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D E C L A R A T I O N .

I hereby declare that the following thesis has been con- 

posed by myself and contains a record of work done by me. 

flhen I have had to deal with, work done by others, due reference 

has been made to them in every case. One passage has been 

taken from a paper published jointly with a collaborator, and 

it may be advisable to mention that the paper from which the 

passage was taken was composed by me.



P A R T  I.

STERIC HINDRANCE IN KETONIC REACTIONS*

In 1904 it occurred to me that an interesting example of 

steric hindrance was that found in the case of the addition of 

sodium bisulphite to the carbonyl group of ketones. It is well 

Known that,while acetone easily combines with bisulphites,neither 

acetophenone nor pinacoline will yield a bisulphide compound*

A research in this branch of the subject seemed to promise results, 

for it would be easy to observe the effect produced by the intro

duction of methyl groups into the molecule of acetone; and as 

the homologues of acetone are all easily procured, a complete 

s®ries of changes could be studied.

On referring to the literature of the subject, I was unable 

to find any papers dealing with the point from the practical side; 

though Angeli ( Atti R* Accad. Lincei, 1895,5.84) had pointed



out the resemblance between the addition reactions of bisulphites, 

hydrocyanic acid and ammonia to carbonyl compounds:

OH
\
C:0 + BHSOg

\
OjO + HCN
/

\
0:0 + TO-

h h2

and had suggested that these reactions were influenced by the 

nature of the radicals attached to the carbonyl group*

I have since found that P.Petrenko-Kritschenko ( J*pr.Chem.,

Iii1,61,451; 62,315; Ber.,54,1699 ) had done some work in this 

branch of stereochemistry; but as his object was different from 

mine, 1 had not traced his papers. My work was thus done without 

reference to his; although we arrived at similar results in the 

cases of several compounds. Petrenko-Kritschenko has for a con~ 

siderable time devoted hdmself to the study of the configuration 

of carbon chains; and he has used some cases of steric hindrance 

in support of his views.

In the first instance, my objett was to estimate,as accurately 

w  possible, the effect of replacwing the hydrogen atoms of acetone 

in turn by methyl groups, using the amount of bisulphite compound 

formed in a given time as a measure of the reactive power of the
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carbonyl radical in each case. Now since the solubilities of the 

bisulphite compounds of various ketones are different, it is evi

dent that the estimation of the amount of bisulphite compound 

formed should preferably be carried out in the solution, without 

isolating the addition product: and this necessarily implies the 

adoption of some titration method. A reference to the literature 

showed that Ripper (Monatsh., 21, 1079 ) had devised a method for 

the estimation of formaldehyde which depended upon the formation

of a bisulphite addition product. He found that the -SO^Na group
iin the bisulphite compound was not oxidsed by a solution of iodine 

so thatthe amount of bisulphite compound formed in any case could 

be estimated from the difference between the titration values of 

two solutions; one of pure bisulphite, the other containing an 

equal quantity of bisulphite mixed with the aldehyde.

I applied this method in the case of the ketonic bisulphite 

compounds, but found that it had certain defects: the chief one 

atising from the presence in the solution of hydriodic acid pro

duced during the titration; as this acid, if left free} tends to 

break up the bisulphite compound, thus rendering the endipoint 

uncertain. With a view to avoiding this, titration of the excess 

of the bisulphite with standard alkali was tried, but it was found 

that the fintt slight excess of alkali present was sufficient 

to beeak up the bisulphite compound as rapidly as the hydriodic 

4cid had done. This method was therefore abandoned. Attempts were 

then made to utilise sodium bicarbonate to neutralise the excess



of hydriodic acid in Ripper's method; and solutions of strengths 

deduced from the equations below were tried:

HaHSOg + 3 NaHCOg + I2 - Ha2S04 + 2 Mai + 2 H20 + 3 OC

MaHSOg + 2 MaHCOg + I2 a MaHS04 + 2MaI + Hgt + 2G02

The results were useless, however, so a return was made to Ripper's 

method.

In the first experiments, alcoholic solutions of the ketones 

vere used, but it was found that owing to the action oC alcohol 

upon the starch-iodine blue these did not give the best results.

Purely aqueous solutions could not be used, owing to the insolubili

ty of certain ketones in water; so that a compromise had to be

made. It was found best to use as a solvent water to which 20% 

of alcohol had been added, and to make 11/12 solutions of the ketones. 

By this method all the common ketones could be brought into solu

tion, with the exception of acetophenone.

In the early trials which I made, I chose an arbitrary time 

limit and estimated the percentage of bisulphite comriound which 

was formed during a given number of minutes. The results were not 

at all satisfactory, and I had some difficulty in arriving at a 

good method of estimating the velocity of the reaction.
The factors which enter into fche problem are: the temperature 

of the solution, the decomposition of the bisulphite compound 

after its formation, and the action of the hydriodic acid generated 

during the titration. The first factor was disposed of by working 

at a constant temperature. The tendency of the hydriodic acid to



break up the bisulphite compound was, as far as possible, minimised 

by rapid titration. By constant practice, I was able to combine 

this and the personal equation into a comx>aratively constant factor. 

Ihe question of the decomposition of the bisulphite compound was 

nore difficult to treat from the experimental side; and I was 

finally forced to do a series of titrations at frequent intervlls 

and then draw curves which indicate approximately the rate at 

which addition is going on at different times. I should like to 

point out that Petrenko-Kritschenko has throughout adhered to the 

arbitrary time limit method; and I do not consider that his results 

represent the reaction velocity with any degree of accuracy.

The details of the method finally adopted were as follows.
of the ketone to be investigated

Fifty c.c. of an M/12 solution, prepared as described, were shakenA
in a flask with fifty c.c. of M/12 aqueous sodium bisulphite. Xj|

Ihe mixture was then allowed to remain, corked, in a vessel of 

ice and water. Every ten minutes, ten c.c. were withdrawn and 

titrated, being kept surrounded with ice-water during the operation. 

Ihe iodine solution used was of such a strength that 14-15 c.c. 

were required to oxidise 5 c.c. of the bisulphite solution. The 

relative strengths of the two solutions were determined at the 

beginning and end of each series of titrations. The results ob

tained by this method were apparently accurate to within one per 

cent, after the mixture had been standing for an hour.

It seemed desirable to find some method by means of which 

the general correctness of the results thus obtained could be 

contrilled; and for this purpose I measured the velocity of oxime



formttaon in the case of certain ketones whose velocity constants 

I had already found in the case of bisulphite addition* I tried
1
to measure the rate of semicarbazone formation, and of the addition 

of hydrocyanic acid to the carbonyl groupjbut unfortunately in 

neither case was I able to obtain concordant results.

In the case of the oximes, several methods were tried before 

a suitable one was found, the one finally adopted being a modifica

tion of Meyeringh*s method (Ber.,10,1940) for the estimation of 

hydroxylamine. Ihe details of the method are as follows. The ketone 

solution was made up in the same way as in the case of the bisulphite 

compounds, the same concentration, 11/12, being used. Fifty c.c. 

of the ketone solution were mixed with an equal volume of M/12 

hydroxylamine sulphate solution, and the mixture was left in an 

ice-bath. Every ten minutes, tea c.c. were withdrawn, to whi c* 

were added twenty c.c. of N/5 iodine solution and twenty c.c. of 

1/5 disodium hydrogen phosphate solution. Ihe whole was placed 

•b a water bath for one minute, an the excess of iodine then r#- 

Mining was titrated with sodium thiosulphate solution in the 

usual way. Ihe rationale of the method is as follows. The ketone, 

in forming an oxime, uses up a certain quantity of hydroxyllmine; 

the remaining hydroxylamine is decomposed by warming with the 

iodine solution, and the hydriodic acid thus produced is taken 

UP by the sodium phosphate before it affects the oxime; the amount 

°f iodine left unchanged is then estimated by means of the sodium 

thiosulphate titration, and from it the amount of hydroxylamine



employed in oxime formation can be deduced. The results obtained 

by this method also are concordant to within one per cent.; but 

the method fails when applied to aldehydes, owing to their ready 

oxidation, and also in the case of compounds containing the group 

-CO-CHg-CO- whose methylene hydrogen atoms react with iodine on 

terming.

The results obtained by both methods are given in the tables 

below:

BISULPHITE 

j> bisulphite comp.formed in

COMPOUNDS. 

10 20
>

30 40 50 60 70 minute
Acetaldehyde 85.2 86.6 88.0 88,7 88.7 88.7 88.7
Acetylacetone 47.1 54.2 60.5 64.0 67.6 70.0 71.9
Acetoacetic ester 37.4 47.0 56.0 60.0 64.0 67.6 67.6
Acetone 28.5 39.7 47.0 53.6 55.9 56.2 58.9
Methyl ethyl ketone 14.5 22.5 25.1 29.1 32.4 36.4 38.4
Methyl propyl ketone 8.5 11.0 14.8 18.4 19.6 23.4 25.5
Laevulinic ester 7.2 10,0 14.0 15.0 16.5 19.4 21.6
Methyl isopropyl ketone 4.2 5.4 7.5 9.4 11.6 12.3 13,0
Pinacoline 4.2 5.6 5.6 5.6 5.6 5.6 5.6
Acetone dicarboxylic ester 40,2 55.3 61.0 64.5 68.B 71.2 73.0
Diacetylacetone 14.6 17.8 21.3 23.9 26.3 27.8
Atttonylacetone 5.7 8.8 11.5 14.6 16.6 19. b ...
Maltose 2.6 2.9 3.1 — * —
Glucose 5.2 5.2 5.2
Uctose 7.7 8,4 9.0

Potassium Q-camphorsulphonate gave a constant value of 3.5/L Un
successful attempts were made to prove the existence of addition 

Products in the case of epichlorhydrin, carbamide,acetamide, form- 

amide, allyl alcohol and i u  cinnamic ester. Dimethyl pyrone gave 
traces of some additive compound, but concordant results were 

obtained.



OXIME FORMATION*

% Oxime formed in 10 20 30 40 min
Acetoee 45.1 49.7 50.0 50.1Methyl ethyl ketone 36.6 39.2 39.2 39.2
Methyl propyl ketone 34.7 37.3 39.9 41.2
Methyl isopropyl hetone 31.4 31.5 32.0 32.0
Laevulmic ester 26.1 30.0 33.9 35.0
Acetenylacetone 19.0 30.0 35.0 39 „ 0Pinacoline 12.9 17.0 24.5 24.5

The velocity constants calculated, on the first ten minutes from 

the above figures are as follows:

NaHSOg NHgOH

Acetaldehyde
Acetone
Methyl ethyl ketone 
Methyl propyl ketone 
Methyl isopropyl ketone 
Pinacoline

0.5755
0.04027
0.01696
0,00929
0.00458
0.00438

0.08216
0.05773
0.05314
0.04577
0.01481

Acetylacetone 
Acetonylacetone 
Diacetylacetone

0.08902
0.00604
0.01710

0.02346

Laevulmic ester 
Acetoacetic ester 
Acetone dicarboxylic ester

0.00776
0.05974
0.06722

0.03592

Glucose 0.00549

How whenwe examine these numbers, several deductions may be 

flrawn. in the first place, the effect of replacing a hydrogen 

atom by a methyl radical is well marked; a steady decrease in 

the amount of bisulphite compound formed in a given time follows 

the successive replacement of the hydrogen atoms by methyl groups. 

