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D. Preparation of Uranyl Benzoylpyruvate. 1.—Using 
95% aqueous ethanol solutions, 4.3 g. (0.0224 mole) of ben-
zoylpyruvic acid was added slowly to 5.02 g. (0.01 mole) of 
uranyl nitrate hexahydrate. The finely divided yellow pre
cipitate was digested for one hour on the steam-bath and 
filtered hot; yield 6.8 g. No solvent permitting recrys-
tallization of this solid was found. The material darkened 
with apparent decomposition at 280°. The 48.7% U con
tent of this solid showed that it had only one benzoylpyruvic 
acid per uranyl structure. Hence the preparation was re
peated using half as much benzoylpyruvic acid: the product 
closely resembled the first in appearance and behavior. 

Anal. Calcd. Ci0H6O6U anhyd.: C, 26.10; H, 1.31; 
U, 51.73. Found: C, 27.36; H, 1.29; U, 51.45, on correct
ing wet analysis for 2.98% wt. loss on drying. 

2.—Acidification of an aqueous ethanol solution of the 
sodium uranyl benzoylpyruvate yielded a product having 
the same behavior and analysis as that of the direct prepara
tion. 

3.—The ethyl ester complex was boiled with water, the 
uranium content of the solid rising to 44.26% after 4 hours. 
At this time benzoylpyruvic acid was crystallized from the 
cooled filtrate; yield 20% predicated upon the elimination 
of one mole of acid from the ester complex. 

E. Preparation of Bis-(ethyl Benzoylpyruvato)-dioxo-
molybdenum.—A mixture of 1.8 g. (0.01 mole) of molyb
denum trioxide dihydrate and 7 g. (0.032 mole) of ethyl 
benzoylpyruvate was heated until solution of the oxide in 
the molten ester appeared complete (about 45 min.). A 
yellow solid crystallized from the hot benzene extract of the 
reaction mixture. This solid was unstable, changing to 
green on standing. 

Anal. Calcd. CHH22OI0MO: Mo, 16.94. Found: Mo, 
16.7. 

Discussion 

The uranyl complexes of the methyl and ethyl 

The purpose of this series of papers is to present a 
general theory of organic chemistry which seems to 
offer important advantages over the current reso
nance theory.2 The starting point for the present 
treatment is the familiar molecular orbital method 
in its original form,3 without any of the subsequent 
refinements such as inclusion of non-orthogonality,4 

antisymmetrization,5 or configurational interac
tion.6 This simple version of the MO method is 
admittedly semi-empirical in that the basic param
eters are determined from experiment rather than 
by a priori calculation, but it has proved remarkably 

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

(2) Cf. G. W. Wheland, "The Theory of Resonance," John Wiley 
and Sons Inc., New York, N. Y., 1944. 

(3) For a recent account of the method and references see A. Pull
man and B. Pullman, "Les Theories Electroniques de la Chimie 
Organique," Masson, Paris, 1952. 

(4) Cf. O. W. Wheland, THIS JOURNAL, 63, 2025 (1941). 
(5) M. Goeppert Mayer and A. L. Sklar, J. Chem. Phys., 6, 645 

(1938). 
(6) D. P. Craig, Proc. Roy. Soc. (.London), A200, 474 (1950). 

esters of benzoylpyruvic acid have compositions 
consistent with the expectation of two f3-diketone 
molecules per metalyl structure. The precise 
configuration of these compounds is, of course, not 
derivable from analytical evidence alone, several 
chelate ring formations being possible. 

The uranyl compound of benzoylpyruvic acid 
appears to be a salt of the uranyl ion and the 
doubly ionized acid, this product being favored by 
its insolubility. The adequacy of the acid's 
double ionization was confirmed by conductometric 
titrations7 in aqueous ethanol, of benzoylpyruvic 
acid and its ethyl ester with Ba(OH)2, there clearly 
being two and one ionizable hydrogens in these 
materials, respectively. The analysis of the uranyl 
compound of sodium benzoylpyruvate definitely 
shows the presence of only one /3-diketone per 
uranyl structure. Comparison of the U analysis 
for this preparation with the ash obtained upon 
its combustion appears to indicate a 1:1 atomic 
ratio of U and Na, but this evidence is not com
pelling. 
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uranium analyses. 

