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Chemistry. — “On the velocity of substitutions in the benzene
nuclews.” By Dr. F. E. C. Scnutrer. (Communicated by Prof,
A. F. Honiuman).

{(Communicated in the meeling of Jan. 25, 1913).

1. In the preceding paper the dependence of the velocity con-
_ stant on the temperature was iepreseuted by the equations;
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and 1t was shown that the greater part of the experimental data
allows the substitution of a constant value for ¢ — ¢g. According to
the considerations of the preceding paper this value furnishes a
pretty accurale measure for the energy difference between the react-
ing substances and the intermediate slate during the reaction, at
least if the velocities have been measured with sufficient accuracy,
and the value of the energy difference is not too small.

In order to arvive at an opinion about the efficiency of these con-
siderations and the equations L and 2 derived from them, I have
tried to apply the latter to the experimental data. 1 have for this
purpose tried to find those examples where we may expect the sim-
plest behaviour, and in my opinion they are to be found in the
department of organic chemistry.

If we imagine a reaction which is indicated by the equation of
reaction 4 4 5 =... and if we determine the reaction velocities
at different temperatures, the above mentioned energy value can be
calculated. 1f we then replace the molecule A4 by another 4', we
can find the required quantity of energy also for the reaction of this
molecule A' with B, and in this way oblain an insight into what
influence a substitution of A’ for A exercises on the differences of
energy with the intermediate state.

Let us e. g. suppose that the molecule benzene is nitrated; we
might then calculate from measurements of the nitration velocity at
different temperatoras what quantity of energy is required to force
the nitric acid molecule into the sphere of action of one of the hy-
drogen atoms in the benzene nuclens. If we then réplace the mole-
cule benzene e. g. by chloric benzene, we can calculate the quantity
of energy required for this reacilon also by measurement of the ni-
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tration velocity, and obfain an insight in this way into whal in-
fluence the chlorine atom in the benzene has on the reyuired quan-
tity of energy for the substitution. In this way a value can then
be found which can quantitatively be expressed for that which is
generally expressed by the intensity of the binding of the atoms svhich
are liable to substitution.

Such calculations, however, cannot be carried out in the absence
of the required material of facts. Determinations of velocity of sub-
stitutions as mentioned above have been hardly carried out as yet;
though Prof. HorrLeman and his pupils have collected a considerable
number of data on the relative velocity of the substifution of the
different hydrogen atoms in the same aromatic molecale. All these
measurements refer to simultaneous reactions, and 1t is just for this
kind of vreactions that the application of the above mentioned
equations is very simple.

When we expose the molecule toluene to the action of nitric acid,
three substitutions appear simultaneously. In the toluene three diffe-
rent kinds of hydrogen atoms liable to substitution oceur, two on
the ortho-, two on the meta, and one on the para-place with respect
to the chlorine alom. So we have lLere three reactions proceeding
simultaneously, each with a definiie velocity constant. If we now
want to apply the above equations we must first of all bear in mind
that the velocity constani 1s determined by the energy and entropy
difference required for the substitution. and that accordingly if these
quantities were equal for tihe ortho-, mela-, and para-substitvtion,
there would yet be formred twice as many ortho- and metadisabsti-
tution producls as paraproducts, because in a delimte quaniiiy of
toluene there are twice as many ortho- and metahydrogen atoms
liable to substitution, as para-hydrogen atoms. If thervefore the ve-
locity constants for ortho-, meta-, and para-substitution are repre-
sented by %,,ks and £,, the substilution velocities »,, v, and v, are
represented by the equations:

—_— ¢
vy = 8k Sop o Giwo,r ¢ ¢ v+ » o+ (20)

V= 2/«:,,;0001&01 6No, v v oo o+ - (20)
and
vp=k cqueitano, © -+ -+ o (20)
The ratio of the guantities ortho, meta-, and para-products, which
are formed in the unity of time, therefore, amounts to 2%, : 24, : 4, ;
hence it is independent of the time. If therefore the reaction is
allowed to proceed regularly to its close. or if it is stopped al ap
arbitrary moment, the ratio of the oblained substitution products is
: 73
Proceedings Royal Acad, Amsteydam, Vol, XY,
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at the same time the required ratio of the velocily consiants').

