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A Quantum Mechanical Investigation of the Orientation of Substituents in Aromatic 
Molecules 

BY G. W. WHELAND 

In most of the previous discussions of orienta
tion in aromatic molecules,1 the more or less ex
plicit assumption has been made that the ease of 
reaction at any given point is largely determined 
by the net electric charge at that point. Thus, 
in some reactions, including those of nitration, 
sulfonation, halogenation, diazo coupling, and so 
on, the substitutions are supposed to occur most 
readily at the most negative (or least positive) of 
the available positions; in certain other reactions, 
including those of hydrolysis, alcoholysis, and 
aminolysis of aromatic halides, and so on, the 
substitutions are supposed, on the contrary, to 
occur most readily at the least negative (or most 
positive) positions. In the former cases, the re
agents, as well as the substitutions themselves, 
are said to be electrophilic; in the latter cases, 
they are said to be nucleophilic.2 

A close connection exists between the above 
statement of the rules of orientation and the 
transition state theory of reaction rates. For any 
given substitution reaction, the activated com
plex that is formed between the aromatic mole
cule and the reagent is doubtless a resonance hy
brid which receives contributions from a large 
number of different structures. Arnong these 
must be some of the type illustrated by I, in which 

H H 

H - < f > / etc 

the reagent R is merely close to the carbon atom 
being attacked, but is not joined to it by a co-
valent bond. Such structures will be referred to 
hereafter as belonging to type I. It is to be noted 
that, in these, R need not correspond exactly to 

(1) (a) Robinson, "Outline of an Electrochemical (Electronic) 
Theory of the Course of Organic Reactions," Institute of Chemistry 
of Great Britain and Ireland, London, 1932; Society of Dyers and 
Colourists, Jubilee Journal, p. 65 (1934); (b) Ingold, Ann. Rep., 33, 
129 (1926); Rec. trav. Mm., 48, 797 (1929); (c) Huckel, Z. Physik. 
72, 310 (1931); (d) Wheland and Pauling, T H I S JOURNAL, 87, 2086 
(1935); (e) Ri and Eyring, J. Chem. Phys., 8, 433 (1940); (f) Price 
Chem. Rev., 29, 37 (1941). 

(2) Ingold, J. Chem. Soc., 1120 (1933); Chem. Rev., 15, 225 (1934). 
The terms "kationoid" and "anionoid" are used by some authors 
instead of "electrophilic" and "nucleophilic," respectively; for 
example, see Robinson, ref. Ia, 

what one ordinarily thinks of as the reagent in the 
usual chemical sense. For example, in the reac
tion of chlorination, it may not be (and, in fact, 
almost certainly is not) a normal chlorine mole
cule, Cl-Cl; it may be instead a polarized chlo
rine molecule, +C1 Cl - , or a positive chloride ion, 
+C1, or a complex formed with a catalyst molecule, 
such as Cl-Cl-AlCl3, or something else of similar 
type. In view of the present lack of knowledge 
regarding the mechanism of the reaction and of 
the precise nature of the reagent that actually en
ters into the activated complex, it would be both 
pointless and dangerous to pursue this question 
any further here. It will be sufficient rather to 
state merely that, in an electrophilic substitution, 
the reagent R is supposed to be either a positive 
ion or else a neutral molecule with a dipole mo
ment so oriented that its positive end is directed 
toward the point of attack; and that, in a nucleo
philic substitution, R is supposed to be either a 
negative ion or else a neutral molecule with a 
dipole moment so oriented that its negative end 
is directed toward the point of attack. If, now, 
the further assumption is made that, in any ac
tivated complex, the various structures of type I 
are of so great importance that their stabilities 
determine that of the activated complex itself, the 
relationship postulated in the preceding para
graph between the charge distribution and the 
orientation of an entering substituent is sug
gested at once by elementary electrostatic con
siderations. 

Although a self-consistent and generally satis
factory theory of orientation in electrophilic and 
nucleophilic substitutions can be built up in the 
above manner, a rather different, but closely re
lated, approach seems to offer certain advantages. 
In an electrophilic substitution, the part of the re
agent R which is closest to the aromatic molecule 
is considered not only to be positively charged, 
but also to have a gap (usually an open sextet) 
into which a pair of electrons can be put; while, in 
a nucleophilic substitution, that part of the re
agent is considered not only to be negatively 
charged, but also to have an unshared pair of elec
trons which can be used to fill an open sextet. 
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This then suggests that an electrophilic substitu
tion should occur most readily at the position at 
which an unshared pair of electrons, to fit into the 
open sextet in the reagent, can be provided most 
easily; and that a nucleophilic substitution 
should occur most readily at the position at which 
an open sextet, to accommodate the unshared 
pair in the reagent, can be provided most easily. 
This second statement of the rules of orientation 
can also be interpreted in terms of the transition 
state theory. The structures of type I are not 
the only ones which contribute to the activated 
complex, since others also can be written. An 
important further type of structure is illustrated 
by II, in which the reagent is linked by a covalent 
bond to the carbon atom attacked. Such struc
tures will be referred to hereafter as belonging to 
type II. The symbol z represents here a positive 

H H 

H H 
II 

charge and an associated open sextet of electrons 
if the reagent is electrophilic, and it represents a 
negative charge and an associated unshared pair 
of electrons if the reagent is nucleophilic. The 
symbol R ' represents the reagent R, modified by 
the formation of the bond and by the transference 
of a positive or negative charge, as the case may 
be, to the aromatic ring. 

