to an odd AH anion RS’, in which the
charge is confined to starred positions (theorem 37). Re-
placing S’ by S lowers the charge density at all positions in
R (theorem 36). The latter effect is, however, only a small
perturbation effect and therefore less than the former,
Thus the substituent produces large negative charges at the
starred poslt:ons in R, and smaller positive charges at the
unstarred positions.

(This ‘““law of alternating polarity’’ was first derived in a
more qualitative form by Coulson and Longuet-Higgins.¢)

Theorem 39. A +E substituent at an unstarred position
in an even AH lowers the charge density at all positions,
the effect being greater at starred positions. If the AH is R,
the substituent S, then RS is derived from an even AH RS
by replacing an unstarred carbon by a heteroatom. Theo-
rem 34 states that the main effect will be a decrease in charge
density at the starred atoms in RS’. However the induc-
tive effect of the heteroatom will induce a positive charge
on the adjacent starred carbon atom and so raise its electron
affinity; this brings about a second order decrease in charge
density at the unstarred atoms in RS.

Theorem 40. A +E substituent at an active position sta-
bilizes an odd AH anion more efficiently, and an odd AH cation
less efficiently, than it stabilizes a neutral AH radical. Let
the AH be R, the substituent S, and the analogous +E
substituent be 8. Then RS’ is an odd AH, and the hetero-
atom of S occupies a starred position in it. Let the coeffi-
cient of the NBMO of RS there be a.;.

Then the resonance energies of (RS’)*, (RS’) and (RS’)~
are identical since the three compounds differ ouly in the
number of electrons that occupy the NBMO. From theo-
rem 2,% the resonance energies of the cation (RS)*, (R¥)

of the radical (RS), (R'), and the anion (RS)~, (R™), are
related by

R* = R' + gl

R™ =R - dia (9)

Since a < 0, the anion is stabilized more, and the cation less,
than is the neutral radical.

Theorem 41. A —E substituent at an active position sta-
bilizes an odd AH cation R™ much more efficiently, and an
odd AH anion R~ much less efficiently than it stabilizes the
neutral odd AH radical R. Let the odd AH be R and the
substituent, of Couloinb terin o, be S.  Then the resonance
energy of RS (relative to R + S) is given! by

noc 9
o C (

ady B2
Ryg = - 2 -
o — Em

2 ~ n)uyB?
- (10)

n#FEo

where 7 is the number of electrous in the NBMO of R (n=
0for R*, n = 1 for R, n = 2 for R~). The first sum in
(10)isa second-order perturbation erergy which will be close
to that for the resonance energy of R’S, where R’isan AH
similar to R but even. The quantity a0,262/a in the last
term of (10) will he large. Hence if R is an anion (R™),
the resonance energy of RS will be close to that for RS’. But
if R is a radical, the stabilization by the substituent will be
much larger, and if R is a cation, larger still,

Theorem 42. A +E substituent in an even AH, or at an
inactive position in an odd AH, has about the same stabilizing
effect as an analogous = E substituent. This follows at once
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from equations (9) since the charge densities at all positions
in an even AH, or at inactive positions in an odd AH (ion or
radical), are umt\

Theorem 43. If RS is an even AH, formed by combina-
tion of an odd AH R with an atom S, then the resonance encr-
gies of RS relative to (R + S) s the same (Ro) no matter
whether R is an ian or radical. If, however, an active atom
tin R is replaced by a heteroatom of coulomb term a, the relative
resonance energies for the cases where R is an anion (R™),
a rudical( R") or @ cation (R*) are given approximately by

R =R,
R~ = R, + ¢
R* = R, — aite (11)

This result follows from theorems 2 and 9 of Part II,
since the charge densities at atom t in the ions are (1 = a,2).

Theorem 44. The effect in theorem 43 of replacing carbon
t by a heteroatom is sumilar fo the effect of attaching a +E
atom substituent to atom t. This follows from equations (9)
and (11), since from theorem 7 of Part II,? the squared co-
efficients a.,?in (9) and @, in (11) are similar.

Theorem 45. The specific stabilizing effect of « —E sub-
stituent on an odd AH ion or radical is greater, the less the
charge density at the point of attachment. This result follows
at once from theorem 41 and equation (10). The relative
effects of a — E substituent on the stabilities of various odd
AH ions can be calculated semi-quantitatively from equa-
tion (10); thus the stabilizing effect on an odd AH cation is
proportional to a2, to a first approximation.