(7) We are indebted to W. L. Patchen for these measurement!. 
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successful in spite of its crudity. In any case the 
more refined treatments are far too complex for use 
in the present connection. 

From approximate solutions of the MO equations, 
obtained by perturbation methods, it will prove 
possible on the one hand to derive qualitative rela
tionships between molecular structure and physico-
chemical properties, and on the other to calculate 
in a very simple manner various molecular quanti
ties (energies, charge distributions, etc.) of impor
tance in chemistry. These calculations naturally 
share in the semi-empirical nature of the MO 
method in the form used here, but at least the re
sults will all be obtained by rigorous reasoning 
within a framework of clearly stated approxima
tions, and no appeal will be made to the kind of in
tuitive arguments on which the resonance theory7 

is based. 
I t should be emphasized at the outset that the 

general plan behind this treatment is not new, and 
(7) This criticism applies to the resonance theory, not to the valence 

bond method which is a valuable and correct method of approximation. 
The connection between the two is by no means rigorous. 
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By applying perturbation theory to the LCMO11 modification of the usual semi-empirical molecular orbital treatment, a 
series of approximate expressions are obtained for the resonance energies bond orders and charge distributions in mesomeric 
systems which will later be shown to serve as a basis for a simple qualitative and semi-quantitative treatment of organic 
chemistry. This work is an extension of that of Coulson and Longuet-Higgins*'*; the extent to which it is novel is indicated. 
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that perturbation methods have been applied to the 
MO theory in this connection by Coulson and Lon-
guet-Higgins8 and by Longuet-Higgins9 following a 
preliminary investigation into certain principles of 
MO theory by Coulson and Rushbrooke.10 These 
authors obtained a number of important relations 
between structure and molecular properties which 
form the basis of the present treatment; but one vi
tal link was missing and without it the analysis 
could be applied only to certain very limited prob
lems. The relations which they obtained referred 
only to structural changes which left the conjugated 
system of a molecule qualitatively unchanged; that 
is, changes involving only alterations in the elec
tronegativities of the constituent atoms. The 
majority of chemical problems involve, however, an 
understanding of other types of structural altera
tion; in particular the effects of electromeric sub-
stituents and comparisons between structures of dif
ferent types. 

The structural changes considered by Coulson 
and Longuet-Higgins8'9 can be represented in MO 
terminology as changes in the coulomb integrals of 
atoms in mesomeric systems. By regarding these 
changes as perturbations and applying perturba
tion theory, corresponding changes in energy, etc., 
could be calculated. In order to study the rela
tions between conjugated systems of different sizes 
some analogous method is needed for calculating 
the changes in energy, etc., when two isolated meso
meric systems combine to form one larger one. For 
instance in the study of aromatic substitution by 
Wheland's11 method it is necessary to calculate the 
energy difference between the initial aromatic com
pound with N conjugated atoms and a transition 
state with only (A7 — 1). Again, the effect of an 
electromeric substituent with M conjugated atoms 
on the properties of the aromatic compound in
volves differences in energy, etc., between the parent 
compound with A7 conjugated atoms and its deriva
tive with (N + M). 

The necessary technique has now been provided 
by applying perturbation methods to a modifica
tion12 of the usual MO method wherein the MO's of 
a mesomeric system RS are written as linear com
binations not of atomic orbitals (AO's), but of MO's 
of parts R, S into which RS can in principle be sub
divided. Instead of calculating the coefficients of 
these MO's in the MO's of RS by the usual varia
tion procedure,12 they will be found to a sufficient 
approximation by regarding formation of the bonds 
linking R to S in RS as a perturbation and applying 
perturbation theory. 