Ihis can be seen by comparing the following figures, which show



the percentage of bisulphite compound and oxime formed by various 

ketones in ten minutes, as well as the velocity constants calculated 

fron these data®
NaHSOg NHgOH

t K r* K
CHg.CO.H 85*2 0*57550 — «

CH3*C0*CH3 28*5 0.04027 45*1 0.08215

ch3*c o*c h2.c h3 14*5 0.01696 36.6 0.05775

CH3*C0oCH(CH5)2 4*2 0*00458 31.4 0.04577

ch3.c o.c (c h3)5 4.2 0.00438 12.9 0.01481

In the case of the bisulphite compounds, the difference between 

methyl isopropyl ketone and pinacoline is so slight that it lies 

within the limits of experimental error*

I have already pointed out that the gross amount of bisulphite 

compound formed after a fixed time is of but little value in

determining the reactivity of a given carbonyl group; as can be

seen from the figures given in the large table, equilibrium is 

established after very different intervals of time in the cases 

of different ketones* For example, the figures below show approxim

ately the number of minutes which elapse before equilibrium id 

established in various cases:

CHg*CO*H 40 minutes

CH3 .C0 ,C(CH8)s 20 ,,

OHg.CO.CHg•COOEt 60 ,,

"his is in agreement with the xaxkz* results obtained by Menschutkin



in his various researches on the influence of carbon ch<iU. i upon 

reed >.c>h vcloc * t '■ es.

! Eb- the the ox;- *»1‘ steric hii,flr>nr.*-, I .1 t o been led to ex

pect that compounds containing a chain of carbon atoms of equal 

length would have approximately the same additive power, at least 

when the carbonyl group in each case lay in a similar position 

in the chain. This view proved to be quite erroneous, however; 

and as it was on this discovery that my later work was founded, 

it is necessary to give some details on the point in question.

If we consider the compounds methyl ethyls ketone and aceto- 

| acetac ester, it is evident that both of them contain a chain of 

four carbon atoms directly united to each other. Acetoacetic ester,

| of course, contains six carbon atoms in all, but only four of
|

these are in the main chain, the others being united to the rest 

of the molecule by the intermediation of an oxygen* fctom. If we 

write down the formulae of fcfcBxxKtttxaffjiifcjbg the u: two compounds for 

the purxjose of comparison:

•h3 *oo*gh2 ®co.oc2h5

OH3 .CO.CH2 .CH3
since

it is evident thatj the part CHg.CO.CH2- of both molecules is She 
same, any difference in steric hindrance must be attributed to 
the difference in size *£ between the remaining parts of the 

molecule; that is, between the sizes of the groups -CHg and

*OOOC2Hg# Prom Iraube*s results in his calculations of atomic



ralumes we should expect to find that the -COOCgH^ group had 

5 greater «£x*xk hindering ef fect than the methyl radical; and we 

should therefore; anticipate that the addition velocity of aceto- 

icetic ester would be less than that of methyl ethyl ketone. An

jxanination of the experimontal results show? that this anticipa

tion was not j us t i fied:

K

Methyl ethyl ketone 0,01696

Acetoacetic ester 0.05974

The velocity constant of acetic ester, instead of being lower
t
than that of methyl ethyl ketone, is actually more than three times 

as high®

It is now advisable to compare the velocity constants of 

three ot,.er ketones, each of which contains a chain of five carbon 

hoes, via., methyl propyl ketone, laevulmLc ester and acetone 

Ucarboxylic ester:
K

CHg.CO.CHg.GHg.CHg 0.00929
CHg.00.CH2.CH2.C00C2H5 0.00776
CaOC2H5.CH2.CO.CH2.C00C2H5 0 .06722

From an examination of these figures, a new fact comes to

fight. The -COOEt group xixsi£ in itrulf appears to have no great 

influence upon the reactivity of the carbonyl radical; for the 

rUe of addition is lower in the case of laevulinic ester than in 

the corresponding methyl propyl ketone: but when the -COOEt group



13 placed in the 3 -po.c: 1t lou to the carbon-.’! radLC.il 1

low In f i g u r e s : K
CHg.CO.CHg

GH3 .00.CH2 .COOEt

COOEt.CHg.CO.CH2.COOEt 0.06722

0.05974

0.04027

It seemed possibla, though hardly probab

ta the amount of bisulphiU

COOEt group

teh was observed by von Pechmann ( Ber., 31,503 ). The behaviour 

of laevulinic ester cast doubt upon the probability of the hypothesis 

bat for the sake of certainty I made some experiments with ethyl 

acetate in order to see if any addition of bisulphite to its -COOEt 

group could be detected. No trace ofl ahy such addition could b« 

found.

Now the exceptional reactivity of the carbonyl group when in 

the 3-position to the group -COOEt is analogous to the lability

cf the hydrogen atoms in ikx methylene group which is placed between

two carbonyl radicals, as in acetoacetic ester, or malonic ester.

are therefore dealing in this instanee with a particular case

°f a general problem; and any explanation which may be put forward

for the reactivity of the carbonyl group should also throw light

u?on the ease with which the methylene hydrogen atoms in malonic 

similar eaters are replaced by sodium. MKXXKXXXX&KXXXKXXX This

a



point will be dealt with later in this section* There is, however, 

one case to which attention must be drawn here, viz,, that of 

diacetylacetone* As can be seen from the velocity constants, lach 

caebonyl group of that substance has a reactivity which does not 

differ to any extent from that of the carbonyl radical in methyl 

ethyl ketone:
K

CHg*CO*CHg•CO*CHg•CO*CHg 0*01710

CH3.C0.CH2*CH3 0.01696

Except by making some very doubtful assumptions, this cannot be 

explained on any steric hypothesis, and we are therefore driven 

to find a chemical explanation* The best seems to be to adopt 

Collie*s formula for diacetylacetone: (Trans* j . ' -

H OH
I I
0 0

/ l \  /  *
CHg.C I C.CH* CH3*C C.CH*

I o II I! |
H.C CoH H.C C.H

\ /  \ A
c c
I I
OH OH

In the presence of bisulphite, this may be supposed to change 

slowly into the open chain ketonic form; so that the rate of 

bisulphite compound formation is really a measure of this rate of
change, and not of the rate of addition of bisulphite to the car

bonyl groups*

This explanation involves the abandonment of the purely steric



view; but this can be justified in other cases* For instance, 

glucose under the same conditions has a very low velocity constant

K * 0.00549
The influence at worjj here cannot be a purely steric one, zsat but 

must be attributed to the accumulation of hydroxyl groups in the

chain*

In addition to the compounds mentioned, I studied also several 

others, but as they have no particular b- •nug upon the problem 

dealt with in this section, it is needless to give the results 

hers. In many eases I war.- unable to make fcks estimations owing to 

the insolubility of the ketonic substances*

From the results which have already been summarised, it is 

apparent that the ketones dealt with may be divided into two classes 

first, those whoae reactivity is in agreement with the steric 

hindrance hypothesis; and, secondly, those whic&, judged by this 

standard, are abnormal. In the first class are those ketones derived 

from acetone by the substitution of methyl groups for hydrogen atoms 

while the second class includes those ketones which have a -COOEt 

group in the -position to the carbonyl radical* Now the phenomenon 

of tautomerism is known to be specially marked in substances 

belonging to this latter class; so that we are faced by the apparent 

Paradox that when a compound exists altogether in the true ketonic 

form it has less reactivity than when part of it exists in the 

Atonic and part in the enolic condition. XKXX In other words, a 

ketone shows its ketonic properties best when it exists in the



enoli3 form,

i It seemed possible that the abnormal rate of addition in the
i

case of compounds containing the grouping -CO-CHg-CO- might be 

; Jue to the following mechanism. In the first place, the enolic

fora of the ketone might be produced, and the bisulphide molecule 

eight then attach itself to the double bond. In the case of aceto

acetic ester, this would be represented by the following formulae:

OH OH
I I

CHg.CO.OHg.COOEt CH3.C s C H .COOEt CHg. C— CH.COOEt

NaSOg H HaSOg H

Ordinary fcetones might be supposed to act in a similar way; but 

since they are less tautomeric than compounds containing the 

I group -CO.CHg.CO- , their activity would be less. For instance, 

acetone would form the enolic compound:

ch2 :C.ch5

OH

Now if this view were correct, then unsaturated compounds such 

as allyl alcohol should have the faculty of uniting with bisulphites 

almost as readily as ketones do. To test tins, I examined the 

behaviour of allyl alcohol and cinnamic ester; but in neither 

Case was there any measurable addition. It seons improbable, 

therefore, that the addition reaction is brought about in the 

manner shown above.

We must now consider the bearing oi tautomerism upon the 

°rigin of the reactivity of the carbonyl group from another point



of view. If we examine the process of tautomerisra, we shall find 

that it is merely the change of a compound of the type (I) into 

Jone of the type (II), and vice versa,

| CH3 ,C:CH,COOEt CHg.CO.CHg.COOEt

OH (I) (U)

Now this change implies that the hydrogen atom is loosened from 

the oxygen atom and transferred to the adjacent carbon atom. And 

just at the instant when the hydrogen atom breaks free from the 

oxygen atom, the latter will have a valency free which next moment 

would be used to form the double bond of the carbonyl group. In 

other words, the stage between (I) and (II) may be roughly re

presented by the formula below:

CH-.Css CH. COOEt 
5 I H

0- (III)

At this instant, if there be in the neighbourhood of the carbonyl 

group a molecule capable of reacting with it, the reaction id 

nore likely to take place then than at any other time; for the 

oxygen atom in (III) would have properties very closely approximat

ing to those of a nascent atom, and it would therefore be much 

no re reactive than the normal oxygxnM Atom. The reactivity of 

any carbonyl group would thus be proportional to the frequency 

with which it became "nascent11.

In order to make any further progress in thds fexx branch of 

the subject, it was imperative to have a measure of the amount 

of tautomerism in a given ketonic compound, which could be utilised



intepunl vifcly o t t i■ rur.i ; i i,„, .Vi s. - n i : rn *•. (if my previous 

methods; so that a comparison could be made between the degree of 

j  tautomerism and the reactivity of the carbonyl radical. Such a 

measure of tautomerism could only be useful if Lt were made by a
!

iphysical method,as chemical methods would lead to a mere repetition

of the work I had already dune, Now, at this time, Mr.Baly and Dr, 
just

Deschhhad £x& completed an investigation of the absorption spectra 

of cettain enol-keto tautomers,the results of which,m so far as 

they concern my work, may be summarised here.

Baly and Desch (Trans,8b,1039j87,766) were able to show that 

wM'e both the enolic and ketonic forms of tautomeric substances 

gave only general absorption,an equilibrium mixture of the two gave 

an absorption band in the ultra-violet region of the substance's 

spectrum. The persistence of this band was a measure of the tauto- 

tterism of the substance under the given cond i i ons. This, then, 

gave the required measure of the tautomerismj and at this point, 

in order to give completeness to my investigation, I yeaned forces 

with Mr,Baly, Together (Stewart and Baly,Trans,89.489) we examined 

the spectra of a very considerable number of ketonic substance*, 

with the results which will now be described.

The method employed by us differed in no respect from that 

ievided by Hartley; but instead of limiting ourselves to absorp

tion in the ultra-violet region of the spectrum, we examined the 

visible region as well. In the curves appended to this paper, 

the figures on the right hand side of the diagram represent the 

relative thicknesses of solution whose absorptive power was



measured; the unit being one millimetre of a N/10,000 solution,

Ihe figures on the left hand side are the logarithms of the cor

responding numbers on the right hand side. Ihe numbers at the 

top of the diagram give the frequencies.