Theorem 46. To a first approximation, the resonance
energy Rust of RST relative to (R + S + T) is the sum of
the resonance energies of RS relative to (R + S) Rrs), and of
ST relative to (S + T) (Rst), if R, S, T are neutral AH's
and at least two are even. Let R be attached to S through
atom r in R to atom s in S; and S to T through atom u in
Stoatom vin T; and let the energyv levels of R, S, T be E,.,
F., Gy, respectively. Then from equation (41) of Part I,!

oce unocce unooe occe (L b 6"
Rugr = ~2 {Z > - Z Z} E. - F,

n n
OCC unocc unace occe
b|2|u5;21v62
ST - TE
n ? n ?
= Rrs + Rst (12)

It is easily seen that this result is unaffected by degen-
eracy unless two of the groups R, S, T are odd.

Definitions.—Two groups R, T are said to conjugate mu-
tually through a mesomeric system S if in the notation of
theoremt 46, Rrst > Rrs + RST

An odd alternant system is said to be cross wn]ugated if
the active segment in it does not cover all the conjugated
atoms.

Theorem 47. Two +E substituents cannot conjugate
mutually, nor can two — E substituents. The first part of the
theorem can be proved in exactly the same way as theorem
46. The second part follows from the proof of theorem 44.
which implies that if the — E substituents are R, T and the
intermediate AH S, then the resonance energies of RS rela-
tive to (R + 8S), and of RST relative to (R + ST) are simi-
lar.

Theorem 48. If R is an even alternant system and S a —E
group, the charge density at S in RS is less, the greater the R-S
bond order and the greater the resonunce energy of RS relative
to (R + ). This result follows at ouce as a first approxi-
mation from the expressions for bond order, charge density
and resonance eiergy (equations 33, 39, 40, 41 of Part I1).
A1l exumple is provided by aromatic amines where the charge
density at the amino group should be less, the more strongly
it is conjugated with the ring.

Theorem 49. A +E substituent R can conjugate mutually
with a — E substituent T if they are attached to atoms of unlike
pamty in an even AH S: provided that if the equivalent AH
R'ST is cross-conjugated, R’ is attached to the starred segment
of ST. This result follows at once from theorems 43 and 44;
the charge displacements in S brought about by conjuga-
tion with T lead to a first-order difference in conjugation
energy between RST and RS

RisT ™ Rpg ~ adscr (13)
wliere ¢4 is the coeflicient of the NBMO of the odd AN
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ST at the point, S, of attachnient of the +E substituent R.
If, however, RST is cross-conjugated so that a,, vanishes,
so too does the mutual conjugation energy, M, which can he
defined by

M = Rrsr — Rrs — Rsr (14

Definitions.-—The +E activity of a +E aubstx(ueut R is
defined to be a ineasure of the difference in stability be-
tween RS~ and R’S—, where S~ is an odd AH anion, R he-
ing attached at an active atom, and R’ is the = E (hydro-
carbon) group equivalent to R. Likewise the —E qctivity
of a group T is defined to he a measure of the differcnce in
resonance energy between R*T, R* being an odd AH cation,
and R'T, R’ being the corresponding neutral radical.

Theorem 50. The +E-activity of a simple +E group is
greater, the greater the electron affinity of the heteroatom in it;
and the — E-activity of a simple —E group is less, the greater
the electron affinity of its heteroatom. The first part of the
theorem follows from theorem 44 and equatioun (11). The
second part follows from equation (10), since %, > 0 for
unoccupied MO’s.

Theorem 51. The charge displucements in an even A S
due to a +E substituent R, are greater, the greater the +E
activity of the substituent. This follows at once froin theorem
39 and equation (5); the greater Jal, the greater the charge
displacements.

Theorem 52. If Sisaneven AH,and T a — £ substitucnt,
the charge densities at the atoms of S in ST are less, the less
the —E activity of T. This follows at ouce froin theorems
36 and 50.

Theorem 53. The mutual conjugation energy of RST is
greater, the greater the 4 E activity of R or the — E activity of T
From theorem 52, the charge density in ST at the point of
attachment of R 1s greater, the greater the —E activity of
T; and the method of proof of theorem 49 shows that the
mutual conjugation energy is proportional to tliis charge
density, and also to the +E activity of R.

Definitions.—The results on mutual conjugation energies
suggest an extended definition of electromeric substituents;
a +E substituent is any group which can conjugate mutually
with a simple — E substituent, and a — E substituent one which
can conjugate mutually with a simple +E substituent. From
theorem 49, it follows that a +E substituent is a &= E sub-
stituent in which one or more atoms of opposite parity to
that by which the substituent is attached to the rest of the
molecule have been replaced by heteroatoms; while a —~F
snbstituent is a substituent iso-w-electronic with an odd
AH anion and attached through an active atom.