Not the velocity constants themselves, therefore, only their mutual
ratio is to be derived from the,k measurements collected by Prof.
HoLreMAN.

If we now apply equations 1 and 2 to these examples, it appears
that the application becomes so very simple in this case in consequence
of the equality of the energy & of the reacting substances forall the
three reactions that take place simultaneously, and that therefore the
difference in velocity of substitution at an ortho- and metaplace e.g.
is different only in consequence of this that the quantity of energy
(and entropy) to replace the ortho-bydrogen differs from the energy
required to cause the substitution at the meta-place.

The objection that these reactions do not take place in dilute
solution cannot be advanced against the application of the two
equations, fov in these substitutions a great exces® (molecular) of the
substituting substance is generally present. In nitralions eg. the
substance that is to be nitrated is added m drops to alarge quantity
of nitric acid, and the mtration is practically completed before the
following drop is added.

Moreover 1 pointed out already in the preceding paper that the
objection of higher concentrations cannof be serious, since it is self-
evident that the splitting up of the energy values must always be
carried out 1n essentially the same manner. It has, moreover,
repeatedly appeared in these substitntions that different ratio of the
reacling substances has no appreciable influence on the mutual ratio
of the reaction products.

If we now represent the energy of the intermediate states for the
three substilutions by & . & , and &, s then equation 1 gives:

dl £y
" b Eto - Elut
dT = R:["" . . . . . . . (3(1)
k
din =2 & —¢
k/: [0 t/) 3
aT = RI? )
lc/n
din — L
]Cp — Etlll £:c/) (30)
a1~ R1?

Llere the third equation is of course dependent on the two others.

1) lonLEMAN, Die ditehle Einftihrung von Subslituenten in den Benzolkern, p. 72.
We also 1efer io ths woik fur the cxperimental data occurring in this p.pcr,
-
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These equations enable us to calculate the differences of the required
substitution energies from measurements of the velocity, at least for
so far as they have been performed at different temperatures.

If we now also apply equation 2, we get:

B, G0,

Z"k—n‘:-ZT,l‘T‘“{‘Bm—'BO L (4a)

W=t _24 BB, . . . . .. (4

. RT
k"l Et/l - etnl
in k—- - _j«é—j’_— .B,, —Bm e e e e e (40)
n

With respect (o the constants B from the equation 4 we know
that each of them consists of the required entropy difference and of
constants which do not depend on the nature of the reacting sub-
stances. These laiter disappear therefore in equation 4, where always

- differences between two [B-values ocecur, so that the value B,—B,
of equation 4a can be replaced by o, —7, , and just so for the

other equations.

So we see that the difference of the substitution energies and
entropies can be directly calculated for these reactions from the
experimental determinations. The accuracy with which these calecu-
lations can be carried out, is of conrse determined by the value of
the errors of observation.

When 1 applied equations 4 fo the data, it soon appsared that
the values for 4, — 1y ete. in general possess small amounts, and
somelimes differ very little from zero. | have thercfore examined
whether it is possible to account for the observations only by a
difference of energy, lence by assauming thal the difference in sub-
stitution-entropy would be zero for the different hydrogen atoms.
Mathemalically this comes to this that every subsiitation might be
represented by the aid of one constant, which would then have the
meaning of the difference in subslitution-energy. On this hypothesis
the equations 4 are transformed inlo:

n =2 = - e e e e e e

" RT (5)
k & — &

In2=2 N €

n i BT (5b)
km &p - Etm

e L ()

“& T RT 59

3
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To show that the material of facts really admits of such a hypo-
thesis. I subjoin the values which must be assigned to the differences

w

of energy of the equation 3, expressed in calories.