Baly and Desch had confined their work to compounds containing

the group —CO—CHo—CO— , but it appeared probable that a relation 
re

between ^activity and tautomorism might exist in the case of the 

simple mono-ketones of the type R-CO-R* . Ihe spectra of several 

of these were therfore examined, and in every case we found a 

band which had not been observed before. Not only so, but the 

persistence of this band was proportional to the reactivity of 

the ketone's carbonyl group which had been measured by me some 

time previously. This will be made clear at once from a comparison 

between the curves in Figure 1, and the following numbers, which 

give the percentage of oxime formed by these ketones in twenty

3inutes. % Oxime

Acetone 49.7

Methyl ethyl ketone 39.2

Methyl propyl ketone 37,3

Methyl isopropyl ketone 31.5

Pinacoline 17.0

A relation is thus established between the absorption spectra of 

these ketones and their reactive capacity: sxw&Kxfckc and since 

the absorption bands in the spectra of the mono-ketones occur in 

the sane region of the spectrum as those of the di—iCetonic com

pounds examined by Baly and Desch, it seems not unwarrantable to



attribute then to a similar process. The reactivity of the car

bonyl group in acetone may therfore be ascribed to the transition 

iof the compoun 1 £« from the enolic to the ketonic form. Baly andi *J
Desch, however, have suggested that it is not necessary to assume 

1 that an actual change from one form to the other is going on con

tinually: it is enough to suppose that some sort Of intra-atomic 

strain is set up, which, if carried to its end, would finally lead 

to this vibfcation of a hydrogen atom.

Lapworth (Trans. 85.32 ) was able to prove that the action of 

halogens upon acetone was preceded by the formation of the enolic 

form of the ketone; and he foun < than, this reaction was most 

readily carried out under conditions which favoured the establish

ment of equilibrium between the two tautomeric form.-; of the ketone, 

( Cf, Trans.81.1503; 83.1121 ) His results are therefore in close 
agreement with the theory set forth above.

Again, the hy drog.rn atom affected by the enol-keto change 

nust also be extremely reactive if this theory be correct; and 

here also the facts are in agreement with the new views. For 

example, the reactivity of the carbonyl group in acetoacetic ester 

■'■s greater than that of acetone, and the readiness with which the 

hydrogen atoms of the methylene group in acetoacetic ester are 

replaced by halogens far exceeds the ease of substitution in the 

case of acetone. The close relation between the reactivities of 

the carbonyl group an 1 fh j hy lroweu a u>a a >so .<-»*, <• uî .i i u cer

t a i n l y  tend to strengthen the argument in f a v o u r  ot the view mat
. •. , -t , '•’iou*li connectei phenomena,taatomer i cm atil reactive *y a, u  ̂io „



j stances and that their spectra would show shallow absorption bands,.

! These spectra had already been examined by Baly and Desch (Trans. 

87.760) who stated that they were pure ketonic compounds. Since 

these tv.To data were not in agreement, Mr.Baly and I examined the 

spectra of the two compjounds, using solutions of greater concentra

tions than had been employed before; and in our plates we detected 

a rapid extension of the spectrum at one point ( See III and IV 

in Figure 2) which extension corresponds to a very shallow absorp

tion band. My work, therefore, i.ad acted as a control upon the 

spectroscopic experiments; and the close agreement between the 

results deduced from the measurement of reaction velocities and 

the absorption spectra seems to strengthen still more the probabilit; 

of the correctness of the work.

k further test was applied as follows. It is a well known 

fact that the speed of a reaction is influenced by the solvent 

in which it is carried out; and Petrenko-Kritschenko (J.’Russ. 

PHys.Chem.Soc.,1903,35,404) has examined the matter quantitatively 

in the case of phenylhydrazona formation. He found that the more 
unsaturatwd the solvent was, the slower the reaction proceeded, 

in order to check this, we examined the spectra of acetone and 

Acetoacetic ester* k comparison of curves (I) and (III) in

figure 1 will show at once the effect which the solvent exerts 
upon the tautomeric prodess. In the case of acetoacetic ester,



th.0 curve of di—ethyl acetoacetic ester is given as a comparison*

| See $1) and (II) in Figure 2) In this case also, the action 

of the unsatUratel solvent water is much* greater than that of the 

saturate 1 alcohol*

It night be objected that as the band in acetone is well 

narked, while the acetoacetic ester spectrum shows a mere extension, 

wand no true band, therefore the reactivity oif acetone should 

greater than V at of acetoacetic ester* In reply, it is only 

necessary to point out that the two bands occur at different 

iiliitinns; an 1 a b*nd vir.'.ch appears at N/1000 obvio isly reprosuuts 

i flora powerful vibrat ion then one whose influence is exhausted 

At N/10.

Up to this pomt, all the evidence favours I the view that

tauloanr i :  change in the group -CH^.CO- lay behind the reactivity
butu the carbonyl group in ketonic compounds; kkx since further 

evidence was desirable, we resolved to ascertain the react iv ».ty 

h the carbonyl radical in the cases of acetone, ace toae * tic ester, 

ketone dicarboxylie ester and pyruvic ester* A new method was 

^ployed, which it was hoped would yield rather more accurate 

faults than my previous ones* Fifty c.c* of a M/20 solution of 

potassium bisulphite were cooled to zero and mixed with® an equal 

volume of a 50% alcoholic M/10 solution of the given ketone, which 

,flU  been cooled to zero* The liquid was immersed in a freezing 

fixture and kept at a temperature of -1 0°C. Ten c.c. were withdrawn 

every fiv£ minutes and titrated with ioline, The results are given 

in the following table:-



5 10 15 min. K
Acetone 5 7 9 0*000105
Acetoacetic ester 12 18 24 0.000272
Acetone dicarboxylie ester 30 36 42 0*000857
Pyruvic ester 52 64 76 0.002666

Ihe f igurus give tho pe rc t.n i*.g, :■ < > ' b ;.Mphi ,

' ferred, and the constant K is calculated on the first five 

minutes. In spaite of the precautions taken, the results are 

probbbly not quite accurate; hut 13.e differences between the 

numbers themselves are very much greater than any experimental 

error under the conditions employed.

An examination of the numbers shows that the introduction* 

of a -COOEt group into acetone increases the additive capacity 

of the carbonyl group; the introduction cf two -COOEt groups 

still further enhances the reactivity of the carbonyl; but the 

most striking '-.-ffect is produced when, as in the case of pyruvic 

ester, the carbonyl and carboxyl radicals are brought into juxta

position in the chain*

Nov/, in the case of pyruvic ester, although the compound 

sometimes reacts in the enolic form, it is most improbable that 

the change from the enolic to the Ketonic form and vice versa 

ts going on at a rate at all comparable to that at .vliich it is 

occurring in acetoacetic ester or acetone dieerboxylic ester,

SO that it is not likely that the exceptional aiditive capacity 

of the carbonyl group in pyruvic ester is due to this Kind of



tautomerism*

Id order to settle the question, we examined tie spectrum 

of pyruvic ester, with the following result, (See II in Figure 2 ) 

IL& absorption spec true contains a bind of c o r n Lie r able persis- 

! tence whose head lies at 3500, This band, (wh id. for' the sake 

of convenience in reference we may C'il the "pyruvic band"),

..ij L ’ e supposed to originate in either of two ways: it might
j
Be due to t a n  -• clu^e ii.. the ys; CHg.CO-, as „ found

in acetone and oth i • ■. gi > ...... Ionos; or it might be caused by

some interaction between tie groux>s of the radical ~CO.COOEt« Now

if tie first hypothesis were true, since the process would be the

sane as in the simple ketones, lie band might be expected to

occur in approximately the same glace m  the spectrum, (allowing

for tie d iff ereuce in * eight of the groups involved); but as a

natter of fact the band in acetone has its head at 4200, nearly
the

seven hundred units away from that of pyruvic asxi band. Since the 

heads of the bands m  the honologues of acetone do not appear to 

diverge more than a hundred end fifty units fror, a mean position, 

it appears reasonable to conclude that the pyruvic band is not 

due to the same cause which produces the bands in the simpler 

ketones.

We are therefore thrown back upon the assumption that the



pyruvic band owes its origin to some change which, is con’, j rn ally 

going on in the -CO.COOEt part of the molecule* We may neglect 

the idea that the carbonyl group alone suffices to produce thjfes 

band, for then we should find it in acetone; we may also rule

out of account the -COOEt group, as the spectrum of ethyl acetate
i
shows no such absorption* Evidently, thervfoo*, the two parts 

-CO- and -COOEt are needed to cause the appearance of the band.

The question at once arises, is the ethoxy radical necessary for 

the production of the absorption, or could this be brought about 

by the juxtaposition of two ordinary carbonyl groups, -CO.CO- ?

The simplo:t means of putting the master to the test seemed

to be to examine the spuetru; of diaefctyl, which contained the

required grouping, but in which the -OEt radical did not occur.

We photographed the spectrum of diacetyl, and found , as we ex—
an

pected, that it contained ike absorption band almost n: the 

same place as that found in the pyruvic. ester spectrum. (Figure 3 ) 

It is obvious, therefore, that the group CHg.CO.CO. is sufficient

to produce the band.

I have already mentioned that Baly and Desch concluded that 

though the bands occurring in the spectra of tautomeric compounds 

were produced by intra-atomic vibrations, they were caused by 

the alteration of 1 in a age* due to the change from the ke tonic to 

the enolic form and vice versa. If we apply this idea to the 

Present case, we should expect to find a somewhat similar state 

°f affairs; and we should further expiect to find a "nascent



carbonyl group" bo j.j.̂  formed , as wu have to account for the ex- 

certnjal reactivity oi' the carbonyl radical in pyruvic ester. The 

only possible way in whic these two requirements can be expressed 

in formulae is to suppose that pyruvic ester exists in two forms 

like acetoacetic ester, The two forms would be represented as 

below, but I widh to point out tiiat these formulae are not sup

pose! to lave any static XMKixsas* existence: they are to be 

understood merely as representetions of two extreme phases of 

a vibration:
U )  (ii)

CH,.C-~ C.OEt CHit.C-C.OEt
l l  ll0 0 0-0

An illustration will perhaps serve to make the meaning clearer.

In the Kekule vibration formula for benzene, it is assumed that' 

the two forms: —---  ~  —

io not repiresent different compounds, but merely phases in the 

vibration of 1,2-dichlorobenzene. The two forms of pyruvia ester 

are supposed to be analogous to the two benzene phases. Further, 

since the change of (i d  into CD would pro luce a "nascent car -  

borr 1 radical" the reactivity of pyruvic uster also finds its 

explanation in this hypothesis.