A neutralized system is defined as one in whicha +E and a
-- £ substituent conjugate mutually; or, more generally, a
systemn iso-mr-electronic with an odd AH anion in which there
are two or more starred heteroatoms.

From the definitions of +E, —E substituents and from
theorems 41, 44, 49, a measure of activity can be defined.
Thus if R is a +E substituent, R’ the corresponding +FX
substituent, and if the coefficients of the NBMO of the
odd AH R’CHj;, at the positions of the heteroatoms r in R are
@or, then the relative 4 E activity e of the substituent is de-

fined to be
g = — E airar
14

where a; is the coulomb term of atom r in R. Likewise if
T isa — E substituent and T’ the equivalent odd AH anion,
and if the NBMO coefficient of atom t in T’ is b, the
relative — E activity » of T is defined by

2
= > bhen
,

In each case the activity is relative to that of an equivalent
=+ E (hydrocarbon) substituent; and as usual in the present
investigation, the results are limited to alternant systems.
Theorem 54. In the neutralized system RST, R is more
negative than in RS and T more positive than in ST. The
mutual conjugatlon energy arises from the fact that R is
more negative in RST than in RS, as has already been
shown (¢f. theorem 49). Also R is attached to an active
atom in ST; the heteroatoms in R therefore occupy active
positions in RST. Hence from theorem 36, the charge
density at T in RST is less than in R’ST, R’ being the hy-
drocarbon equivalent of R; and since the charge densities at
T will be similar in R’ST and ST, the charge density at T in
R8T islessthan in ST—i.e., in the former, T is more positive.

(15)

(16)
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Theorem 55. The neutralized system RST behaves as a
4 E substituent if attached to another molecule through an un-
starred atom in S, but as a —E substituent if 1t 1is attached
through a starred atom. An equivalent statement is that a
—E gronp can coujugate wmmtually with more than one
suitably placed +E group, and a +E group with more than
one suitably placed —E group; and this can be proved by
arguments exactly sinnlar to that used in proving theorem

Theorem 36. The +E activity of the wecutralized group
RST is less than that of RS, and the — E activity of RST less
than that of ST. Mutnal conjugation raises the charge
density of R and lowers that of T in RST. The increased
charge density at the heteroatonts of R lowers their electron
affinity, and so lowers the 4 F activity of the group; while
the decreased charge density at the heteroatomns of T in-
creases their electron affinity, aud decreases the —E ac-
tivity of the group.

Theorem 5¢. The resonance energy of an odd alternant
anion RS~ relative to (R + S7), .S being an atom, is less,
the greater the electron affinity of S. Let R be an cven All,
S the atom of coulomb term1 o, Then the resonance energy
of RSrelative to (R + S7) is given! by

ml‘ﬂz
a — Ky

unoce
Rpg = - 2

™

(171

Sinee £y, > 0 for unoccupied orbitals, and « < 0 for the usual
heteroatoms, Rpg 19 less the more negative a-—i.r., the
greater the electron aflinity of S.

Discussion

The results of this section are best illustrated by
example. Consider benzene(I) as an example of an
even A, and consider the effects of (a) replacing
an unstarred carbon by nitrogen to give pyridine
(11): (b) introducing a --E substituent, say NO,
to give nitrobenzene (I11): (c) introducing the
basic —Z substituent, ~CH; to give the benzy! an-
ion (IV); and (d) introducing a typical hetero-
atomic —J[ substituent, e¢.g., NH, to give aniline
V).

6

o - NO,
N l
‘/\l R T R
b . |
N P %»’Jéé b oi%—l\)éé b
54 54
I 11 11
8- b ot
CH, NH, c,
1 ] |
85— \&\a— s4+7 No+
|
8848 Jso+ N
5— 5— FER
v v Vi

In (a) and (b), the charge density should be low-
ered at all positions, but much more so in the posi-
tions (o:p) of opposite parity to the carbon atom
replaced by N or substituted by NO,. 1Iu (¢), the
formal negative charge is confined to the starred
atoms in the odd AH benzyl system; while (d)
differs from (c) in that a smaller general charge
migration takes place from all positions in the ring
to the substituent, leaving second-order positive
charges in the meta positions. These conclusions
clearly agree qualitatively with those of current
theory. (See II-V; &8+ implies a second-order
positive or negative charge.)

Another set of results concerns the ability of elec-
tromeric substituents to stabilize odd AH ions, such
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as the benzyl ions (IV) and (VI). Here +E sub-
stituents stabilize the anions (e.g., 1V) more ef-
ficiently, and the cations {(e.g., VI) less efficiently
than do analogous =E (hydrocarbon) substituents
(such a pair being the + E formyl group and the iso-
electronic +E vinyl group), the effect being much
more marked if the substituent is attached to an ac-
tive atom. —E substituents (e.g., NH,) show ex-
actly the opposite effect. These conclusions also
agree with resonance theory, it being possible to
write unexcited ionic resonance structures (e.g., VII,
VII1) only if the substituent is attached to an active
carbon atom.