Relatively little attention has been paid in the 
past to these structures of type II, although Rob
inson18 has considered them to be important, and 
Wheland and Paulingld have taken them into 
account to a limited extent by their consideration 
of the polarizabilities of the aromatic molecules. 
Ingold2 also has emphasized the role of polariz-
ability in orientation, and in a paper which ap
peared after the calculations reported below had 
been completed, Hughes and Ingold5 have sug
gested explicitly that the type II structures are of 
paramount importance in certain cases. In the 
present paper, the extreme point of view has 
been adopted that only the type II structures 
need be considered at all. This is certainly not 
correct, but it is probably no worse, and it may 
even be.rather better, than the contrary view that 
has prevailed so widely heretofore. In any case, 
since no method is available at present for the 

(3) Hughes and Ingold, J. Chem. Soc, 608 (1941). 

theoretical treatment of the interaction between 
the two different types of structure, it would seem 
desirable to examine both extremes separately. 

As could have been anticipated from the close 
relationship between the two treatments, the 
qualitative conclusions reached on the basis of 
the structures of type II alone are found to be 
essentially the same as those reached on the basis 
of the structures of type I alone, in nearly all 
cases in which the substitution is either electro
philic or nucleophilic. There exists, however, 
still a third kind of substitution, the so-called 
radical substitution, which cannot be profitably 
treated on the basis of charge distribution. Thus, 
in the Gomberg and certain other reactions, the 
reagent R is apparently a free radical with an un
paired (odd) electron.4 In such cases, all substitu-
ent groups have been found to be ortho-para di
recting, regardless of their effects upon the charge 
distribution. I t is evident, therefore, that a con
sideration of the structures of type I alone cannot 
account for the observed powerful orienting effects. 
This is hardly surprising, since there seems to be 
no reason to suppose that a structure in which a 
radical is close to a negative charge should be more 
stable than an analogous one in which it is close 
to a positive charge, or vice versa. There may be, 
however, a significant difference in the ease with 
which an odd electron, to be paired with the odd 
electron of the reagent, can be provided at the 
various positions. In other words, there may be a 
significant difference in the stabilities of the corre
sponding structures of type II (in which the sym
bol z now represents an unpaired electron upon 
an atom that has only seven electrons altogether 
in its valence shell). The calculations reported 
below show that this is indeed the case, and that 
the observed orientations can be accounted for in 
a simple and unambiguous manner. The present 
point of view, which has been foreshadowed by 
other authors,1-4 has the advantage, therefore, 
not only of confirming and reinforcing the conclu
sions reached by the other method for electro
philic and nucleophilic substitutions, but also of 
making possible a single, unified treatment of all 
three classes of reaction. 

Outline of the Method of Calculation 

The calculations are based upon the molecular 
orbital treatment with the inclusion of the non-

(4) For discussions of the radical substitutions, see Hey and 
Waters, Chem. Rev., 21, 169 (1937); Hey, Ann. Rep., 37, 2SO 
(1940). 
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orthogonality integral S& between adjacent atomic 
orbitals. As is usual, only the ir electrons, of 
which there are six in benzene, eight in chloroben-
zene, and so on, are considered. The effects of 
the ignored <J electrons are approximately con
stant in all the calculations, and so cancel out 
roughly when comparison is made between two 
different substances or between the various posi
tions in a single substance. The procedure can 
be illustrated with the example of benzene. The 
problem is essentially to determine the amount 
of energy which must be supplied in order to pro
vide at the point of attack an unshared pair of 
electrons, an open sextet, or an odd electron, de
pending upon whether the reagent is electrophilic, 
nucleophilic, or radical. This is equivalent to the 
problem of determining the difference in energy 
between, on the one hand, the normal benzene 
molecule and, on the other hand, a "polarized" 
benzene molecule in which 2, 0 or 1 electrons, re
spectively, are held fixed on the carbon atom at
tacked, and the remaining 4, 6 or 5 electrons, re
spectively, are distributed among the remaining 5 
carbon atoms. The results of the calculations 
show that,6 with S = S0 = 0.25, the energy of the 
normal benzene molecule (or, rather, the energy of 
its six ir electrons) is 6a + 5.8667 /S0, while the 
energies of the three different kinds of "polarized" 
benzene molecules are each 6a + 4.0174 /So. The 
difference, AW = —1.8493 j30, is then a measure of 
the amount of energy that must be supplied in 
order to produce the postulated polarizations. 
The quantity /S0 has been found from thermochemi-
cal data7 to be equal approximately to —38 kcal. 
per mole, so that the calculated value of AW is of 
the order of 70 kcal. per mole. This is, of course, 
not the activation energy of the reaction, since, in 
its derivation, no account has been taken of the 
energies of the bonds that are broken or formed, 
and no allowance has been made for the effect of 
resonance with the structures of type I. The ex
plicit assumption is made, however, that AW is a 

(o) The nomenclature used in this paper is essentially that em
ployed by Mulliken and Rieke, T H I S JOURNAL, 63, 1770 (1941), and 
by Wheland, ibid., 63, 2025 (1941). In particular, the quantities S, 
a, ^, and y are defined as: S — S*t>w\&T, a = StpiHpidT, & = 
y — Sa, and y — f ViHy^T, where tpi is the ir orbital upon the tth 
atom, cpi is the x orbital upon an atom adjacent to the ith atom, H 
is the Hamiltonian operator corresponding to the self-consistent field, 
and dr is the volume element in the configuration space of the elec
tron. The energy of an electron in a given molecular orbital is repre
sented as E. The remaining symbols, S, «. and p, which are intro
duced later, are defined at the time. 