Nitration of chlorobensene. Nitration of brombengene.
!
P L= r . =
i o ty = 825 } iy ty = 647
t=0 t=-—30 t=0 =—30
%
found| cal. |found| cal. found| cal. [found| cal.
ortho| 30.1 [ 30.4 | 26.9 | 26.6 ortho| 37.7 | 37.7 | 34.4 | 34.3
ypara | 69.9 [ 69.6 | 73.1 | 73.4 para | 62.3 | 62.3 | 65.6 | 65.7
{

Bromation of folucne.

o ztp = 658

=25 t=150 t="15

found | calc. |found| calc. {found| calc.
ortho| 35.5 | 36.5 | 23.5 | 23.5( 6.2 6.0 {
jpara { 53.0153.9|32.8|32.8| 7.5 | 7.7

Nitration of bensoic acid.

t=-—30 t=0 t=230

found| calc. |found| calc, |found| calc.
ortho| 14.4 | 15.9 1 18.5 | 18.4 | 22.3 | 20.7
meta | 85.0 | 83.5 | 80.2 | 80.3 | 76.5 | 78.1

Nitration of ethyl-bensoate.

Yo ‘Stm = 500

=—40 t=0 t=30

foundrcalc. found | calc, {found| calc.
ortho( 25.5 | 25.0 | 28.3 | 27.5 1 27.7 | 28.5
meta | 73,2 | 73.7 | 68.4 | 69.2 | 66.4 | 65.6
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Nitration of toluene.

=135

b

:tm

:to

= 1490

para
ortho

meta-

t=0

t

30

t=60

calc,
38.7
58.6

2.7

found

39.3

57.2
3.5

found
38.1
58.0
3.9

calc.
37.6
58.6

3.8

found
26.8
58.8
4.4

calc.
36.6
58.5

4.9

found
35.3
59.6
5.1

calc.
35.7
58.2

6.1

[t we extend the investigation to the introduction of a third snb-

stiluent in the twice subslituted benzene, we get:
| Nitration of m-chlor-bensoic acid. )

B g = 1290

b (1,32

a (1,3,6)

f=—30 t=0
found| calc. |found| calc.
93 93.5 92 91.5
|
7 6.5 8 8.5
|

Nitration of m-brom-benzoic acid.

= i, = 1020 1
t=—30 t=0
found| calc. |found| calc.
a(1,3,6)| 8 (89.2| 87 |86.8
b (1,32 1 10.8 13 13.2

Nitration of m-dichlor-bengene.

)

a

= 1400

a(1,36)
b (4,32)

=

- 30

t=0

found
97.4
2.6

calc.
97.3
2.7

found
96.2
3.8

calc.
96.4
3.6

1) In these tables the place of carboxyle is indicaled by 1.

3
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Nitration of o-dichlor-bengene,

g gy = 1400

t=—30 t=0

found
a(1,2,4)| 94.8
b(1,2,3)| 5.2

calc. |found| cale.
94.8 | 92.8 | 93.0
52| 7.2 7.0

Nitration of o-chlor-bengoic acid.

eb — ea = 890

t=—30 t=20

found| calc. |found| calc.
a(1,2,5)| 86 (8.4 84 |83.8
b(1,23) | 14 [13.6] 16 | 16.2

Nitration of o-brom-bensoic acid.

a (1,2,5)] 82.9
b (1,2,3)] 17.1

g = 760
t=—30 t=0
found | calc. |found| calc.

82.9 | 80.3 | 80.3
17.1 | 19.7 | 19.7

When we now pass in review the results of the above tables,
it appears that the harmony beiween the found and the calculated
values is very satisfactory in general. In the majority of the
examples the deviations very certainly remain within the errors of
observation. Only in the nitration of benzoic acid an appreciable
deviation between the found values and the calculated ones occurs.
This nitration, however, is according to Pref HorliimMaN one of the
first carried out examples, in which the “method of extraction” was
applied, which was later replaced by more accurate analysis methods.
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Probably the deviation remains within the “errors of observation
also here. This supposition seems not too hazardous when the results
are considered which were obtained in the nitration of the methyl
ester of benzoic acid, where very probably in the nitration an error
occurs at 0° which is greater than the above deviations. Prof. Horrs-
MAN informed me that he too considered the agreement in the tables
as very satisfactory.