At this point, it may be well to summarise the conclusions 

which can be drawn from the work described in the foregoing pages,

(1) The reactivity of any carbonyl group is not inherent

in the group itself, but is produced by the action



of neighbouring atoms which render the groux*"nascent

(2) Such action may take the form of tautomerisui or of

a modification of tautonerism such as Laar originall 

postulated, in which there is no actual trmsfer of 

the hydrogen atom from one atom to the other,

(3) The action may also take the form of Iks a play of

forces between two adjacent carbonyl groups,

(4) The reactivity of a given carbonyl group may be

approximately estimated from the persistence of 

a certain band in the absorption spectrum of the 

ketone containing it,

(5) The reactivity of the hydrogen atoms in the group

-CHg-CO- depends upon the "nascency" of the carbonyl 

group; consequently in the group -CO-CHg-CO-, it 

is to be expected that the hydrogen atoms would 

be moee active than in acetone, owifcg to their being 

adjacent to fcwo carbonyl groups instead of one,

(6) The theory put forward in the foregoing pages is

superior to the ordinarily accepted hypothesis of 

steric hindrance, as it is able to explain all 

hindrances in carbonyl group reactions, including 

several zkoux cases which are anomalous from the 

steric point of view. For instance, the compound

(I) forma an oxime easily, while (II) does not do 

so, although the methyl radacal is probably much



snail er than the carboxyl group. This cannot be explained by

hindrance, but it is simply a parallel case to that observed

myself in the case of acetone and pyruvic ester, 
cooH Cf_,3

CO

N

C D

Forms ox.i.Fie

(XI)
Forms no oxime

steric

by



p a r i  I I ,
STERIC HINDRANCE IN THE SUBSTITUTED QUINONES*

It is wall known that a close relation exists between the 

para-positions of a benzene ring; and it therefore seems not 

improbable that a "pyruvic band" night be found in the absorption 

spectrum of quinone, owing to some interaction of the carbonyl 

£roups in the para-position to each other. The spectrum of 

qumone had already been examined by Hartley, Dobbie and Lauder 

(Brit.Assoc.Report,tfOg+lBfl)but they had confined themselves to 

the ultraviolet part of the spectrum, and had attributed the 

yellow colour of quinone to general absorption in the visible 

region. We re-examined the spectrum, and found, as we anticipated, 

that the yellow colour was due to a band in the visible region, 

its head lying at about 2200. (See Figure 4). It is evident that 

in quinone a change similar to that in diacetyl is going on.

other words, quinone must be continually passing from one phase



to another in such t  way as to give rise to a "nascent carbonyl 

group".

At this point it may be well to recall the chemical evidence 

which bears upon this question. When quinone is treated with 

hydro xylamine, it gives ride to a dioxime which has the formula:

n cni

If, on the other hand, quinone be subjeeted to the action of

In the one case, then, there is a true carbonyl group reaction,

n it were part 

sn assumed

rhile the

j auH, wnen we e^anxue u y  * * j . is derived
I
| from (II), we shall find that a "nascent carbonyl group" is

Produced at each of the two para-positionsj so that the case 

is similar to that of diacetyl:

Keya

I phosphorus pentechloi ide, it yields para-dichloro-benzene



In the case of quinone, there cannot be supposed to be any 

enol-keto tautonerism going on; in fact, the spectrum shows that 

this process is not occurring to any measurable extent, for there 

is hardly a trace of a band at frequency 4000 in the ultra-violet.

At this point, the interests of Mr.Baly and myself diverged 

to a certain extent; as he was attracted by the possibility of 

explaining the colour of yellov* compounds by means of the "nascent 

carbonyl group" hypothesis; while I was more concerned with the 

purely chemical side of the question. We continued to work in 

conmon, but it is unnecessary to deal with the colour theory in 

this place.

It appeared to me, that since we had been able tm in the 

case of the simple ketones, to provide an hypothesis alternative 

to that of steric hindrance, it night be possible to extend our 

*ork to tht case of the substitution products of quinone.

Kehrmann (Ber.,21,3315; J.pr.Chem.39,399; 40,257) has shown 

that when the hydrogen atoms of quinone are replaced one at a 

tine by methyl radicals or halogen atonSj a distinct change 

takes place in the reactivity of the carbonyl groups in the com

pounds. His conclusions, which are based upon a very considerable



anoun$ of research, are as follows:-

I* Mono—substltute3 quinones, when treated with hydroxyl amine, 

first forn a aaaxxix# Donoxine, the carbonyl group in 

the ortho-position to the substituent being unattached.

On further treatment, this monoxire yields a dioxine:

|l l l —  i» n * y  11
\ /  x -„/' \./
0 tt.OH

II. Di-substituted quinones, when both substituents are in 

the ortho-position to the sane carbonyl group, yield 

only nonoxires:

o ^
*  / \  e *

H I  —  I }

III. Di-subst itiited quinones, when the substituents are in

the para-position to cue another, give mono- and di-oximes,

but only with some difficulty:
o Hon Nn*

X X  R x x  *
.»-> ^ \  /<R

X X  R x /  non
o

*Yi. — X> —
0

IV.Iri— substituted quinones.£iye on^y nonoxines, that car

bonyl group being attached W Tl A. Vv l"i 1". & o OII i j One O 3P 11 o 

substituent:

« A  « /N ™ji k
x /  oo



V. Tetra-substituted quinones give no oximes.

Up to the present time, it has been usual to attribute the 

phenomena observed by Kehrmam* to tlu, influence of steric hindrance. 

Ii was supposed that the chief cause of the non—reactivity of 

the carbonyl groups was to be found in the occupation of the space 

around them by the vibrations of the substituents in the ortho

position; this being considered sufficient to prevent the approach 

of any hydroxylanine molecules. It seemed to me that an extension 

of the theory of the "nascent carbonyl group" might lead to a 

better explanation of Kehrmann's results; and it was therefore 

ieci'-Vd to investigate the point. (, Stewart and Baly,Trans.89.618).

In the first place,we considered the advisability of estimating 

for ourselves the exact reactivity of the carbonyl groups in 

quinone; but we abandoned this idea for two reasons. First, I had 

already endeavoured to make exact measurements in the case of 

quinone, and had been forced to give up the task owing to the ease 

with which the substance is afffceted by reagents. Second,a study 

of Kehrmann*s results seemed to indicate that the differences in 

the reactivity of quinones were miich more Darked than those ob

served xaxth* among the simple ketones; so that Kehrmann's own 

observations would suffice for our purpose.

We therefore examined the absorption spectra of the follow

ing quinones: benaoquinone, toluquinone, p—xyloquinone, thymo— 

quinone, chloro—benaoquinone, dichloro—benaoquinone, trichloro— 

benaoquinone, trichloro—toluquinone, bromo—benaoquinone, dichloro—



thymoquinone, and dibrono-thymoquinone, with results which must 

now be described.

It should be pointed out that the reactivitv of the carbon*. 1 

groups in quinone is closely related to the persistence of the 

"pyruvic band*1 which has its head at 2200; the deeper- this band 

is, the more reactive the carbonyl groups appear to be. That is 

to say, the more frequently the process

0 o

\  1 , \ \ :Cc jlo - ->• C vc
\  /  V  _ /

if going cn, the more reactive the* carbonyl groups ere. But if 

the quinone molecule exists for a considerable tine in the fora:

0 — ■ o
1 // f

^  C

it will have a distinctly benzenoid structure, and will ne less 

reactive than if it were continually undergoing iso-dynamic change 

can form an estimate of the amount of the compound which 

actually exists in the benzenoid form at any given moment by 

seans of the spectroscope. Benzenoid compounds show a series of 

well marked bands lying in the neighbourhood of 40CC. If, there

fore, the particular quinone we are dealing with exists to any 

extent in the benaenoid fora, we should expect to find traces 

these benzene bends in its spectrunj and, further, since the 

"pyruvic band" is due to those molecules which are changing from 

quinonoid to benzenoid structure, it will be less marked in the



inverse ratio* to the increase of the benzene band. That is to 

say, the reactiv ;.ty of the quinone carbonyl groups is inversely 

proportion*.! to the- persistence:- of t’ e benzene i d b&nd in the 

spectrum of the quinone. We rust now examine the actual results 

which were obtained.

In the first place we may deal with those quinones in which 

hydrogen atoms have been replaced by alkyl radicals. It is usual 

to measure the p • : *. : u.. ■ - ■/ •: b . ' 1 ..3.1: ■ . _  }

-• w 1 • ; « on o/i * -.it i.i it extends. This has been done in

fr case of quinone, (Figure 4), toluquinone (Figure 5), and 

thymoquinone (Figure 6), with the results given below. The figure 

hr p-xylo p.; in one, (Figure 7), are very slightly different from 

those for toluquinone, and they have therefors been omitted.

Quinone Toluquinone Thymoquinone
Band begins at  78.4 21,0 13,8

,, ends ,, .... 10.0 10.5 7,2
Change of dilution 
over which the 
pyruvic band persists:

85,8^ 50.0^ 47,8%

From these figures it is evident that the entrance of alkyl

groups into the quinone nucleus has had the effect of reducing

-ha persistence of the "pyruvic band" to a considerable degree.

Bet this is not the only alteration noticeable in the spectra as

pass from the parent substance to & higher honologues; for

inspection of the curves shows that while the "pyruvic band"

iitinishes, a benzenoid baud having its head at 3900 appears 
increases in oers is Concy •



We may delucu f ~o i this that xxias iKkiaat substitution in the 

quinone series has the of tec t of altering the internal stability 

of the molecule in some way which readers the benzenoid vibration 

no re frequent than it is in the molecule of simple quinone. And 

since the reactivity of the quinone carbonyl groups is closely 

30 an a c te d with the quinonoid vibration, we should expect to find 

lees reactivity in the case of the subsUtitei quinones. This 

tad already been shown experimentally by Kehrnann.

Most of Kehrnann1s work was carried out upon the halogen 

substitution pro due Is of ^mone, so it became necessary for ^3 

to e a :■; Lue the spectra of several bodies of this class. The 

results were even more striking than in the case of the alkyl 

ieriva t i ves.

An examination of the curves shows that whan one hydrogen 

fcton of the quinone nucleus is replaced by a bhlorind atom (Figure 

the "pyruvic band" becomes merely a slanting line lying between 

2000 and 2600. When two chlorine atoms arc introduced in the 

ortho-position to one carbonyl group, as in 2,6-dichloroquinone 

(Figure 9), the line representing the "pyruvic band" approaches 

re nearly to the general curve. In trichloro-quinone,(Figure 10) 

*ni trichloro-toluquinone (Figure ll), there is aa* no measurable 

"pyruvic band?

But at the same time* as the "pyruvic band" diminishes, 

the benzenoid band in the spectra of these compounds steadily 

increases, as the following figures show:



o
C£«i/\

II II 
\ /  

0

0
a, / cr 

II II
\  X  
0

“ A "
X /C£
0

o
ci / \ce
J  l!«% \ /

0

Band begins at 17.4 57.5 63.0 87.1

en^s ,, 10.0 15.8 14.5 M O . O

Dilution change 42,0% hh.0% 77.0% 88.

The results which we obtained from the renaming compounds, 

bro.no- qu in one, dibromo- thyno juinone, and dichloro- thyno qu inone 

>.onfimod our previous onon, so that it is not accessary to 

leal with the two former in detail. With regard to dichloro— 

thyno pi inone, (Figure 12), however, it is interesting to compare 

its spectrum with that of trichloro-toluquinone (F igure 11).* 

then the two formulae:
o

(x) *  I c
o

are examined, it ./ill be seen that cii) is obtained from (I) 

by the replacement of a chlorine atom* by a propyl group. This
CL. d&.

exchange of a halogen atom for an alkyl group produces m  mcrease 

in the persistence of the benzenoid band in the spectrum, as 

is shown by the following figures:



Trichloro— toluqu j.non.e Die hloro— thymoou inone

begins at 87.1 66.1

,, ends , , 10.0 12.0

Change of dilution 88.0$ 82.0$

This decrease in the persistence of the benzenoid band is quite 

in accordance with Kehrmann's observations. He found that IK a 

)ilixiesubstituent has a much greater hindering effect than that 

shown by an alkyl group in the same position.

We must now consider the effect which substitution exerts 

jpon the carbonyl group in the quinone series. It is evident that 

there are three factors which must be taken into consideration:

(1) Steric hindrance produced by the action of the substituents.

(2) The distortion of the benzene ring consequent on the

unequal distribution of weight in the nucleus which 

substitution produces.