(6) The subscripts in the symbols S9 and fa (and below in 7B) 
signify throughout this paper that the values of the integrals appro
priate to unsubstituted benzene are to be understood. 

(7) Wheland. ref. 5 

part of the activation energy, and indeed that it 
is that particular part which is affected most 
strongly and in the most characteristic manner 
by any substituent that may be already present 
in the molecule. In other words, the assumption 
is made that the smaller the calculated value of 
AW is for reaction at a given position in a given 
molecule, the more rapidly the reaction will oc
cur at that point. 

In the extension of the treatment to more com
plex molecules, it is convenient to introduce the 
following system of nomenclature. In the gen
eralized structure III, only those atoms, A and B, 

<i i>—A—B 
\ 6 6 / 

III 
of the substituent are to be taken into account 
which have electrons in x orbitals. In benzene 
and in pyridine, for example, neither A nor B ex
ists; and in chlorobenzene and in phenol, only A 
exists. In toluene, when the treatment is based 
upon hyperconjugation,8 the "atom" B is actually 
a composite of the hydrogen atoms of the methyl 
group, and its TT orbital is formed by hybridiza
tion of the hydrogen Is orbitals; and in nitro
benzene, it consists of the two oxygen atoms of the 
nitro group, each with its own x orbital. Usually 
at least one of the atoms B, A, Ci, . . . must be as
signed a different electron affinity from the others. 
In the mathematical treatment, this is done by 
setting the corresponding diagonal element of the 
secular equation equal not to a — E but to a + 
<5f3o — E = a + 5(TO — Saoc) — E, where S is a di-
mensionless parameter. The values of <5b, <5a, 
5i, . . ., which correspond to the atoms B, A, C1, 
. . ., respectively, are of uncertain magnitude, but 
their signs are determined by the relative electro
negativities of the atoms concerned. In general, 
any atom that is more, or less, electronegative 
than a carbon atom in unsubstituted benzene is 
associated with a positive, or negative, value of <5, 
respectively; and the more the electronegativity 
of a given atom differs from that of a carbon atom 
of benzene, the larger is the magnitude of 8. Us
ually, also, at least one of the resonance integrals 
Ybai Tan • • •> and at least one of the non-ortho
gonality integrals 5b a , 5a„ . . ., must be consid
ered not to have the values 70 and So, respectively, 
which are characteristic of unsubstituted ben
zene. In such a case, y is assumed to be propor
tional to S. This means that, for each pair of 

i.8) Mulliken, Rieke and Brown, THIS JOURNAL, 63, 41 (1941). 
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atoms, a single parameter p can be defined so that 
Pba = Tba/7o = SbJS0, p a i = Yai/7o = Sa1AS), 

and so on. All of the various p's are positive, but 
some may be greater, and some may be smaller, 
than 1. In all the calculations, So is set equal to 
0.25. 

The fact that a number of adjustable parame
ters occur in the treatment in this way is unfor
tunate, especially since, for reasons of mathe
matical necessity, definite numerical values must 
be assigned in most cases to some or all of them. 
As a consequence, the results obtained appear to 
have more quantitative significance than they ac
tually do. I t must be realized that, since the 
assignment of values to the parameters must be 
made in a rather arbitrary manner, the magni
tudes of the calculated quantities can be varied 
within wide limits. The qualitative conclusions 
reached in regard to orientation, on the other 
hand, are often dependent only on the sign of a 
single parameter, about which there is little or no 
uncertainty. In other cases, they are determined 
by merely the signs and approximate relative mag
nitudes of two or more parameters, about which 
again there is little or no uncertainty. I t is evi
dent, therefore, that the qualitative aspects of 
the treatment are upon a much firmer basis than 
the quantitative. This conclusion is reinforced 
by the further fact that the ignored structures of 
type I must actually be of considerable impor
tance. Consequently, the purpose of the calcula
tions described below will not be to obtain quanti
tative agreement with the experimental data. 
The most that can be expected is that the observed 
rules of orientation may be reproduced qualita
tively, and that, with reasonable values of the 
parameters, the calculated effects may be of rea
sonable order of magnitude. The particular 
values assigned to the various parameters in the 
calculations were chosen by a trial-and-error 
method so as to give as good agreement as feasible 
with the rules of orientation and with the observed 
magnitudes and directions of the resonance mo
ments. They are certainly not the only, and 
probably not the best, values that could have 
been chosen for this purpose, but they are good 
enough to serve as a basis for discussion. 

A further example of the method of calculation 
is provided by chlorobenzene. Of all the sub
stances considered in the present paper, this is the 
one for which the treatment is least satisfactory, 
and for which the conclusions reached are least 

convincing. It forms, however, a particularly 
suitable example for discussion here, since it il
lustrates all of the remaining features of the 
calculation. The special difficulties which arise 
with this molecule (but which are of less impor
tance, if they occur at all, in the other cases) are 
due to the fact that, for this substance, the correct 
orientation does not follow unambiguously from 
a consideration of merely the signs and approxi
mate relative magnitudes of the various parame
ters, but can be obtained only with a rather care
ful choice of the exact values of the parameters. 
Since chlorine is a more electronegative element 
than carbon, the parameter 5a must be positive in 
sign and fairly large in magnitude. Moreover, 
the carbon atom C1 must have a somewhat greater 
electron-affinity than the other atoms of the ring, 
since it has lost electrons to the chlorine atom as 
a result of polarization of the a bond. Conse
quently Si must also be positive, but certainly 
smaller in magnitude than 5a. Similarly, <52 and 
5e, which are necessarily equal, may have still 
smaller positive values on account of the prox
imity of the atoms C2 and C6 to Ci. In Table I 
are listed the results obtained when 5a and pal are 
set equal to 1.6 and 0.85, respectively, and when 
81 and S2 are treated by the first-order perturba
tion method.9 (As usual when no statement is 
made to the contrary, all remaining S's and p's are 
assigned the values 0 and 1, respectively.) It is 
seen that, with this choice of parameters, and with 
61 = 0.4 and <52 = 0, the calculation leads to the in
correct result that substitution by an electro-
philic reagent should occur at the ortho and para 
positions in chlorobenzene more easily than at any 
of the six positions in unsubstituted benzene. 
If €1 is set equal to about 0.15 (so that Si becomes 
equal to about 0.55) this difficulty is eliminated, 
but a new one arises in that then the orientation 
should be meta instead of ortho-para, as is ob
served. The logical next step is to assign some 
reasonable value to 52.