Such techniques have been used already in the 
study of light absorption,13 but in Part I of this ser
ies the treatment will be extended considerably; in 
particular it will be shown that in certain cases 
there can be a first-order perturbational energy-

(8) C. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. Soc. 
(London), A191, 30 (1947); A192, 16 (1947); A193, 447, 456 (1948); 
A198, 188 (1948), 

(9) H. C. Longuet-Higgins, J. Chem. Phys., 18, 265, 275, 283 (1950). 
(10) C. A. Coulson and G. S. Rushbrooke, Proc. Camb. Phil. Soc, 

36, 193 (1940). 
(11) G. W. Wheland, THIS TOIJRNAL, 64, 900 (1942). 
(12) M. J. S. Dewaf, Proc. Cirnb. Phil. Soc, 45, 639 (1949). 
(13) M. J. S. Dewar, / . Ghent, ttw., 3329 (1950); F. A. Matsen, 

•ruin Jot.uNAr., 73, r.2.1.1 (!.01-,O). 

difference between (R + S) and RS, it having been 
assumed previously that the first order perturba
tions always vanish.8 These cases are especially 
important since first order perturbations can be cal
culated much more simply than those of higher or
der. 

In Parts H-V a series of theorems will be estab
lished, which, together with those known already 
from the work of Coulson and Longuet-Higgins,81' 
will serve as a basis for a general theory of organic 
chemistry. The treatment is deliberately formal 
to emphasize that it is rigorous within its own limit
ations-—which as already indicated are severe. 
The mathematical treatment is given in small print 
since it will seldom enter the subsequent applica
tions of the theoretical structure to specific prob
lems. One such application, to reactions of aro
matic compounds, is discussed in Part VI by way of 
illustration. Other applications, in particular to the 
study of light absorption, will be described else
where. 

The present treatment involves an unfamiliar 
terminology and a glossary is accordingly given at 
the end of this paper. 

Assumptions and Terminology.—The treatment is de
rived from the LCAO MO method in its original form3 with 
neglect of overlap integrals, and of resonance integrals be
tween non-adjacent AO's. In this paper the possibility 
of resonance integrals varying will be recognized, but in 
most subsequent applications it will be assumed that they 
are all equal; this will be a sufficient approximation for the 
present purpose, and variation of the resonance integrals can 
easily be introduced later when necessary. Energies are 
reckoned relative to that of carbon 2p atomic orbitals, a MO 
with negative energy implying that an electron in it is more 
tightly bound than an electron in a carbon 2p AO. The 
resonance integral /S is taken to be a positive quantity. 
The coulomb term a likewise compares the energy of an 
electron in an AO with that of an electron in a carbon 2p AO; 
that is, it represents the difference between the coulomb in
tegral of a given atom and that of carbon, the sign being 
such that negative a corresponds to an atom of electronega
tivity greater than that of carbon. 

Union of two mesomeric systems implies merging of the 
delocalized electrons; the incidental formation of any neces
sary er-bonds is not discussed. Thus two benzyl radicals 
will unite in the present sense not to bibenzyl but to stilbene. 

Symbols 
*,„ = rath MO of R 
*„ = «th MO of S 

Em, F11 — energies of <E>m, * n 

0i, ^j = AO's of atom i in R, atom j in S. 
imi, fenj = coefficients of <f>\, \f/s in *m , ̂ n . respectively. 

Ep = pth. MO of RS 
Gp = energy of Ep 

v4Pi = coefficient of AO of atom i in Sp 
/Sn = resonance integral between atoms i, j 

ft — resonance integral between adjacent atoms when 
it is assumed that all such integrals are equal, 

ak = coulomb term of atom k 
2k = total mobile electron charge density at atom k 

pa = mobile bond order of bond between adjacent 
atoms i, j 

«or, bos = NBMO coefficients in R, S when they are odd 
AH's 

Basic Equations.—The problem is to calculate the differ
ence in total ir-electron energy between two separated meso
meric systems R, S and one RS formed by their union. 
The TT-MO'S of R, S are * m , ^rn (m, n = 1, 2, . . .) where 