2a
| o T
* */N02 a“O‘—‘i @]
> <>
] I ¥ : 5 0
NO;,- NH,*
VII VIII IX X

From this follows the rule for mutual conjuga-
tion of substituents, mutual conjugation being the
condition in which the resonance energy of an even
AH is increased more by attaching two substituents
than one would anticipate from additivity of their
individual effects. The previous correspondence
with resonance theory ensures that here too both
treatments should lead to similar conclusions. Thus
mutual conjugation occurs only when the two sub-
stituents are of opposite types (one +E, one —E)
and when they are attached to positions of opposite
parity (e.g., o or p in benzene; cf. (I)).

This rule for mutual conjugation is necessary but
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not sufficient. If the — E substituent is S and the
even AH R, then RS will be isoelectronic with an
odd AH anion RS’; if the NBMO does not cover
all the active atoms in this, RS’ is cross-conju-
gated and attachment of a +E group at inactive
starred atoms in RS’, or at equivalent atoms in RS,
will not lead to mutual conjugation. This effect is
seen well in 3-nitro-3’-aminobiphenyl (IX); the
NO,; and NH, groups are attached to atoms of op-
posite parity in biphenyl, but the NO; is attached
to an atom inactive in the analogous m-biphenyl-
methyl anion (X) (the. NBMO coefficients are as
indicated). The resonance theory leads to similar
conclusions, the condition for mutual conjugation
given here being equivalent to the condition that an
unexcited structure S*+==R==T— can be written,
It follows that both treatments lead to similar con-
clusions concerning the qualitative charge distribu-
tions in neutralized, or mutually conjugated, sys-
tems; and both to similar general definitions of
+E and — E substituents.

The present treatment differs from resonance the-
ory, however, in the possibility it offers of estimat-
ing all these effects semi-quantitatively within its
limitations.! The introduction of ionic structures
in resonance theory rests almost entirely on quali-
tative reasoning and intuition, and their impor-
tance cannot be estimated in any given case except
by appeal to experiment. Some such applications
of the present treatment to the prediction of +E
and —E activity of substituents are indicated
above; others will appear in subsequent papers of
this series when definite chemical problems are
studied.
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The methods of the preceding papers! are applied to the study of free radicals.

by substitueuts are discussed.

Free radical chemistry has proved something of a
stumbling block to existing qualitative theories,
since the latter were designed mainly to analyze
charge distributions in even systems. The exten-
sion to radicals has involved an unusually large
proportion of ad hoc explanations. Here the meth-
ods previously used! will be applied to the study of
radicals and the effect of substituents, etc., on their
stability. The notation used is that of Parts (I)-
(I11),! and the discussion will be limited to alter-
nant Kekulé radicals.

Theorem 58. The total w-electron energy of two odd AH
radicals is normally greater than that of the two even AH’s

(1) For parts (I), (II) and (III) of this series see THIS JOURNAL, 74,
3341, 3345, 3350 (1952).

(2) Reilly Lecturer, March-April, 1951. Present address: Univer-
sity of London, Queen Mary College, Mile End Road, London E.1.,
Eagland.

Their reactivity and their stabilizatien

obtatned by transfer of one active atom (.e., the even AH’s are
the more stable), This result follows at once from theorems
18 and 19 of Part (II).! The rise in energy on separating the
active carbon from one radical is < 8, and the decrease in
energy when that atom is added to the other radical is > 8.

Theorem 5§9. Combination of an odd AH radical RS, S
being an atom, with another radical T to give R-S-T, is more
exothermic if S is active, The atom S passes over to sp? hy-
bridization in the reaction and is so removed from conjuga-
tion with R. If S is active in RS, then R is a normal even
AH or a pair of such AH’s; if Sis inactive, R is either a nen-
Kekulé AH, or a pair of odd AH radicals. From theorem
29 of Part (II),a non -Kekulé AH is less stable than a Kekulé
isomer; and from theorem 58, two odd AH radicals are less
stable than an isomeric pair of even Kekulé AH’s. Hence
the most exothermic modes of addition of T will be those
where .S is active,

Theorem 60. An odd altermant radical is stabilized by an
tncrease in electron affinity of any atom in ¢t. Let the odd
radical be RS, derived from an even AH R and an atem S
coulomb term «. Then the resonance energy Rgrg of RS
relative to (R + 8), is given! by