10 Clearly this must be 
positive, and smaller in magnitude than S1. For 
substitution in the meta and para positions, the 
calculation can then still be carried through in a 
straightforward manner, and the results that are 
obtained with S2 equal to about 0.075 are satisfac
tory, as regards both electrophilic and radical 

(9) Since it was desired to have the perturbation treatment as 
accurate as possible for fairly large values of 5i, a new constant, e\. 
denned by the equation Si = 0.4 + ei, was used as the perturbation 
parameter in place of Si itself. 

(10) It is to be understood here, and later, that any value assigned 
to 52 must be simultaneously assigned to Ik as well. 



TABLE T 

Compound 

Benzene 

Chlorobenzerit-

Phenol for aniline) 

5 -Hydroxyhyd rind cne 

Values of 
parameters"1 

Sa = 1.6 
5, = 0 . 4 H- « 
Pat = 0 . 8 5 
ei = 0 . 1 5 
S2 = 0 . 0 7 5 

S0 = 0 . 8 
S, = 0 . 2 
Pal = 0 . 8 

S0 = 0 . 8 
Ss = 0 . 2 
Pas = 0 . 8 
Pm - 0 . 9 

P o i n t of 
a t t a c k 

o r t h o 

me ta 

pa ra 

o r t h o 
m e t a 
p a r a 

4 

6 

EIec t rophiHc 

1.849 

1 .814 + 0 . 2 2 5 t, 
+ ( 0 . 0 1 1 S2) 

1.852 + 0 . 0 0 6 e, 
+ 0 . 5 2 9 S2 

1.826 + 0 . 2 7 8 « , 
H- 0 . 0 1 8 S5 

1.619 
1 ,854 
1 .017 

I .V,»2 

I Ii:'. I 

AWb 
Nucleoph i l i c 

1 .849 

1.848 - 0 . 4 2 9 „ 
+ ( 0 . 0 1 0 Ss) 

1 .852 + 0 . 0 0 6 « , 
- 0 . 8 0 5 Ss 

1.860 - 0 . 3 7 7 t, 
+ 0.017 S; 

1.950 
1.854 
I . 986 

1 >w;> 

1 '.)(>(! 

Py r id ine" 

T o l u e n e ' 

Ni t robenzene 

Ni t rosobenzene 

Sb = - 0 . 2 
P b . = 2 . 0 
Pal = 0 . 7 
S, = - 0 . 1 
S2 = - 0 . 0 1 

Sb = 0 . 8 
Sn = 0 . 4 
Pal = 0 . 6 

Sb =•-- 0 . 8 
8» = 0 . 4 
Pal = 0 . 6 

a 

(J 

o r t h o 

m e t a 

pa ra 

o r t h o 
ineta 
p a r a 

o r t h o 
m e t a 
p a r a 

1 .849 + 0 . 2 3 9 Si 
+ ( 0 . 0 1 2 S2) 

1.849 + 0 . 0 0 7 S, 
H- 0 . 5 3 0 82 

1.849 + 0 . 2 8 0 S, 
+ 0 . 0 1 3 6! 

1 .816 + 0 . 0 0 4 S» 
4- 0 . 2 3 4 Si + ( 0 . 0 1 4 SsI 

1 .851 + 0 . 0 0 0 5 a 

H- 0 . 0 0 6 Si + 0 . 5 2 8 S; 
1 .824 + 0 . 0 1 1 S» 

H- 0 . 2 7 7 Si + 0 . 0 K i Sv 

1 .886 
1 .852 
1.861 

1.846 
1.854 
1 .871 

1.849 - 0 . 4 2 7 4, 
+ ( 0 . 0 1 2 S2) 

1.849 + 0 . 0 0 7 S, 
- 0 . 8 0 4 S2 

1,849 - 0 . 3 7 6 S, 
+ 0.013 S2 

1.832 + 0 . 0 0 4 S„ 
0 . 4 0 6 Si + (0 .014 S2 

1 .851 H- 0 . 0 0 0 Sa 
f- 0 . 0 0 6 Si - 0 . 8 0 5 S, 

1 .840 + 0 . 0 1 0 Sa 

- 0 . 3 6 3 Si H- 0 016 S2 

1.783 
1.852 
1 .757 

1 .635 
1.854 
1.660 

N a p h t h a l e n e 1.639 
1.794 

1.639 
1.794 

2 -Naph tho l 
5» = 0 . 8 
Si = 0 . 2 
P ^ = 0 . 8 

1 .397 

1 .668 

1 .765 

1 .803 

R e s o n a n c e 
Obse rved m o m e n t 

R a d i c a l o r i e n t a t i o n ^ Ca lcd . Obsd .^ 

1.849 . . . 0 0 

1.831 - 0 . 1 0 2 EI 

H- ( 0 . 0 1 1 S2) 
1 .852 H- 0 . 0 0 6 ti F . lectrophi l ic : B > o, p > m 0 .21) DMI) 