*»> = 2 amr0r; ^n - ^ 1 ftnl^i (1) 

r s 

The energies of the MO's are given by 

1 / , * £ f f R " * V d f - B»,' / * , ' f f 8 * n . ( l r - F« (2 ) 
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where HR, Hs are the Hamiltonian operators for R, S. The 
Hamiltonian operator for RS, HRS, is then 

ffRS = H* + H* + P (3) 

where the perturbation P represents formation of the bonds 
between R and S in RS, the required matrix elements are 

Sm„ = / * * * „ d r Pmn = / * ^ P * „ d T 

Sm = / * * * „ d r P^ = / * m P * ¥ „ d T 

Smn = / * * t f „ d T Pnn = / « P * „ d r (4) 

It was shown previously12 that their values are 

Sm„ = 5""* = dm,,; 5,,'; = 0 

P = Pmn = 0; Pm = X)omA s/3 r3 (5) 
r,s 

where the sum extends over pairs of atoms r in R, s in S 
which are directly linked in RS. It will be assumed as a 
rule in what follows that attachment is at one point only, 
so that the sum in (5) can be replaced by a single term aml-
bne&TB- The generalization to cases of multiple attachment 
will be self-evident. 

Consider now the energy levels of RS. Consider the 
MO Em of RS, of energy Gm, corresponding to the MO * m 
of the unperturbed system (R + S). Consider first the 
case where there is no degeneracy (i.e., all the Em and Fn 
are different). Then first order perturbation theory gives 
for Sm and Gm 

PmVn, 
Fa 

= *m 
JEn- F, 

(6) 

(7) 

(8) 

Ii ing equations (5). The first order expression for the MO 
is sufficient for the present purpose, but obviously the energy 
i.iust be calculated to a higher approximation. Second 
order perturbation theory gives 

Gm — Fm E ± mu I V -*. 

K - — EV "I" 2-1 Ur^m J 

= Em + Z 

E» 

Em - Fn 

Em - Fn 

(9) 

Similar expressions can be written for the MO Sn corre-
ponding to the MO *„ of S 

S„ = Vn 4^ Fn - Em 

Gn = Fn + I^ _ 
(10) 

Suppose now that R has a degenerate level E„, correspond
ing to the y MO ' s*J (x = I1 2, . . , y). The secular equation 
for RS can be reduced12 to the form 

(W - E*)"-1 \um(W - Em)Un(W - Fn)[l -

r2 h2 a2 

EE 
where 

(W - Em)(W- F, 

nr = flmr (ttl 7* u) 

• = [E «r) 2I Vl 

di o (H) 

(12) 

If there were no degeneracy, the secular equation for RS 
would be4 

IU(W - Em)Un(W - Fn)]I -

amtbLpl" 

is always allowable for degenerate levels) such that in the 
modified MO's the coefficients Cur of the AO t6r are given by 

cJr = 0(x = 1, 2...(y -

ci, = [E(^)2],/! 
D) 

(14) 

Thus the second order perturbation values for the y levels 
GJ of RS corresponding to the levels En of R are 

Gl = En(X = 1,2...(y - I)) 

[E W~|&0i 
(15) 

Gl = Eu + Y, 
Eu — Fn 

The corresponding MO's SS are 

Ef. = (VJ(X = 1,2. .(y - D) 

= (*S) - E [?<*''] *. &nefts*» 
Fn 

(16) 

If equation (9) had been applied ignoring the degeneracy, 
the energy levels (GS)' would have been given by 

(Gl)1 = Eu + E (a*«r)
2bn 

Eu - Fn 

From equations (15) and (17) 

E Gl = E (GS)' 

(17) 

(18) 

Thus so long as the whole set of perturbed levels is full, 
which is nearly always the case in practice, the degeneracy 
can be neglected, since the energies given by equations (15) 
and (17) agree. The same is true for total charge densities, 
etc., and indeed in all applications required in the present 
investigation; so degeneracy of this kind rarely needs to be 
considered explicitly. 