(3) The possibility of the formation of a “nascent carbonyl

group".

With regard to the first of these, it may be said that up 

to the present,there has been no reliable method by which we 

tan estimate the purely steric factor in the problem. It is 

Probably not negligible, but it has not yet been proved to be 

to essential elemenj in the problem.

In order to make clear the bearing of the second factor,

xt is necessary to recall a theory of the benzene ring which was

suggested by Mr.Baly and embodied in a paper which was published 
°y us in conjunction with the late Mr.W.H.Edwards. A full account



H C

HC

In

of this theory is gi/en on pp.533-9 of Volume 89 ox' the Chemical

Society's Transactions. For the present purpose, however, it will

be sufficient to say chat.. the benzene ring is suppose! to be in

a state of vibration similar to that ox' an elastic r m r  which

has just been struck. Three principal phases in the motion are

ill that we need concern ourselves with: they are shown below.
u

  *    |1W

c+i h J" — C — — ^

along one axis an 1 extended along 

another; in (II), it has recovered its symmetrical form and is 

just about to pass over into the shape (III) in which the axis 

of compress ion of (I) becomes an axis ox’ extension. Now when we 

load the ring unsymmetnc ally, this vibration is complicated 

by the weight of the substituents. From the evidence given in 

the foregoing pages, it becomes a fair deduction that in the 

unsaturated ring system:-

cbn : CfU 
Co ' C J )

^  Ch  : c+f ^

there are two mutually antagonistic forces at work: the process

-diich produces the "pyruvic band", and the tendency of the system

to return to the most stable arrangement, via.,the benzenoid

form. The first process consists of some interaction of the two

carbonyl groups; and m  order that this process may continue, 
the compound must exist in the qumonoid form. Undoubtedly the



chief vibrations of such a compound would be parallel to the line 

of symmetry of the molecule, that is, the line ASA

ll
° \

^ C ’O /
3 1

If the vibrations were not in this direction it would hardlv
any

be possible for tks interaction between the carbonyl groups, to

take place, as they v;ould approach each other only at very

infrequent intervals. Now if we alter the centre of gravity of

the system by introducing new groups instead of hydrogen atoms,

the cor,lit ions of & stability of the system are completely altered.

for instance, if kk a single methyl radical be introduced, we

should expect to fin I the molecule vibrating along the new line
.A

of symmetry XY:- :

II n. H
hc* : ''0

<W
Y

^ the
In this case, the interaction between carbonyl groups would not 

attain the same intensity as in the preceding instance, since 

the vibration of the molecule would not tend to produce with 

sufficient frequency the conditions necessary for that interaction. 

But as soon as the carbonyl groups cease to act upon one another, 

the tendency of the system is to rearrange itself into the more 

stable benuenoi 1 form in which the "pyruvic band" is not produced. 

The effect of substitution is thus two-fold. In the first place, it 

prevents the frequent interaction of the two carbonyl radicals;



ind in the seconi place it encour«i£iy the transition of the sub

stance into the ben*eno.id configuration.

j  Ihe.ue L actors, however, are probably of less importance than 

the third,viz, f the possibility oi a Mnascent carbonyl group"

[being iormed. It has already been shown in the foregoing pages
j

[that when the hydrogen a ton* of the group :CH-CO- is replaced by

[a methyl radical, the tendency to fora a"nascent carbonyl group**

jis checked, and the reactivity of m e  carbonyl group m  :CfCH„)-CO- 
! ' 6
is nuch less than m  the parent substance. It has also been shown

that the "nascent carbonyl group" nay be forned by a process analogous 

to tan toner isn, in which there is no actual transfer of the hydro

gen atom from the carbon to the oxygen, but merely a mutual action

between the oxygen and hydrogen, which action, if continued, would 

end in tautomeric change. If we apply the same reasoning to the 

carbonyl group in quinone, we find that in quinone itself we have 

the grouping :CH-CO-CH: where there are two hydrogen atoms to

interact with the oxygen atom. In toluquinone, one of these is

replaced by a methyl radical, ;CH-C0-C(CH3): , so that the pos

sibility of interaction is greatly decreased.

Summarising what has already been said, we may conclude that 

the effect of substitution upon quinones is as follows:-

(l) It tends to diminish the interaction between the 

oxygen atoms and the neighbouring hydrogen atoms 

which gives rise to "na oC ent carbonyl groups".

(B) It loads the ring unevenly, and thus tends to

produce the benzenoid in preference to the quinondid



P A R T  III.

IHE RELATION BETWEEN ABSORPTION SPECTRA AND OPTICAL ROTATORY POWER.

Since carrying out the research described in the foregoing 

section, Mr.Baly and I have ceased to work together. As he has 

teen good enough to lend me his spectroscope, I have been able 

to make the following investigation which I hope to publish shortly.

Up to the j>resent time, no attempt seems to have been made 

to correlate the spectra of active substances and their rotatory 

powers, A research on these lines appeared to promise results; 

Specially in the case of racemic and active substances, for it 

horned possible that it might lead to a method of determining

'Aether or not a true racemic compound were present in solution.j
therefore decided to investigate this branch of the subject.

It is well known that the state of saturation of * carbon 

-onpound is closely connected with its rotatory power. Walden 

(Zeit.physikal.Chem., 20,569) has made a detailed study of the



point; an-i Kan shown that in general it nay be sail that un

saturation produces a rise in rotatory power. As his results w
j

| were sufficient for nv purpose, it was unecessary for ne to 

dittrniine tne rotations of any substances; I had only to examine 

the spectra of those which Walden had already measured.

The first question which presented itself was the effect 

of substituting double and triple bonds for a single linkage.

It has bben shown by Walden that when the single bond is converted 

into a double one by the loss of two hydrogen atoms, the molecular 

rotatory power of the substance was increased. When the double

bond was changed to a triple one, by a further loss of two hydro

gen atoms, the result was very different; for, instead of riding 

again, the molecular rotatory power diminished, though it did 

not fall so low as that of the single bond compound. Walden* s 

figures for the amyl esters of hydrocinnamic, cinnamic and phenyl- 

propiolic acids are as follows:-

I « I d

CgHg.CHg.CHg.COOC5 H 1 1  + 4.98

C6H5.CH:CH.COOC5H11 +16.36

C6H5.CHC.C00C5Hll +12.05

It is eviden that since the alcohol is the sane in each

case, the difference in rotatory power is due to the change in

^0 acidic radical; and it will suffice if we consider the spec-

tni of the three acids. The absorption ccurves of these are shown 
to Figure 13.

I



In the work \4' , - ; M'U 3 -<'y I ’  ̂ co ; •/l.J,. . !(i ^ j

=nti-v:iy ><i »'i *:inor,)Uon b»nJs .in tho spoctr* of subs Uncos; and 

niivUi’ /illy I exar.in ed the tnr^e spectra of the cinnamic series in 

tĥ  hopw ol iind in^ sor.u relation between the Absorption bands 

ind the rotatory power, No such relation seems to exist. II we 

consider the persistence of the absorption bands in the three 

spectra, we find that the cinnamic ac id band has the greatest 

persistence, then com os the hydrocinnimic band, and finally the 

bind of phenyl—propiolin acid, which is so shallow that it appears 

w a mere extension of the spectrum at one point. This is not 

the order in which the rotations lie. Again, it night be supposed 

that the frequencies at which the heads of the bands are found 

night be in some way connected with the rotatory power. But this

slao is not the case; for the heads of the hydroc Lnnamic acid
that

binds lie between 3700 and 3900; tkaxs of cinnamic acid at 3600; 

and that of phenyl-propiolic acid is probably situated at t  

frequency of 3900,

I therefore abandoned the idea that the absorption bands 

were connected with the rotatory power, and endeavoured to find 

other peculiarites in the spectra.

Now if we leave absorption bands out of account, the only 

H-j in which substances can differ from one another in spectra 

is in their general absorptive power. We must therefore examine 

bho three spectra with regard to the general absorption snown

by each substance above the bands.
If we take the abscissa 26 as a convenient standard, we



fine! that it ir-: cut by the three curves in the following order: 

oinnarric acid, pheny 1-proyiolic acid, and hydrocinnam.ic acid. In 

other words, the general absorptive powers of the three substances 

ire relatec] to one another in the sar.e order as the t r molecular 

rotations. The points at which the three curves cut the abscissa 

are shown in the following table

C innan i c acid 3IOO

Phenyl-propiolic acid 3i00

Hydrocinnanic acid 3700

There appears to be no close numerical connect ion bet« sen these

aunfcers and the rotatory powers; but it should be b rne in nind 

that such a numerical connection nay exist at higher concentrations 

than that used (N/lOO).

It seeemed not improbable that the agreement in the fore

going case was accidental; and m  order to see whether the rule 

far of more general application, I examined the spectra of several 

other acids*

As I had already dealt with a series of aromatic mono-basic 

acids, the next compounds which I chose were aliphatic ones. Walden 

it his naper gives the rotations oi the amyl esters ô  nownal 

butyric and crotonic acids as follows;

lM l D
CHjj* CHg* CHg. COOC5H11 + 4*43

CH3.CR:CH.C00C5Hu  + 6.62

absorption curves of the two acids are shown in Figure 14.



It is evident that here the same relation holds as ir. the case 

of the other series, for- crotor.ic acid, whose ester has the 

greatest rotation, shows the greatest general absorption.

It must be pointed out that there is no relation between 

the two series, as series; for while crotonic acid has a greater 

nnlecular rotation than Lydrocinnamic acid, its absorptive power 

at the same concentration is less. The rule of "greater rotation, 

greater absorption," then, can be applied only in the case of 

compounds which contain chains of the same number of carbon 

atoms.

Having dealt with two series of mono-basic acids, it seemed 

advisable to investigate the case of some di-basic ones. It will 

suffice for the present to give the results obtained with 

succinic and fumaric acids, whose curves are shown in Figure 15* 

Ihe following figures are given by Walden:-

l«lDCrH,..O.OC.C.H
I +15.17

h.c.co.o.c5hi;i

CHg. COOCcH^
| + 9.71
ch2,cooc5h11

Here again it is apparent that the same rule holds, for the 

absorptive power of the unsaturated acid is very much greater

than that of the saturated acid.

It only remained to try tfce tri-basic acids. The molecular

rofcitions of the amyl esters of tncarballylic and aconitic



jcids have been determined by Walden

OH2 .00005H11

CH.COOC5Hi;l +15 o 48
CHg.COOC^H^

CH.COOCgH^p

C.COOCcHin | o i l
c h2.c o o c5h 1]L

T h e  a b s o r p t i o n  c u r v which are shov/n in Figure 16 indicate that

m this case also the rule holds good.

Since the rule stands the test in all these widely differing 

classes of compounds, it seems noj unwarranted to suppose that 

it is of general application.

The next question which attracted my attention was the pos

sibility that the same rule might apply in a slightly xxxxsi altered 

form to the case of fitereo-isomeric acids.

Walden in another paper (Zeit.physikal.Chem.20.377) has 

proved that the amyl esters of various stereo-isomeric acids 

in the ethylene series have different rotaory powers according 

as the maleinoid or fumaroid acid is used. In general, there 

appears to be a difference oi about lour degrees between the 

molecular rotations oi the two forms, the fumaroid iorm having

the greater rotatory power. It appeared to me that if this were 

the case I should be able to detect a difference in the spectra

of the stereo-isomeric acids; and I therefore examined several



of these are as follows

C5h i i.0.°C.C.h
II +15.17

Ho C. CO • 0* C3Hp^

H.C.CO.O.CcH5 11
I!