— 0 . 138 S2 R a d i c a l : O, p > m 
1.843 - 0 . 0 4 9 t, 

H- 0.017 S2 

1.785 
1 8 5 1 
1 .816 

1 768 

E lec t roph i l i c : o, /> > > in 

Elec t roph i l i c : 4 > 6 > B 

1.849 - 0 . 0 8 4 Si E lec t roph i l i c : B > ,i > a,-, 
H- ( 0 . 0 1 2 S2) 

1.849 + 0 . 0 0 7 Si Nuc leoph i l i c : a, •> > > B . it 
- 0 . 1 3 7 S2 

1.849 - 0 . 0 4 3 S i R a d i c a l : «, -, > B . rf 
+ 0 . 0 1 3 S2 

1.824 + 0 . 0 0 4 S» Elec t roph i l i c : o. P .- m > B 
- 0 . 0 8 6 Si + ( 0 . 0 1 4 S1.) 

1 .851 H- 0 . 0 0 0 5 . Nuc leoph i l i c : B > m > •>. ." 
+ 0 . 0 0 6 Si - 0 . 1 3 8 S2 

1.832 + 0 . 0 1 1 S. R a d i c a l : o, f > >» 
- 0 . 0 4 3 Si + 0 . 0 1 6 S2 

1.834 
1.852 
1.809 

1.740 
1.854 
1 .765 

1.639 
1.794 

1 .576 

1 .735 

E lec t roph i l i c : B > m > o. p 
Nuc leoph i l i c : o. p > w > IJ 
R a d i c a l : o, P > tti 

Elec t roph i l i c : V 
Nuc leoph i l i c : o, /> > > B, m 

Elec t roph i l i c : a > B , f! 

E l ec t roph i l i c : 1 > > 3, B 



April, 1942 ORIENTATION OF SUBSTITUENTS IN AROMATIC MOLECULES 905 

" In this column are listed not only the values assigned 
to the parameters introduced directly into the secular 
equation, but also the values suggested for the further 
parameters treated by the perturbation method. b Ex
pressed in units of the positive quantity — 0o == 38 kcal. 
per mole. The values given here have been rounded off 
by the omission of the last significant figure that was 
carried through the calculations. c In this column, the 
symbol > may be read "is a more reactive position than." 
The letter B refers to unsubstituted benzene. Positions 
separated by a comma (as o, p or B, m) are not necessarily 
equally reactive. d Cf. ref. 13. * The calculations for 
pyridine can be applied also to toluene if hyperconjugation 
is neglected.17 f With hyperconjugation. • This value 
was obtained with the parameter values as listed in the 
second column, except that S1 and S2 were set equal to zero. 
The effect of putting Si = - 0 .1 and S2 = -0.01 would be 
to increase the calculated resonance moment by a small 
amount, and so to improve the agreement. h On the 
assumption that the entire moment of toluene is due to 
resonance. ' The calculated value of the moment of 
nitrobenzene due to the x electrons alone is — A.AD; that 
of an isolated nitro group is —3.3Z). ' Cf. Taylor and 
Baker, "Sidgwick's Organic Chemistry of Nitrogen," 
Oxford University Press, New York, N. Y., 1937, pp. 215-
216. * The calculated value of the moment of nitroso-
benzene due to the T electrons alone is —2.1D; that of an 
isolated nitroso group is —1.52?. 'This value was ob
tained by interpolation between the values of 0.72? and 
0.02?, which were obtained by setting «i = Si = 0, on the 
one hand, and ei = 0.2 and «2 = 0.1, on the other. 

substitution. (Experimental data regarding nu-
cleophilic substitution seem to be lacking in this 
case.) On the other hand, for substitution in the 
ortho position, the procedure is ambiguous and 
can only be carried through at all with the aid of 
arbitrary assumptions. In the "polarized" mole
cules for which the calculations are made, 2, 0 or 1 
electrons (for electrophilic, nucleophilic or radical 
substitution, respectively) are considered to be 
held fixed upon the atom attacked, which in the 
present case is assigned a different electron-
affinity from the other atoms of the ring. These 
electrons (together with 0, 2 or 1 additional ones, 
respectively, that are provided by the reagent R) 
are employed in the structures of type II in form
ing the covalent bond between the reagent and the 
aromatic molecule. The energy of this bond is, of 
course, affected by any change in the electron-
affinity of the atom C2, and a suitable correction 
has to be made. The following completely arbi
trary procedure has been adopted for this purpose: 
In the discussion up to this point, the energies 
of the 2, 0, or 1 electrons held fixed on the ortho 
carbon atom for substitution at the ortho posi
tion have been set equal to 2a, 0 and a, respec
tively; they will now be set equal instead to 2 a 

+ 0.75 52/3o, 0.75 S21S0 and a + 0.75 <52/30, respec
tively. The coefficient 0.75 is introduced here in 
order to make the calculated values of AW ap
proximately equal for reaction at the ortho and 
para positions. A small amount of justification 
for this choice can be provided: if the electrons 
which form the bond between the reagent and the 
ring carbon atom were shared equally, the co
efficient could be shown11 to be somewhat smaller 
than 1; since, however, most such reagents are 
more electronegative than carbon, the sharing is 
not equal, and the coefficient should be somewhat 
smaller still. In view of the great uncertainty 
that attaches to this procedure, the numerical re
sults obtained with its aid are enclosed in paren
theses in Table I. Fortunately, this difficulty is 
serious only in the present case; with the remain
ing molecules for which calculations have been 
made, the values assigned to the parameter S2 

are so small that the exact magnitude of its co
efficient is immaterial. Since, however, the 
present uncertainty is always encountered in any 
calculation, the attempt has not been made to 
differentiate between the ortho and para positions, 
but only to distinguish these two from the meta. 