The above test, therefore, really leads to the conclusion that the
substitutions in the benzene nucleus can be satisfactorily accounted
for up to now by one single constant, the difference of energy for
substitution at the different places in the nucleus. If there were only
one example known where the errors of observation were undoubt-
edly smaller than the deviation from the theoretically calculafed
value, the originally proposed hypothesis would have to be rejecied ;
so it will have to appear from the continued investigation whether
really all the examples without exception conform to the rule, for
which no exceptions have been found as yet.

Equations 3 and 5 accordingly, account for the facts which arc
known up to now. If we now compare the two eqnations, we come
to the following econclusion: The second mewbers of the two
equations bave always opposed signs; if thercfore in equation 5a
k, < k,, ie. if on substitution more meta- than orthoderivative is
formed, then & -—¢, is negative.

t‘lln@
1t then follows from equation 3o that the value 01'—(2T—'" is posi-

tive. We can express this generally as follows:

The quantity of the product which is formed to a smaller degree.
increases relatively on rise of lemperature.

In this we should bear in mind that to decide whether a product
is formed in a smaller (uantity, it is necessavy to divide the qnan-
tities formed by the value that indicales the number of cquivalent
places in the nucleus. Thus the nifration of toluenc furnishes
seemingly an exception, as seemingly the quantity of ortho is greater
than the quantity of para-nitrotoluene. If however, it is borne in
mind that in this substitution there are two ortho-places available
to one para-place. and that therefore para and nof ortho is the
product that is formed in greater quantily, the stated rule appears
to be valid also here.

As far as [ am aware there are no exceptions (o this rule either.
Only the nvitration of iod.o-benzene does not follow it, as here the

el
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quantity of ortho-compound does not increase on rise of temperature,
but decrease; this nitration is repealed in Prof. Horreman’s labora-
tory, because the presence of dinitro-compounds may possibly give
rise in this case (o comparalively great errors in the analyses. In
the case ol another example that departs from the rule, the quantity
of para-product in the nitralion of benzoic acid and its methyl ester,
the changes at varying temperature are so slight that the errors of
observation may even have changed the qualitative conduct.

Moreover the above consideration establishes the already known
practical rule that in general it is desirable for the preparation of
pure substitution products to work at low temperature; for according
to the stated rule higher {emperature always promotes the formation
of by-products.

When we examine what influence the above result exercises on
our theoretical considerations, we arrive at the following conclusion :

When a hydrogen atom in the benzene nucleus is replaced by an
atom or a group of atoms, an intermediate state makes its appearance,
which is caused by exactly the same atomns for the substitutions at
all available places in the benzene-nucleus. For instance in the case
of a nilration the intermediate state is caused by the coincidence of
the <kritische Rdume” of the carbon atom of the nuclens at which
the substitution takes place, of the hydrogen atom, and of the OH
and NO, group of the nitric acid molecule, at least when in an
analogous way as BoLTzmaNN ascribes a “kritische Raum” to the
NO, molecule, we do so tor the groups in question. Then the above
conclusion would involve that the volumes of the Rdume which
cover each other, do not differ, or only very little for the substitutions
al the different places, but that the different velocity of substitution
is caused by the fact that the more distant atoms influence in a
different way the energy required for the different places.