If, however, there is degeneracy between a level Eu and 
R and a level F, in S, a different situation arises. This 
time the correct zeroth order MO's of RS will be linear com
binations of the MO's, *„, •*•», and such a combination 
gives rise to a first order perturbation energy. This fact 
will be of fundamental importance in the present treatment. 
By applying the usual variation method, the correct zeroth 
order combinations S t , S~ are found to be 

2+ = — ( # „ + *„) 
V 2 

(19) 

1 S„" = - ^ ($„ 
V2 *.) 

The first-order perturbation energies Gt, and G„ are then 

G„+ = £» - aur6vafts (20) 

Gu = Eu + Our&vs&s 

The first-order perturbed MO's are 

W" = —j=- \ *u + Vv 
n9£v 

Eu - Fn Vn 

V am,&v,)3r9 $ £ 
rc^if Eu — E-, 

—7= i * n — ^o - ^ J •= 
V 2 ' n?^v rLu Fn 

Vn ~ 

V ^ flmrPvs Prs ^ 

fflj^M £ u ~~ Em 
(21) 

The second-order perturbed energies are 

Git = Eu — aurb ur^vs Mrs I 1 S 0^"*3" + E f a ^ k t 
2 / X5^D £ « — Fn m-^U Eu — £m i 

(22) 

^ ^^w - B1n)(W - F,)\ ° (13) G« = £ u + a^ f t s +2J^£7^;+
r a%^-^;[ 

Comparison with (11) shows that in the degenerate case the 
«et ot MO's *S has been replaced by linear combinations (as 

Application of the crude theory, simply neglecting terms 
with vanishing denominators, would give 
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(G+)' = Eu + Y1 aLbl,^n 
,7^1, Eu - Fn 

(Cr)' = £tt + Y, a™bLP" 
m^U Eu — Em 

(23) 

F r o m e q u a t i o n s (21) a n d (23) 

Gi + Gu = ( G + ) ' + (GuY (24) 

H e r e aga in t h e degene racy can be neglec ted if b o t h t h e per
t u r b e d M O ' s a r e filled in R S . B u t m a n y cases of impor 
t a n c e will ar ise w h e r e th i s is n o t t h e case ; and as a rule t h e 
first o rde r a p p r o x i m a t i o n s (20) m a y t h e n be used since t h e 
second order t e r m s shou ld be of a smal ler o rder of m a g n i t u d e . 

T h e b o n d order p„ of t h e bond be tween a t o m s r , s in 
R S is defined b v 

E-^B11 (2, 

where Aml, Bma a r e t h e coefficients of t h e A O ' s <j>r, V, in t h e 
M O Sm of R S , a n d nm is t h e n u m b e r of e lec t rons in t h a t M O . 
I n t h e absence of d e g e n e r a c y , for t h e M O cor respond ing to 
E,„, e q u a t i o n (7) gives 

Amr = Qmr 

BBS = - Y, in, JE °^-?"-l 
U i tl F.m — FnS 

= — > flW#ni Prs 

V Kr-K 
(20) 

Likewise for t h e M O S„ c o r r e s p o n d i n g t o * „ , e q u a t i o n (10) 
gives 

^rar = -Y °k*M'i 

F r o m e q u a t i o n s ( 2 5 ) , (26) a n d (27) 

P. 

(27) 

/ } ^ff'^mrOnaPra \ \ ^nffmrPna Prs fno\ 

Fn Fn — Em 

If t h e M O ' s in R S a r e e i the r d o u b l y occupied or e m p t y , th i s 
can b e p u t in t h e s impler form 

occ unocc unocc occ 

P---HH E ~ E E 
Cmrflps Prs 

En -"Fn 
(29) 

occ unocc 
where Y impl ies s u m m a t i o n over occupied M O ' s , Y 

s u m m a t i o n ove r unoccup i ed M O ' s . T h e same expression 
holds if levels in R , or levels in S, a r e d e g e n e r a t e , p r o v i d e d 
t h a t all t h e co r r e spond ing p e r t u r b e d M O ' s a re filled in R S . 
If a level Eu of R a n d a level Fv of S coincide , howeve r , t h e 
b o n d o rde r of t h e rs bond is easi ly shown t o b e , in ze ro th 
a p p r o x i m a t i o n 