H.C* CO.0.C0H11
+11.82

It can be seen from the curves given in Figure 15, that the 

rule of “greater absorption, greater rotation" holds in this 

case also, for the absorption curve of funaric acid, lies at a 

slightly lower frequency than that of naleic acid.

Figure 17 shows the absorption curves of mesaconic and 

citraconic acids. Since mesaconic acid shows the greater absorp

tion, it is to be expected that its anyl ester will have x the 

higher rotatory power of the two. This is actually the case, as 

Walden’s figures show:-

c h 3.c .c o .o .c 5h i:l

In the cases which have been described, a comparison has 

been drawn between substances in which the atoms in the chain 

are linked together in the same manner in each isomer; but

D
CKH.., .O.OC.C.HO 11 ai

ll +16.01
c h3.c .c o .o .c5h i:i

H.C. C0.0.
+11.17



it this point it may be w,j11 to indicate the results obtained 

when unsaturation occurs at a different point m  the Cham. For

this purpose it will be sufficient to quote the case of itaconic 

jcid, which can be compared with the isomeric mesaconic and citra— 

tonic acids. The molecular rotation of itaconic dianyl ester has

been found by Walden to be |M| D = + 13.42 We might expect

to find that the absorptive power of the acid lay between those

of mesaconic and citraconic acids, but in point of fact it shows

less absorption than either. (Figure 17). We must therifore ex

tend what ^as already been laid down with regard to unsaturation, 

and state the case in the following manner:-

H If the spectra of a saturated and a corresponding unsaturated 

acid be compared, the acid whose amyl este^r has the greater 

rotatory power will show the greater absorptive powerj the 

same holds in the case of two stereo-isoneric acids of the 

ethylene seriesj but it does not hold for structurally iso

meric substances."

When we examine the molecular rotatory powers of the amyl 

esters of homologous aliphatic acids, it is well known that a 

steady rise is shown as we go up the series, e.g.

Amyl formate 
Amyl acetate
Amyl propionate 
Amyl butyrate

3.29
3.99
4.25

these figures were found by Guye and Chavanne (Compt.rend.120.452)

(Bull.soc.chin. |3| 15.275). It is therefore to be expected th»t
the acids would show a similar steady increase in general absopp-



tion; but the difference in the spectra would be very slight, 

and might even be unmeasurable in many cases. Measurements are 

unnecessary in this case, however, as it is a well known fact 

that an increase in tĥ - molecular weight of a molecule tends to 

increase its general absorption.

The last branch of the subject which I have studied up to 

the present includes the spectra of optical antipodes and of the 

©corresponding racemic compounds. It appeared to me that if I made 

up normal solutions of dextro- and laevo-tartaric acid, photographed 

their spectra through given thickness of solution, aixed the solu

tions in equal quantity, and then photographed the mixed solution 

through the same thicknesses as in the case of the active isomers,

I should find a difference between the two absorption spectra; 

for in the case of the mixture the number of molecules present 

in a given thickness of solution will be only half that in the 

solution of an active isomer. This is, of course, due to the fact 

that when equal volumes of two normal solutions of the dextro— 

and laevo— isomer are mixed, the result is a semi-normal solution 

of racenic acid ( if the racemic acid exists in solution).

I made up xalxtxaxx aqueous solutions of dextro- and laevo- 

Urtarie acid; and compared their absorption spectra, which proved 

to be identical. On mixing the solutions, I found that the result- 

i ng racemic compound had a greater absorption than either xx« 

active isomer. I checked this result by using xyxtkartxK syhthetic 

racemic acid instead of the mixture of dextro- and laevo-forms, 

and found the same result. The curves are shown in Figure 18.



An examination of the curves brings to light two moists of 

interest. In the first place, just above the abscissa 58 there 

is a considerable part of the spectrum of the racemic acid 'which 

shows very faint transmission of light. It is shaded in the 

figure. No such transmission is to be found in the spectra of the 

active isomers. When the form of this shaded part is examined, it 

seems evident that it is really the heads of two absorption bands 

m the racer'ic acid spectrum. I endeavoured to use solutions of 

ihigher concentration in order to photograph the rest of the 

band, but owing to the comparatively low solubil.fy Ot racemic 

>c:id I was unable to get sufficiently strong solutions for the 

pirpose. On account of the arrangement of Mr.Baly's spectroscope,

I was unable to use greater lengths of solution; so I have been 

mable to plot the curve further than is shown in the figure.

The second point of interest lies in the fact that at low 

concentrations CH/10) the spectra of racemic and active

tartar ic ac ids a re i huit.i c wl. This is in agreement with the evi- 

ience derived from the work of Raoult (Zeit.physikal.Chem. 1,186), 

Ostwal d u  .pr.Chem.|2| 32.341) and Marchlewski (Ber.25,1556); for 

it is well known that if a 14$ aqueous solution of racemic acid 

Vi made up, 13.n$ breaks down into active tartaric acid, and this 

iecomposition is even more marked in dilute solutions. From this 

it is apparent that the curve which I have drawn cannot represent 

mo true absorption spectrum of racemic acid, though it is pro- 

°d'°ly as near to it as can be found.

The following conclusions may be deduced from this part of



v/ork:-

(1) Within certain well defined limits, a close relation

0 x i s 1s betw 0 o n the mol e c n 1 a r rot a to ry mo w e r s of 

two substances and their absorption spectra*

(2) The loss ot two hydrogen atoms f ron a conpoun .1, (by

which a singly bond is replace.1 by a doable one), 

prodaces an increase in absorptive power as well 

as a rise in rotatory pov/er.

(3) The loss of four hydrogen atoms,(by which a single

bond is changed to a triple one), also prodaaes an 

increased abscrpt ion, though it xsxaL«kxx« hftvS not such 

a great effect as the cliauge from the single to 

the louble bond* The sane is true for the rotatory 

power*

(4) In the case of stereo-isomeric substances, the com-

r>ound havmg the greater molecular rotation also 

has the greater absorption*

(5) The sane rule does not hold in the case of struciire

isomers, at least not in the unsaturatei series*

(6) In homologous series, the compound having the greatest

molecular rotation will hive the greatest absorptive 

power. I have not yet proved this experiment ally, but 

as it is a deduction from well established data, it 

is safe to assume that it is true.
7(•) The spectra of two optical antipodes are identical*



( 8 ) I h  e spectrum o f  a racemic compound shows g r e a t a r

a b s o r p t i o n  than t he  s p e c t r a  o f  t he  a n t i p o d e s  from 

wh •.ch i t  i s  f  orned  

Ihe f o l l o w i n g  a p p l i c a t i o n s  o f  t h i s  work are i n t e r e s t i n g : —

I ,  In c e r t a i n  c a s e s  the  conf  igura  t ion o f  e thy lenic .  a c i d s

has n ot  been de t ermi ned ,  owing to  e x p o r m e n t a l  d i f f i c u I I l o s .

The s p e c t r a  o f  the  two i somers  would at  once show which 

was which,  as t he  f u n a r o i d  form would have t he  g r e a t e r  

a b s o r p t i v e  power o f  the two. (The m o l e c u l a r  r o t a t o r y  

power might  a l s o  be use d,  though I n e v e r  saw t h i s  s u g -  

ges  t e d . )

I I .  There i s  s t i l l  a c o n f l i c t  o f  e v i d e n c e  in t he  n u e s t i o n o f

the  e x i s t e n c e  o f  racemic  compounds in t he  l i q u i d  s t a t e .

By means o f  the s p e c t r o s c o p e  i t  w i l l  be a s i m p l e  n a t t e r  

to  examine d o u b t f u l  c a s e s .
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LIV.— The Relation betiueen Absorption Spectra and 
Chemical Constitution. Part I. The Chemical 
Reactivity o f the Carbonyl Group.

B y  A l f r e d  W a l t e r  S t e w a r t  (Carnegie Research Fellow) 
and E d w a r d  C h a r l e s  C y r i l  B a l y .

I t  has been shown by many different workers th a t certain reactions 
which can be carried out easily with parent substances are much more 
difficult to bring about when derivatives of these compounds are used. 
The work of Menschutkin on the esterification of aliphatic acids and 
the analogous researches of Victor Meyer and Sudborough on the 
aromatic acids are examples of what is meant.

From the standpoint of stereochemistry, it has been usual to a ttr i
bute the effects in question to a variation in the amount of free space 
around the reactive groups of the molecule, since it  is obvious th a t 
the substitution of a larger for a smaller radicle in the vicinity of the 
reactive part of the molecule will decrease the possibility of new 
reagents coming in contact with the active radicle. I t  may be granted 
that, if atoms have any volume a t all, these premises are correct; but 
it is not yet proved that the effects attributable to this cause play any 
very considerable part in the reactions in. question. I t  seems more 
probable tha t the free paths of the atoms in their intramolecular 
vibrations are so large in comparison with the size of the atoms them
selves tha t this heaping up of substituents in the vicinity of the 
reactive group will have no very marked effect. For the present, 
however, the hypothesis of steric hindrance forms a convenient 
mechanical explanation of the non-reactivity of certain compounds.

Stewart (Trans., 1905, 87 , 185 ; Proc., 21, 78) has shown th a t 
when a hydrogen atom near the carbonyl group of a ketone is replaced 
by a methyl radicle, the result is a decrease in the additive capacity of 
the carbonyl group. This is what might have been anticipated from 
the hypothesis of steric hindrance, since the volume of the methyl 
radicle must be greater than th a t of a hydrogen atom. A  contradic
tion between theory and practice is to be found in the case where, 
instead of a methyl radicle, a -C 0 2E t group is introduced into the 
molecule. In  the case of the latter group, it  is found th a t instead of 
decreasing the velocity of addition of sodium hydrogen sulphite, as its 
bulk might lead one to predict, it has the contrary effect, for some of 
those ketones which contain a carboxyl group are much more reactive 
than the corresponding simple ketone, and consequently still more 
active than the methyl-substituted ketone. The numbers found for
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acetone, methyl ethyl ketone, and ethyl acetoacetate show this 
clearly :

I t  is thus evident th a t some new influence has come into play which 
tends to mask or modify the steric hindrance due to the more 
voluminous group.

The carboxyl group, however, is not in itself sufficient to produce 
this increased reactivity of the carbonyl radicle, as the rate of addition 
of sodium hydrogen sulphite to ethyl ltevulate was found to be 
slightly lower than th a t found in the case of methyl propyl ketone, 
which contains a carbon chain of the same length, and a like result 
was observed in the case of the diketone, acetonylacetone. On the 
other hand, ethyl acetonedicarboxylate has an additive capacity even 
greater than th a t of ethyl acetoacetate. Acetone shows very little sign 
of tautomeric change, whilst, on the contrary, ethyl acetoacetate and 
ethyl acetonedicarboxylate are tautomeric compounds. Thus, here 
again theory and practice appear to be opposed to one another : the 
true carbonyl compound having much less reactive power than the 
semi-enolised substance. I t  occurred to us th a t in this fact was to be 
found the key of the problem, and the exceptionally great reactivity 
of the carbonyl group in tautomeric compounds was due to the actual 
process of tautomeric change. Ethyl acetoacetate, under ordinary 
conditions, exists as an equilibrium mixture of the two substances
(I) and (II), and the conversion of the first into the second and vice 
versd is going on continuously.