Although, as has been discussed above, the 
present treatment cannot be expected to provide 
quantitatively accurate results, the magnitudes 
of the calculated quantities are nevertheless rea
sonable. For example, when Sa> <>i, 52 and pal are 
equal to 1.6, 0.55, 0.075 and 0.85, respectively, 
the value of AW for electrophilic substitution is 
greater at the para position of chlorobenzene than 
at any of the positions of unsubstituted benzene 
by —0.020 /3o, or about 0.76 kcal. per mole. If 
this represented the difference in free energies of 
activation, the ratio of the rate constants for the 
corresponding reactions would be about 2/j at 
25°. The experimental ratio for nitration with 
acetyl nitrate is about 1In or Vs. depending upon 
the solvent used.12 Moreover, the calculated 
value of the contribution of the T electrons alone 
to the dipole moment is about 0.2Z?, with the 
chlorine positive; this is to be compared with the 
so-called resonance moment, which is equal to 
about 0.6D and is in the direction calculated.13 

(11) This statement follows from first-order perturbation theory 
and might no longer be true if 62 were large. It should perhaps be 
mentioned also that, if the non-orthogonality integral between the 
atom Ct and the reagent H. were neglected, the coefficient would be 
just unity when the sharing is equal. 

(12) Bird and lngold, J. Chem. Soc, 918 (1938). 
(13) Sutton, Trans. Faraday Soc, 80, 789 (1934); Smyth, / . Org. 

Chem., 1, 17 (1936). 
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It is gratifying that such agreement, as regards 
order of magnitude, is possible in this particularly 
unfavorable case, with both the rates of reaction 
and the dipole moment. I t is apparent, however, 
that the present treatment is of much less certain 
significance than the analogous treatments of the 
remaining molecules, in which corresponding 
difficulties arise to a more limited extent, if at all. 

The remaining calculations reported in Table 
I require little further comment. It is to be noted 
that the calculations for phenol and for aniline are 
identical with the one for chlorobenzene, except 
for a different choice of values for the various 
parameters. The results of the similar calcula
tion for 5-hydroxyhydrindene (IV) are of interest 
in that they provide a simple interpretation of 
the Mills-Nixon effect; the fact that the value of 

HOx 
4 \ / 3 ^ 

^CH2 

2CH2 

CH2 

IV 

P89 is apparently less than 1 may be due to a dis
tortion of the bond angles as was postulated 
originally by Mills and Nixon14 and subsequently 
by other authors,15 or possibly to an elongation of 
the Cg-C9 bond by a spring-like action of the five-
membered ring. With pyridine, complete agree
ment with the observed rules of orientation is ob
tained if 5i is given any positive value.16 (In this 
molecule, the carbon atom Ci is replaced by a ni
trogen atom with, of course, a greater electron-
affinity.) This agreement is not affected if <52 also 
is given a small positive value, less than that of S1. 
In toluene, if the methyl group is considered 

philic and nucleophilic, but not for radical sub
stitutions.17 When hyperconjugation8 between 
the methyl and phenyl groups is considered, how
ever, this difficulty is removed. The orienting 
effects of the nitro and nitroso groups are ac
counted for without complications. (In the 
latter case, recognition of the fact that S1 must 
actually have a small positive value may be re
quired.) 

The results of the calculations for naphthalene18 

are in qualitative agreement with the observation 
that reaction with an electrophilic reagent takes 
place predominantly at the a position and occurs 
more easily than in benzene. The numerical 
magnitudes are out of line, however, with those 
obtained in the analogous treatments of simple 
benzene derivatives; in view of the wide difference 
in type of molecule, this is hardly surprising, since, 
for the reasons discussed above, quantitative 
agreement cannot in general be expected. Simi
larly, in 2-naphthol, the observed much greater 
ease of electrophilic substitution in the 1 than in 
the 3 position19 is accounted for by the calcula
tion, but the comparison with the simple benzene 
derivatives is again not good. It is of interest 
that here, as in 5-hydroxyhydrindene, nothing 
corresponding to an appreciable fixation of the 
bonds in the unreacting molecule19 has had to be 
postulated. 

Mathematical Appendix 

The procedure for the carrying out of the nu
merical calculations can be explained most readily 
with reference to a specific example. The secular 
equation for the normal chlorobenzene molecule 
can be written down initially in the form 

a + 5a/io 
Pal(70 — 

0 
0 
0 
0 
U 

- E 
SoE.) 

Pa 
a 

i (TO — SoE) 
+ 5,(3o - E 
jo — S0E 

0 
Il 
Ii 

-,o - S„E 

0 
7o — SoE 

a - E 
7o — SoE 

0 
0 
I) 

0 
Il 

7n - SaE 
a — E 

7o — SoE 
(I 

Il 

!) 
0 
0 

7o — SOEJ 
a - E 

7o - .Soil 
Il 

To 
a. 