2. An entively different question, which, however, can be brought
in connection with what precedes, is the following: Is it possible
when the quantity of the products, which are formed when a
second substituent is introduced, is known, to calculate that of
the substances which are formed when a third substituent is
introduced? In other words is it possible to draw a conclusion from
the energies required for the introduction of a second substituent,
about the energy required for the introduction of a third? If e.g.
we suppose that toluene is nitrated on one side, chlor benzene on
the other, we know the relalive quantity of the nitroproducts formed ;
if we now nitrate chlor toluene, 1l is ihe question whether the quantity

-10 -
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of the nitroproducts formed in the latter case is to be caleulated
from the former case. In the first place we should bear in mind
that the energy of the substances we start from is different, and now
it is true that this energy is cancelled in tbe determination of the
relative quantities, yet the encrgy of the intermediaie siates may,
depend on this energy. To obrain an answer to the given (uestions
we should therefors have to introduce a bypothesis concerning the
energy quantities.

These hypotheses must neccssarily be very arbitrary, as analogies
with other phenomena are not yet known for them. One of the
most plausible hypotheses would in my opinion be the following:

Let us denote the energy required for the substitution of the NO,-
group for the hydrogen atoms in the benzene molecule by &,. Then
the energy for substitution of -the hydrogen atoms in toluene and
chlor benzene resp. may be represented by &, 3¢, & - &n,, & - ¢p,
resp. & -+ &,, § | &, and & --&,.

If we now think a substitution carried out in the molecule ortho-
chlortoluene, we might assume that the energies required for every
substitnable place must be added

For substitution at the place ¢, which is in an ortho-position with
respect to chlorine and in metaposition with respect to CH,, an
energy quantity & - &, - &, would then be reqnired. Reasoning
in an analogous way e, ~- &, - &, would be required for the place b.

Applying equation 5, we gel: '

; ky ca—8 (& + &m + &o)—(8, 4 €, - Eny)
 — == = -

ka RT RT

. (Eml’—‘S/-l)—(E,nﬂ—Sgg)
- RT '

When we now consider that the introduciion of the second sub-
stituent requires:

Tk &y — & ks Emn — o,
Zn.ﬂ:_ﬂ___;T'—’.Landln J—:l‘—r:_o_"
ey RI by RI

we find easily by combination of the three equations:

-11 -
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k

LY 2

h — = Iln
k

a iy /9:112

or
b _ by b
] ko kg ko

This is the so-called rule of multiplication, which Prof. Hovneman
tried to apply for such calenlations already before. This rule appeared
to be in pretty close agreement with the observations fur the nitra-
tion of the ortho-chlor and ortho-brom benzoic acids; in other cases,
Thowever, great deviations from the calculations are found.

Afterwards Huisinea proposed a ‘“rule of summation”, but this
too presents safisfactory agreement only in some cases. If we examine
what relation would have to exisi between the energy quantities
required for substitution to arrive at a rule of summation, this
relation appears to assume such an intricate form tl:at it cannot be
accounted for in my opinion from a theoretical point of view. A
general rule for the caleulation of substitution energies at the intro-
duction of a third substituent from the values of energy which are
required for the introduction of a second, scems io me impossible
o find. It may, however, be possible to find a relation between
analogous substitations, and this relation might possibly be discovered
by means of the energy values calculated above. Up to now I have
however nol made an atlempt to do so, becanse the energy values
on which the above tables are fonnded, can certainly still be modified
in the units, and sometimes even in the tens; the extent of these
modifications, namely, is in the closest relation with the errors of
observation which may be allowed in the determinations.

Morcover I will finally point out that in this paper 1 only intend
to show that the material of facts admits the assumption that the
substitution entropies are identical for the different places in the
nuecleus. That this is really perfectly true has of course not been
proved by the test; we can cerlainly also account for the data by
means of equations with two constanis (equation 4), in which the
second constant in general possesses a small value. It appears in
any case that in general the course of this type of reactions is chiefly
determined by difference of energy, and the difference of entropy
plays only a secondary part. As I showed at the end of § 1 our
theoretical considerations about the mechanism of the chemical re-
actions way be brought into harmony with these results.

In conclusion 1 gladly express my cordial thanks to Prof. Horreman
for supplyiug me with the information which I required for the
foregoing investigation and for his interest in this work.
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