^ r 8 = ( lur iv . ( 3 0 ) 

T h e h igher a p p r o x i m a t i o n is given b y 

, j o i / ! / Aureus Pr8 . > flmrOvsPrB f 

(31) 

A special case of i m p o r t a n c e is t h a t in which S is a single 
a t o m (or a g roup in wh ich t h a t a t o m is a t t a c h e d t o s u b s t i t u -
e n t s on ly b y <r-bonds: e.g., M e O ) . If t h e c o u l o m b t e r m of 
t h e a t o m is a, a n d if n o ene rgy level of R coincides w i th a, 
t h e a p p r o x i m a t e M O ' s a n d energies of R S a re given (c / . 
e q u a t i o n s ( 7 ) - ( 1 0 ) b y 

G, 

= 

<A 

3 

*» 

-

: P 

I — 

E 
Em 

Orni 

Ot — 

It) 

" E1, 

nL 
Ct — 

— a 

•pV» 

• Em 

Vr 01 

rP™ 

• F.„ 

i> 

*, 

(t, 

(32) 

T h e r S bond order is l ikewise g iven b y 

p- = - 2 E 
unocc 

' E 

2 E ^ 

Em 

(33) 

A n especial ly i m p o r t a n t case arises where a = O, a n d where 
R also h a s a non -bond ing 9 molecu la r o rb i t a l ( N B M O ) 
of zero e n e r g y ; in th i s d e g e n e r a t e case , t h e energies of the 
p e r t u r b e d N B M O ' s a re given b y 

Gt = ^ a o r f t , +1 E ^ r ' 8 (34) 

CtIi(J the p e r t u r b e d M O ' s b y 

y4( fcMT?T !'-) (35) 

C h a r g e dens i t ies will be requ i red in t h e s u b s e q u e n t d is
cussion on ly for t h e case where S is m o n a t o m i c . T h e charge 
d e n s i t y g, a t a t o m t in R S , is defined b y 

3t = 2Y^l (36) 

Since t h e coefficient Amt en te r s th i s expression as a s q u a r e , 
t h e M O ' s given b y e q u a t i o n (32) a r e n o t sufficiently a c 
c u r a t e a n d m u s t b e normal i zed ( t h e first-order p e r t u r b a t i o n 
t h e o r y gives M O ' s normal ized on ly t o t e r m s invo lv ing first 
powers of t h e coefficients). T h u s 

3» = U, 
Em 

Sr 8 ^ 

E °mrft?- $a 
m CC — Em 

V+TlT 

1 + . 

a)'' 

"'A 

(c Emy 
If a t o m t is in t h e por t ion R of R S , a n d if m = s 

A 2 h 
( 

&mi 

(Em - aY) 

11 ~ ( £ „ - « ) M 
from e q u a t i o n s (37 ) . L ikewise 

„ 2 fl2 

/ I 2 

F o r t h e M O 2 , 

=r 

(Em 

all 

All = amt
! E 

m 

all 

^. = i - E 

- a ) 2 

2 -02 
"mrPrs 

(En, *y 

(37) 

(38) 

(39) 

(40) 

<&rfi. 
(Em - a)1 

T h e r e sonance e n e r g y i?RS of R S r e l a t i ve t o ( R + S ) is d e 
fined as t h e difference in ^ -e lec t ron energy between ( R + 
S) a n d ( R S ) . Express ions for r e sonance energies can be 
w r i t t e n d o w n a t once from t h e e q u a t i o n s given a b o v e . 
T h u s if R , S a re b o t h p o l y a t o m i c a n d t h e r e is n o d e g e n e r a c y 