70 

0 
I) 
(I 
Il 

- -S'o£ 
- E 

- SaE 

0 
70 — .SoJE 

0 
0 
U 

7o — SaE. 
a - E 

merely to affect the electron-affinity of the carbon 
atom to which it is attached, complete agreement 
cannot be obtained. The observed direction of 
the dipole moment of this substance requires that 
Si, and also presumably 8-t, be negative. Then 
the correct orientations are predicted for electro-

(14) Mills and Nixon, J. Chem. Sac, 2510 (1930). 
(15) Sutton and Pauling, Trans. Faraday Soc, Sl, 939 (1935). 
(16) It is interesting that, with this substance, the orientation for a 

radical reagent could not have been predicted from the sort of 
qualitative reasoning employed by Hey and Waters,* but follows 
only from the numerical calculation. 

All <5's and p's not explicitly mentioned here have 
been set equal to 0 and 1, respectively. The sub
stitutions7 

a — E y 
70 — Saa Soy 

(17) This can be seen from the figures for pyridine in Table I, if <5i 
and 82 are given small negative, instead of positive, values. 

(18) For this substance, a consideration of charge distribution 
alone would lead to no prediction regarding orientation for any of 
the three types of substituting reagent; of. Wheland and Pauling, 
ref. Id. 

(19) Fieser and Lothrop, T H I S JOURNAL, 67, 1459 (1935). 
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and 
S0S 

bring this into the more easily managed form 

Uy + «a 
Pal 
0 
0 
0 
0 
0 

Pal 
fl? + S1 

1 
0 
n 
0 
i 

0 
i 
y 
i 
0 

n 0 

0 
0 
1 
y 
i 
0 
0 

0 
0 
0 
1 
y 
i 
0 

0 
0 
0 
0 
1 
y 
i 

0 
i 
0 
0 
0 
1 
y 

= 0 

The four lowest roots of the equation, when 5a = 
1.6, 5i = 0.4, pai = 0.85, and Sn = 0.25, are found 
to be 

y = -3.3034, -1.8934, -1.0000, -0.9338 

or 
E = a + 1.8093 ft, a + 1.2851 ft, a + 0.8000 ft, a + 

0.7571 ft 

The energy of the eight TT electrons is accordingly 

2(a + 1.8093 /30 + a + 1.2851 /3» + a + 0.8000 /30 + a + 
0.7571 /So) = 8a + 9.3036 ft-

In the "polarized" molecule, 6, 8 or 7 electrons 
(for electrophilic, nucleophilic, or radical substi
tution, respectively) are to be distributed among 
the six atoms other than the one at which reaction 
occurs. The secular equations, therefore, can be 
derived from the one given above for the normal 
molecule by striking out from it the third row and 
column for ortho substitution, or the fourth row 
and column for meta substitution,20 or the fifth 
row and column for para substitution. In the 
case of para substitution, the four lowest roots are 

y = -3.2997, -1.5764, -1.0000,0.0168 

or 
E = a + 1.8081 ft, a + 1.1308 /30, a + 0.8000 /S0, a -

0.0169 /3o 

when the parameters are assigned the same values 
as above. The energies of the "polarized" mole
cules are therefore 

2(a + 1.8081 ft + a + 1,1308 /S0 + a + 0.8000 /S0) + 
(O1 2, l)(a - 0.0169 ft) + (2, 0, I)a = 8a + 

7.4778 ft, 8a + 7.4440 ft, 8a + 7.4609 ft 

for electrophilic, nucleophilic and radical substi
tution, respectively. The last term on the left 
side of the above equation represents the energy 
of the 2, 0 or 1 electrons, respectively, held fixed 
on the atom attacked (the para atom in the pres
ent case). The corresponding values of AW are 
-1.8258 /S0, -1.8596 /3n, and -1.8427 /3n, as given 
in Table I. 

After the secular equations have been solved, 
(20) Or. of course, the seventh row and column for ortho sub

stitution, or the sixth row and column for meta substitution. 

the normalized molecular orbitals can be found in 
the usual way. These have the general form 

^ k = Kk&<Pti + KkIVl + • • • 

where the ip's have the same significance as be
fore,5 and the K'S are numerical coefficients. The 
summation in each case is extended over all the 
atomic orbitals involved—seven for the normal 
chlorobenzene molecule and six for each of the 
various "polarized" molecules. In the first-
order perturbation treatment, the energy of each 
molecular orbital \pk is increased by an amount 
equal to (Kkr)

25r/3o for each S1.
21 which is considered 

to have a non-vanishing value (aside from those 
taken care of explicitly in the secular equation). 

The calculation of the resonance moment re
quires that the charge distribution be deter
mined. The assumption is made that this is given 
with sufficient accuracy by distributing the elec
trons among the atoms in the following manner: 
an electron occupying a molecular orbital \j/k is 
divided up in such a way that a fraction of it, 
equal to Xlŝ kr̂ ks'S'rs of an electron, is assigned to 
each atom r. It is to be noted that in this sum
mation, S71 = 1, and 5 rs = 0 if the atoms r and s 
are neither identical nor adjacent. The normali
zation of the orbital then makes it certain that 
the entire electron will be accounted for. 

The author wishes to thank Mrs. C A . Rieke 
and Professors F. H. Westheimer and R. S. 
Mulliken for helpful discussion and criticism. 