Now, when a molecule of (I) changes into a molecule of (II), the 
result is the formation of a carbonyl group from a hydroxyl group. 
From analogy with the behaviour of atoms in the nascent state, we 
m ust suppose th a t this “ nascent carbonyl g roup” is endowed with a 
much greater reactivity than th a t possessed by the ordinary non- 
nascent carbonyl radicle. This activity, however, need not be occasioned 
purely by the actual wandering of the hydrogen atom from the oxygen 
to the carbon : i t  may be due to some finer play of forces within 
the molecule which manifests itself in the production of the character
istic absorption band in the /3-diketone spectrum. The condition into 
which the hydrogen atom is thrown as a result of this play of forces 
may be termed a condition of “ potential tautomerism^” and in it the

10 20 30 40 minutes.
E thyl acetoacetate ...
Acetone ....................
M ethyl ethyl ketone

37-4 47-0 56-0
28-5 39-7 47-0
14-5 22-5 25T

cent. 1 bisulphite 
,,^compound 
,, I formed

CH3-C:CH-C02E t
OH

I.

CH3-C-CH2-C02E t
O

II.



SPECTRA AND CHEMICAL CONSTITUTION. PART I. 491

hydrogen atom will possess a reactive power more or less analogous to 
th a t acquired by an atom as a consequence of the ionisation process 
(Baly and Desch, Trans., 1905, 87, 766). Evidence of the probability 
of this hypothesis will be adduced later ; for the present it will be 
sufficient to call attention to the conception of the “ nascent carbonyl 
group.”

If  we now apply this idea to several cases which have hitherto 
been classed under the head of steric hindrance, it will be found that 
they can be satisfactorily explained. Taking the cases of the ketones 
which have already been dealt with by one of us (Stewart, loc. cit), a 
marked decrease in reactivity of the carbonyl group is shown when the 
hydrogen atoms of acetone are successively replaced by methyl 
radicles.

In  the course of their investigations of the spectra of derivatives of 
ethyl acetoacetate, Baly and Desch (Trans., 1904, 85, 1039) proved 
tha t the change from the enolic into the ketonic form produced an 
absorption band in the ultra-violet region of the spectrum, and they 
also showed that this band was not due merely to the shifting of a 
hydrogen atom, but was rather to be considered as the result of some 
intra-atomic change. In  the hope of finding some analogous process 
in the simple ketones, we examined the spectra of several, and we 
found tha t a similar absorption band exists there as well. We further 
noticed th a t the persistence of this band decreases proportionately to 
the diminution in the reactivity o f the carbonyl group in the ketone.

For instance, the following numbers show the percentages of oxime 
formed by various ketones in twenty minutes, and on comparing these 
amounts with the curves of the absorption spectra shown in Fig. 1, 
the relation between the two will be apparent.

Oxime.
A ceton e................................  4 9 7  per cent.
Methyl ethyl ketone ... 39'2 ,,

„  propyl „  ... 37-3 ,,

Lapworth (Trans., 1904, 85, 32) showed that the action of halogens 
on acetone was preceded by the production of the enolic form of the 
ketone, and he found, further, th a t the presence of acids hastened the 
reaction. Now, he had already shown (Trans., 1902, 81, 1503, 
and 1903, 83, 1121) tha t the presence of acids brings about a rapid 
attainm ent of equilibrium between the tautomeric forms of carbonyl 
compounds : or, in other words, the addition of acid has a tendency to 
produce a “ nascent carbonyl group.” Hence, in the case of acetone 
itself, not only is there direct spectroscopic evidence in favour of 
tautomeric change, but the chemical evidence a t our disposal is also 
favourable. Instead of attributing Lapworth’s results to the actual 
formation of the enolic form and *an immediate addition of halogen,

Oxime.
M ethyl isopropyl ketone 31 '5 per cent. 
Pinacolin .........................  17’0 , ,
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we prefer to look a t them from another point of view. I t  is obvious
*tha t if we consider the change of the group -C H iC H (O H )- into 

*-U H H ‘0 0 - , the hydrogen atom marked with an asterisk must

F ig . 1.

Oscillation frequencies.
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25,000

10,000mm
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I. Acetone in alcohol. 
III . Acetone in water.

Y. Methyl ethyl ketone. 
V II. Methyl propyl ketone

II. Methyl isopropyl ketone. 
IV . Pinacoline.
Y I. Methyl hexyl ketone. 

V III . Methyl nonyl ketone.

become “ pseudo-nascent ” in the process of change. I t  would
therefore be peculiarly liable to chemical action, and would be 
easily replaced by halogens. The very great ease with which the 
methylene hydrogen atoms in acetylacetone are replaceable by halogens 
lends further support to our hypothesis.
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l a  their second paper (Trans., 1905, 87, 760), Baly and Desch 
stated tha t acetonylacetone and ethyl lsevulate were pure ketonic 
substances ; but on examining their spectra at greater concentrations 
than were previously employed we have been able to detect at one 
point a rapid extension of the spectrum, which corresponds to a very

F ig . 2.

Oscillation frequencies.
28 3000 32 34 36 38 4000 3000 32 34 36 38 4000 42
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I. Ethyl acetoacetate in alcohol (full curve). 
Ethyl acetoacetate in water (dotted curve). 

III . Ethyl Icevulate.

II. Ethyl pyruvate.
Ethyl diethylacctoacetat< 

IV. Acetonylacetone.

shallow absorption band (see Fig. 2). The shallowness of the band 
indicates tha t the tautomerism in these two compounds is very weak, 
which agrees well with what has been found with regard to the 
reactivities of their carbonyl groups. The close agreement between 
theory and^practice in these cases is very noteworthy.
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Now, Petrenko-Kritschenko has shown [J. Russ. Phys. Chem. Soc., 
1903, 35, 404) th a t the speed of phenylhydrazone formation is greatly 
influenced by the nature of the solvent in which the reaction is carried 
out. I t  appeared probable to us th a t this might be due to the influence 
of the solvent on the tautomerism process, and to test the m atter we 
examined the spectra of acetone and ethyl acetoacetate in aqueous 
solution, using as a control in the latter case the spectrum of an 
alcoholic solution of ethyl diethylacetoacetate, which is much less 
tautomeric than the parent substance. From the curves for acetone 
in alcoholic and in aqueous solution (Fig. 1), it will be seen tha t the 
influence of water is veryT marked, the band in the latter case being much 
shallower than in the former. The three curves shown in Fig. 2 give the 
absorption spectra of the ethyl acetoacetate series and it is obvious from 
them that the water has reduced the tautomerism very considerably. I t  
is probable th a t the greater the unsaturation of the solvent, the less 
reactivity will be shown by the carbonyl group of the dissolved 
ketone.

The evidence from simple ketones being so far favourable, we must 
now examine the. case of ketones containing a carbethoxyl group. 
If tautomeric change alone were tho cause of the reactivity of the 
carbonyl radicle, compounds containing the group “ CO’CH^CCH 
should be more reactive than those which do not contain it, and the 
reactivity of the carbonyl group in ethyl pyruvate should not be at all 
abnormal, since the grouping in question does not occur in i t ; if, 
however, the reactivity were found to be great, we hoped tha t some 
light might be thrown on the problem by a study of the spectrum 
exhibited by the compound.

We therefore decided to compare the rates of addition of potassium 
hydrogen sulphite to acetone, ethyl acetoacetate, ethyl acetonedicarb
oxylate and ethyl pyruvate. A t first, experiments were made to 
find out how rapidly the “ bisulphite compound ” was decomposed by 
water, and it was observed tha t a considerable dissociation occurred, 
even a t zero. Error is thus introduced into the problem, and all that 
could be done was to reduce this error to a minimum. Since the 
inverse change increases in the direct ratio to the amount of “ bi
sulphite compound ” formed, it is evident that the aim of the experi
ments must be to estimate the amounts of compound formed before 
equilibrium is established. Secondly, since the surplus sulphite is 
destroyed in the course of the estimation, thus bringing about a 
disturbance in the state of equilibrium of the solution, it  is advisable 
to reduce the relative quantity of potassium hydrogen sulphite as 
much as possible. Thirdly, no harm could follow from keeping down 
the temperature, as this would act as a retarding agent on the direct 
and inverse reactions, while facilitating the measurement of differences
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in the rates of formation. W ith these facts in view, the following 
method of estimation was devised. Fifty c.c. of a MJ20 solution of 
potassium hydrogen sulphite were cooled to zero and mixed with an 
equal volume of a 50 per cent, alcoholic i//1 0  solution of the ketone, 
which had also been cooled to zero. The liquid was immersed in 
a freezing mixture and maintained at a temperature of -10°. 
Ten c c. were withdrawn every five minutes and titrated with iodine. 
The results obtained by this method are given in the table below :

In spite of the precautions taken, these numbers are probably not 
quite accurate, owing to various causes which cannot be controlled, 
but the differences between the numbers themselves are very much 
larger than any possible experimental error under the conditions 
employed.

An examination of the numbers shows tha t the introduction of a 
carbethoxyl group into acetone increases the additive capacity of the 
carbonyl group; the introduction of two carbethoxyl groups still 
further enhances the reactivity of the carbonyl, but the most striking 
effect is produced when, as in the case of ethyl pyruvate, the carbonyl 
and carboxyl groups are brought into juxtaposition in the chain. 
Now, in the case of ethyl pyruvate, although the compound sometimes 
reacts in the enolic form, it is most improbable th a t the change from 
the enolic to the ketonic form and vice versd is going on at a rate a t 
all comparable to that at which it is occurring in ethyl acetoacetate or 
ethyl acetonedicarboxylate, so that it is not likely that the exceptional 
additive capacity of the carbonyl group in ethyl pyruvate is due to 
this kind of tautomerism.

W e thought it advisable to examine the spectrum of ethyl pyruvate 
in the hope tha t some light might thus be thrown on the problem of 
the activity of the carbonyl group. We found tha t ethyl pyruvate

spectrum than the band given by ethyl acetoacetate (Fig. 2). The 
origin of the band in the ethyl pyruvate spectrum might be looked

CH3*CO- or in the interaction of the carbonyl and carboxyl groups 
of the radicle -C O C 0 2Et. The first explanation is impossible, since

in both instances, it would occur in nearly the same place in the 
spectrum, whilst actually the new band has its head at 3100, while 
th a t of the tautomeric /3-diketones lies a t 3700 ; and, further, since the

5 10
7

18
86
64

15 minutes.
9 "1 Percentage o:

24I bisulphite 
compound 
formed.

Acetone ..................................
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12
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52

Percentage of

gives an absorption band which lies much nearer the red end of the

for in two phenomena : either in the keto-enol change of the group

if the band were produced by a similar state of intra-atomic vibration



496 STEWART AND BA L Y : THE RELATION BETWEEN ABSORPTION

molecule of ethyl pyruvate is lighter than th a t of ethyl acetoacetate, 
we should expect to find the band in the la tte r case nearer to the red 
end of the spectrum than in the former, whilst the reverse of this is 
observed.

In  order to make certain th a t the band in question was actually 
produced by the proximity of the two true carbonyl groups in the 
chain, that is, that it was not due to the -O O E t residue of the 
carboxylate radicle, we examined the spectra of several diketones and 
found a similar absorption band in all of them, though in them it was
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situated nearer the red end of the spectrum. For example, in the 
case of camphorquinone (see Fig. 3) it will be seen tha t a band is 
shown of very long persistence, with its head at 2070. The results 
in the case of the other a-diketones were similar, but as their considera
tion is reserved for the next paper it  is needless to discuss them here.