Rne = 2 £ E1n + 2 Y F» 
m n 

occ a l l 

2 Y £» + 2 E F» + 
O C C a 1 1 „ 2 /.2 oS a 1 1 o c c . 8 I S R2 ) 

m n Em - Fn m n Fn - Emf 

from e q u a t i o n s (9) a n d ( 1 0 ) , hence 

/ occ unocc unocc occ 

•RRS = — 2 
^ - * V-* v~v V ^ (̂  ^mr&nBMrs 

h (41) Fn 

T h i s expression also appl ies in t h e case of degene racy p r o 
v ided t h a t all t h e d e g e n e r a t e o rb i ta l s a re filled, if t e r m s w i t h 
van i sh ing d e n o m i n a t o r s a r e o m i t t e d . T h e on ly o t h e r case 
of i m p o r t a n c e is t h a t in which b o t h R a n d S h a v e a N B M O 
a n d t h e pa i r of N B M O ' s con t a in s b u t t w o e lec t rons . 
In th i s case t h e resonance energv is easily seen from e q u a 
t ions (9 ) , (10) a n d (22) to be 
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{ OCC a l l 

a l l OCC ^ ^ L2 nl a ' l 2 Z.2 o2 a ^ 2 f O^ 

m ^ J £* - #• m^«, -E» ^ 0 ^-

where oOI, J0, are the coefficients of $„ 4>, in the NBMO's . 
Usually the first approximation (RRS = 2a„b„f}!t) will be 
found sufficient. 

Alternant Molecules: "Starring."—Most of the present 
discussion will be confined to alternant mesomeric systems; 
that is, systems where the conjugated atoms can be divided 
into two sets such that no two atoms of the same set {like 
parity) are directly linked. The two sets are termed 
starred and unstarred, respectively, the designation being 
arbitrary. The only types of mesomeric system excluded 
by this restriction are those containing odd-numbered rings. 
Such non-alternant compounds are difficult to analyze by 
methods now available, although a certain amount of infor
mation about them will be derived in the present investiga
tion. The special properties of alternant hydrocarbons (AH) 
were first pointed out by Coulson and Rushbrooke,10 and 
they have been studied further by Coulson and Longuet-
Higgins.8 

Validity of the Approximation.—The kind of accuracy to 
be expected in quantitative applications of the method may 
be indicated by an example; the calculation of the resonance 
energy of butadiene considered as a combination of two 
molecules of ethylene. If the resonance integrals of the 
terminal bonds in butadiene are /3, and of the central bond 
x0, equations (16) or (17) give 

R=I^V (43) 

Solutions of the secular equation gives 

R = 2/S[(*2 + 4) ' / . - 2] (44) 

Here the methods previously described1 will be 
used to study mesomerism and aromaticity. The 
results appear as a series of formal theorems; of 
these the first ten have already been established by 
Coulson and Rushbrooke,3 by Coulson and Lon
guet-Higgins/ and by Longuet-Higgins.5 They 
are stated without proof to save continual reference 
to the original papers. 

In theorems 11-17 the effect of conjugation be-

(1) For Part I see T H I S JOURNAL, 74, 3341 (1952). 
(2) Reilly Lecturer March-April, 1951. Present address: Univer

sity of London, Queen Mary College, Mile End Road, London E.l, 
England. 

(3) C. A. Coulson and G. S. Rushbrooke, Proc. Camb. Phil. Soc, 36, 
193 (1940). 

(4) C. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. Soc. 
(London), AIM, 39(1947); A192, 16 (1947); A193, 447, 456 (1948); 
A19S, 188 (1948). 

(5) H. C. Longuet-Higgins, J. Chem. Phys., 18, 265, 275, 283 (1950). 

If * = 1, the values obtained are 0.5/3 and 0.472/3, respec
tively; if x < 1, to allow for the fact that the 2:3 bond in 
butadiene is longer than the others, the agreement is even 
better. 