Summary 

A quantum mechanical discussion of orienta
tion in aromatic molecules has been given. The 
present treatment, which is based upon the mo
lecular orbital method, differs from the previous 
ones in that it centers attention not upon the 
charge distributions in the isolated molecules, but 
upon the energies of those structures contributing 
to the activated complex, in which a covalent 
bond is formed between the aromatic ring and the 
reagent. In this way, substitutions by electro
philic, nucleophilic, and radical reagents can be 
treated from a unified point of view. With the 
use of reasonable values for the various parame
ters that enter the calculations, complete qualita
tive agreement is obtained with the empirical 
rules of orientation. While quantitative agree
ment could not have been anticipated, the calcu-

(21) In the treatment of chlorobenzene from this point, the par. 
aineter 5, is to be replaced, of course, by ei, since the latter is the uc-
tual perturbation parameter used. 
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lated effects are of correct order of magnitude, as 
regards both the rates of substitution and the 
values of the resonance moments. It is of par
ticular interest that orientation in 5-hydroxyhy-

Though thiodiglycol has been known for a long 
timela and has been manufactured on a large 
scale for making "mustard gas," it has not been 
extensively studied. It seemed worth while to 
prepare it and some of its esters in high purity so 
as to determine their properties. The formate, 
acetate, benzoate and phthalate are mentioned 
in a patent2 but not fully characterized. The p-
nitro and />-aminobenzoates have been made.3 

Experimental 
Thiodiglycol.—The crude thiodiglycol which had been 

made from chlorhydrin contained a considerable amount of 
dithiane and its polymers. Distillation at 153° (8 mm.) 
removed much of the impurities. The polymeric material 
is said to break down at 16O0.4 The distillate was diluted 
with sufficient water to bring its boiling point down to 165° 
and superheated steam passed through it. After evapo
rating off the water the thiodiglycol was distilled a t 147.5° 
(6 mm.). 

Purified thiodiglycol melts at - 1 0 ° , distills at 147.5° (6 
mm.), 165° at 20 mm., 181.5° at 40 and has d\ 1.1973, d26 

Ester M. p., 0C. 

Formate —15.5 
Acetate 
Propionate —23 
Butyrate - 2 8 
Butyrate" 
i-Valerate 
i-Valerate" 
Caproate 7 

B. p., 0C. 

134.5^ 
139.5° 
158 
172 
172-3 
181-2 
182 
207 

" From the potassium salt and mustard gas. 

1.1793 and »2 6D 1.5146. I t is miscible with water, the 
lower alcohols, chloroform and ethyl acetate. At 25 ° 100 
g. of benzene dissolves 1.07 g., 100 g. of absolute ether 7.09 
g. and 100 g. of ligroin 0.06 g. Alone, or with an organic 

(1) From Dissertation, June, 1928. Original manuscript received 
July 28, 1941. 

(Ia) Carius, Ann., 124, 263 (1862). 
(2) Kranzlein and Cbrell, U. S. Patent 1,422,86« (1922). 
(3) Major, Bull. soc. chim.,il, 634 (1927). 
'4) Masson, / . Ckem. Soc, 49, 236 (188S). 

drindene and 2-naphthol is accounted for without 
the assumption of appreciable fixation of bonds in 
the unreacting molecules. 
CHICAGO, ILLINOIS RECEIVED NOVEMBER 24, 1941 

acid, it is stable at 180° for many hours. Heated at 100° 
for thirty minutes with 2.5 parts of 0.1 N sodium hydroxide 
an appreciable amount of sulfide ion is formed and much 
more with 1 N, though it is only half decomposed by solid 
sodium hydroxide a t 140° in ten hours. Lead acetate and 
cupric nitrate decompose it at 100 °, but barium hydroxide, 
calcium oxide and alumina have little effect even at 180° 
for ten hours. I t was hoped that calcium oxide or alumina 
would dehydrate it to vinyl sulfide but they did not. 

Esters.—The esters of Table I were made by heating 
thiodiglycol to 150-160° with the acid anhydrides for five 
hours or with the acids (caproic and t-valeric) for ten. At 
the end of the heating, suction was applied and the excess 
reagent, together with acid or water that had been formed, 
distilled out. To the residue of ester and unreacted 
glycol 1 volume of water and 1.5 of benzene were added. 
The benzene layer was twice washed with 0.5 volume of 
water and the benzene removed under vacuum. The 
esters were distilled twice at 8 mm. In making the form
ate, the glycol was refiuxed with two parts of 8 5 % formic 
acid, the acid and water distilled off and the refluxing re
peated with one part of the acid. The yields of the esters 
were high, up to 95%. The saponification numbers were 
determined in the usual way. 

Two of the esters were also made by refluxing mustard 
gas in 6 to 8 parts of absolute alcohol with the potassium 
salt of the acid for five hours. The most of the alcohol 
was taken off at reduced pressure and the salt filtered off 
and washed with alcohol. The crude ester was distilled 
at 8 mm., purified with the water-benzene treatment and 
again distilled. Acetyl chloride converts about two-
thirds of thiodiglycol into the acetate and the rest to mus
tard gas. 

[CONTRIBUTION FROM THE CHEMISTRY LABORATORY OF JOHNS HOPKINS UNIVERSITY] 

Some Esters of Thiodiglycol 

BY WEAVER R. CLAYTON1 AND E. EMMET REID 

TABLB I 

ESTERS OF THIODIGLYCOL 
Press., 
mm. 

8 
8 
8 
8 
8 
8 
8 
7 

d», 

1.2525 
1.1626 
1.1112 
1.0716 
1.0721 
1.0384 
1.0372 
1.0198 

d 25, 

1.2275 
1.1382 
1.0874 
1.0491 
1.0496 
1.0171 
1.0158 
1.0024 

W26D 

1.4804 
1.4679 
1.4648 
1.4627 
1.4630 
1.4598 
1.4593 
1.4627 

Saponification no. 
Calcd. Found 

533.8 
470.9 
421.2 
375.6 

348.1 

320.3 

531.7 
470.9 
419.9 
374.1 

247.4 

320.3 

Kranzlein and Corell2 give 130-7° (7 mm.) for the formate and 142-50° 