Glossary 
Alternant10: an alternant mesomeric system is one in which 

the conjugated atoms can be divided into two sets such 
that no two atoms of the same set (like parity) are di
rectly linked. One set is termed "starred," the other 
"unstarred," the designation of the sets being arbitrary. 

AH: an alternant hydrocarbon. 
Odd, even: a mesomeric system is classed as odd or even 

according as the number of conjugated atoms in it is odd 
or even. An even AH is a "normal" hydrocarbon, 
whereas an odd AH is necessarily a radical or ion (e.g., 
PhCH2=

1=, PhCH2). 
MO, AO: Molecular Orbital, Atomic Orbital. 
Starring: see alternant. If the numbers of atoms in the two 

sets are unequal, the more numerous set will be starred. 
NBMO: Non-bonding Molecular Orbital.9 An odd MO 

in an odd AH or non-Kekule AH which has zero energy 
(i.e., energy in this approximation identical with that of 
a carbon 2p AO). 

Active, inactive atom9: an inactive atom in an odd AH is one 
the coefficient of whose AO vanishes in the NBMO. 

CF: Canonical Form ( = resonance structure) 
Kekule compound: a compound with at least one unexcited 

CF. 
Isoconjugate': two mesomeric compounds are termed iso-

conjugate if they contain similar numbers of conjugated 
atoms in similar arrangements, and also similar numbers 
of delocalized electrons (e.g., benzene, pyridine, pyrimi-
dine are isoconjugate). 

Cross-conjugation: an odd mesomeric system is cross-con
jugated if in the isoconjugate odd AH not all the starred 
atoms are active. 

TS : transition state. 

NOTRB DAME, INDIANA 

t w e e n p a r t s R a n d S o n t h e t o t a l e n e r g y of a n A H 
R S is s t u d i e d , a n d also i t s r e l a t i o n t o t h e o r d e r s of 
t h e b o n d s l i nk ing R to S in R S . H e r e , a s t h r o u g h 
o u t t h i s ser ies of p a p e r s , s ingle a t t a c h m e n t of R to 
S will u s u a l l y b e a s s u m e d s ince t h e r e su l t s can a t 
o n c e b e genera l i zed t o cases of m u l t i p l e a t t a c h m e n t 
b y u s ing e q u a t i o n (5) of P a r t I . 1 T h e m o s t i m p o r 
t a n t r e s u l t of t h i s sec t ion is t h a t of t h e o r e m 13. 

T h e o r e m s 18 a n d 19 r e l a t e t h e r e s o n a n c e energ ies 
of A H ' s differing b y o n e c a r b o n a t o m . I n t h e o r e m s 
2 1 - 2 4 t h e n a t u r e of a r o m a t i c i t y is d i scussed a n d 
r e a s o n s g iven for i t s l i m i t a t i o n t o c e r t a i n t y p e s of 
r i n g s y s t e m ; a n d in t h e o r e m s 25 , 26 t h e r e l a t e d 
p r o b l e m of p a r t i a l b o n d o r d e r is cons ide r ed a n d 
r e a s o n s g iven for t h e r e l a t i v e c o n s t a n c y of b o n d 
l e n g t h s in a r o m a t i c c o m p o u n d s in c o n t r a s t t o t h e 
l a rge difference b e t w e e n " s i n g l e " a n d " d o u b l e " 
b o n d s in a l i p h a t i c s t r u c t u r e s . 
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The methods of Part I1 are used to establish a series of theorems which make it possible to account for the properties of 
alternant hydrocarbons. In particular conditions are derived for a system to be mesomeric, and for a mesomeric system to 
be aromatic. The unique position of benzene and azulene as units of aromatic structures is interpreted, and the nature of 
degeneracy and fractional bond order is discussed. The significance of classical bond structures is considered and an explana
tion given for the instability of compounds for which no unexcited structures can be written. The treatment follows the 
lines laid down by Coulson, Longuet-Higgins and Rushbrooke,3 - 5 to whom a number of the theorems are due; but most of 
the results are new since they are derived ultimately from theorem 13 which is novel. 