I t  was thus proved th a t the band in question was due to the two 
carbonyl groups in the a-position to one another. I t  has already been 
pointed out th a t Baly and Desch concluded that, although the absorp
tion band was produced by intra-atomic vibration, it was caused by the 
change of linking brought about by the oscillation of the hydrogen
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during the change from the ketonic to the enolic form. From 
analogy, -we should expect to find a somewhat similar state of things 
in the present case. Now the only possible way in which such a 
change of linking can be supposed to occur in ethyl pyruvate is by 
imagining that, like ethyl acetoacetate, it occurs in two forms :

usual structural formulse, as they only indicate a static condition of 
the molecule, whilst what we wish to suggest is essentially a dynamic 
state. We wish to make it perfectly clear tha t we do not suppose 
that these two forms actually exist, but, owing to the defect of 
ordinary structural formulae, it  is impossible to write them otherwise 
if the usual symbols be employed. W e would prefer to indicate the 
presence of a “ nascent carbonyl group ” by printing the oxygen 
symbol in heavy type, thus :

Our conception can best be comprehended if it be clearly borne in 
mind th a t the two formulae are not intended to represent actual com
pounds, but merely two phases of the same compound, just as the 
two formulae

represent the same substance in two different phases of vibration. 
This idea is not new, having been first suggested by Kekule in 1865, 
and afterwards extended by Collie (Trans., 1897, 71, 1013). If this 
conception of phases be understood, it will be apparent tha t the change 
of linking is continually going on, and that this change will affect the 
intra-atomic relations of the molecule very much in the same way as 
they are affected by the phenomena of tautomerism.

A t the same time, it should be noticed that the change of linking 
from (II) to (I) would produce what we have already defined as a 
“ nascent carbonyl group,” which would have great reactivity. Thus 
we are led to conclude th a t substances which show these peculiar 
absorption bands will in general be more active chemically than other 
compounds which do not exhibit such selective absorption.

The idea which we have put forward cannot be considered as part 
of the theory of tautomerism, as, owing to its associations, the name 
tautomerism will always suggest the wandering of a hydrogen atom.

CH„-C:C-OEt3 i i 
0-0

II.I

I t  is very hard to indicate exactly w h\t is meant by the aid of the

CHyOCCLEt
3 ii 2O

X  X X X
*  X
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I t  is unfortunate tha t the name “ desmotropism ” has already been 
employed to denote tautomerism, as it seems well fitted to describe the 
phenomenon with which we have dealt. W e therefore wish to p opose 
the word Isorropesis (iaoppoTria : equipoise) to describe the process.

The arguments in favour of this theory appeared to us to warrant 
its application to other classes of compounds, and we proceeded to 
make a further series of investigations, some of which will be dealt 
with in a later paper. For the present, y>-benzoquinone is the only 
compound which need be described. The known close relation to one 
another in which the two para-positions in a benzene stand seemed to 
lend probability to the idea tha t a band somewhat similar to those 
observed in compounds containing the group -C O C O - might be 
found in the spectra of the para-quinones. Our anticipations were 
again justified, as the p-benzoquinone spectrum has a band almost 
identical w ith -that of camphorquinone, its head being a t 2150 (see 
Fig. 5 in following paper). Now it is known that y>-benzoquinone can 
exist in two forms, for both of which chemical evidence has been 
adduced :

The chief points in favour of the first formula a r e : the reduction 
of y»-benzoquinone yields quinol, a beuzenoid derivative ; the action of 
phosphorus pentachlorble produces a y>-dichlorobenzene; the oxidising 
power of benzoquinone, in which it resembles a peroxide. The second

oxylamine and phenylhydrazine prove that thequinone carbonyl group 
resembles tha t in an aliphatic ketone; quinone takes up two and four 
atoms of chlorine or bromine as if it were a tetrahydrobenzene 
derivative.

Chemical evidence being favourable to both formulae, it appears not 
unwarrantable to assume that in this case also the absorption band is 
caused by the “ making and breaking ” of contact between the two 
oxygen atoms. Thus it may be concluded th a t the actual wandering 
of a hydrogen atom is not necessary for the production of these 
absorption bands. Again, since the result of this “ making and 
breaking ” would be the production of two nascent carbonyl groups, 
an explanation is thus given of the great chemical activity of the 
carbonyl radicles in benzoquinone.

I t  appears to us th a t our results throw much light on those 
reactions which are supposed to be influenced by steric hindrance, for

I. II.

formula is supported by the following facts : its reactions with hydr-
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if the tautomerism or isorropesis of any carbonyl group can be influ
enced by substitution, all the results will be produced which are often 
attributed to purely spacial relations. We intend to investigate the 
question more fully later, and at resent need only mention one or 
two iDstances.

The action of phosphorus pentachloride on ethyl acetonedicarb
oxylate produces ethyl monochloroglutaconate. Now, if the tauto
merism of the carbonyl group be reduced by substituting alkyl groups 
for hydrogen atoms in the methylene radicles, the reaction should be 
more difficult to bring about. Petrenko-Kritschenko (Annalen, 1896, 
289, 52) has found th a t this is actually the case, tri-alkylated 
derivatives giving very small yields, and no reaction at all being found 
when tetia-alkylated substances are employed.

Petrenko-Kritschenko and Ephrussi (Annalen, 1896, 289, 59) have 
shown that substitution produces an analogous effect on hydrazone 
formation, neither the dimethyl nor diethyl derivatives of ethyl 
acetonedicarboxylate giving a hydrazone, although the parent sub
stance easily yields one. This might be attributed to purely steric 
causes, but V. Meyer (Ber., 1896, 29, 836) has shown that space 
relations have less effect than purely chemical ones, since, although 
acetylmesitylene gives no oxime, yet when the more bulky -C 0 2Et 
group is substituted for a hydrogen atom an oxime is easily formed, as 
in the case of ethyl mesitylglyoxylate. Somewhat similar effects can 
be found in the difficulty of hydrazone formation in the case of the 
substituted phloroglucinols (Herzig and Zeisel, Ber., 1888, 21, 3493).

W e have not yet investigated the case of the esterification 
of substituted acids, although here also the evidence points to the 
fact tha t when tautomerism is reduced the esterification constant is 
lowered. If  Y. Meyer’s view of the esterification process be accepted, 
it will be seen th a t the chief factor in the problem is the additive 
capacity of the carbonyl group, which, according to our view, depends 
greatly on tautomerism effects.

According as the carbonyl group in I  is more or less reactive, the 
yield of I I  will be greater or less, and hence the esterification process 
will be more or less rapid.

The question of the bromination or chlorination of fa tty  acids also 
throws some light on the point. Here, owing to the proximity of a 
carbonyl group, the hydrogen atoms attached to the a-carbon atom 
will be in the condition which we have termed “ potential tauto-

.0
EtO H  —>■

I. II. III.
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merism,” and will therefore be much more reactive than the other 
hydrogen atoms of the compound. The halogen therefore attacks 
them first.

We should also like to point out th a t if our conclusions are 
accepted they involve the rejection of the deductions drawn by 
Petrenko-Kritschenko (J. pr. Chem., 1900, [ii], 01, 431 ; 1900, 02, 
315; Ber., 1901, 34, 1699, 1702 ; Annalen, 1905, 341, 150) from 
his measurements of the reactivity of open chain and cyclic ketones 
He assumed th a t if open chain compounds had a more or less cyclic 
configuration in space, their carbon atoms would exert the same 
degree of steric hindrance as those in the corresponding closed chain 
compound. Hence, if the steric hindrance were different in open and 
in closed chain compounds, the two substances would have different 
configurations.

Petrenko-Kritschenko, starting  from the above assumption, pro
ceeded to measure the effect of allowing certain open chain and cyclic 
ketones to react for one hour with potassium hydrogen sulphite, 
hydroxylamine, and phenylhydrazine, and he found, as he had pre
dicted, th a t the quantities of product formed by cyclic ketones in 
tha t time were greater than those formed by aliphatic ketones. H is 
results are undoubtedly correct and valuable, although it  would have 
been better to measure the rates of formation of the product rather 
than merely to estimate its gross amount after an arbitrary  time had 
elapsed ; but we venture to point out th a t the deductions which he 
draws from his results are not so trustw orthy. Tautomerism is much 
more marked in the case of cyclic compounds than in aliphatic sub
stances, and hence the cyclic carbonyl compound is much more reactive 
than the fa tty  one. Consequently, a cyclic ketone might be expected 
to show much greater activity than an open chain one, quite apart 
from any purely steric considerations. I t  seems to us th a t too much 
reliance should not be laid on deductions from ketonic reactions as to 
the space formulae of carbon chains. Professor Petrenko-Kritschenko 
has approached the subject from other less debatable standpoints.

All the substances employed in this investigation were obtained in 
the greatest possible state of purity. As a general rule, N ( 10 solutions 
in alcohol were made up and the iron spectrum photographed through 
35, 30, 25, 20, 17, 15, 12, 10, 8, 6, 5, and 4 mm. This was repeated 
for the same lengths of W/100, N f1000, and, if necessary, N( 10,000 
solutions. The curves shown were obtained by plotting the limits of 
absorption against the logarithms of the relative thicknesses of a 
W/10,000 solution.
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Conclusions.

(1) The reactivity of any carbonyl group is not inherent in the 
group itself, but is produced by the action of neighbouring atoms 
which render the carbonyl group “ nascent.”

(2) Such action may take the form of tautomerism or of a modifica
tion of tautomerism which does not require the actual transfer of a 
hydrogen atom from one atom to another, but merely some intra-atomic 
disturbance in the system -C H ^C O -.

(3) The action may also take the form of the process which we have 
termed isorropesis, in which no actual wandering of atoms occurs, but 
in which a finer play of forces between two carbonyl groups is in
volved.

(4) Many cases which are a t present accounted for on the hypo
thesis of steric hindrances can be better accounted for either by 
tautomerism or isorropesis, and some cases which are in direct 
contradiction to the steric theory can also be explained. I t  is there
fore claimed tha t the hypothesis of the “ nascent carbonyl group" 
accounts more satisfactorily for the facts, and is preferable to explana
tions based on the idea of steric hindrance.

(5) W hen the possibility of the formation of a nascent carbonyl is 
excluded, the usual ketonic reactions are not observed. The carbonyl 
group may then be considered an “ inactive” carbonyl group in 
contradistinction to a “ nascent” one.

In  conclusion, we wish to express our thanks to the Chemical 
Society for a grant towards the expenses of this research, to Professor 
Collie and Dr. Smiles for the great interest they have taken in the 
work, and to Mr. W . B. Tuck, B.Sc., for assistance during the course 
of the investigation.

O r g a n i c  a n d  S p e c t r o s c o p ic  L a b o r a t o r ie s  
U n i v e r s i t y  C o l l e g e ,

L o n d o n .

A. O LA ? AMP SONS, LTD ., BREAD ST. B IL L , B .C ., AMD BUMOAT, SUFFOLK,



THE RELATION BETW EEN ABSORPTION SPECTRA 
AND CHEMICAL CONSTITUTION. PART IE TH E  
- IIIK E T O N E S  AND QUINONES

BY
EDW ARD CHARLES CYRIL BALY

AND

ALFRED W ALTER STEWART ( C a r n e g ie  R e s e a r c h  F e l l o w ) .

F rom  th e  T ransactions of th e  C hem ical S o c iety , 1806. Vol. 88.



L V .— The Relation between Absorption Spectra and 
Chemical Constitution. P art IT. The a - Dike tones 
and Quinones.

B y  E d w a r d  C h a r l e s  C y r il  B a l y  and A l f r e d  W a l t e r  S t e w a r t  

(Carnegie Research Fellow).

I n the preceding puper, the absorption spectrum of ethyl pyruvate was 
described, and it was shown how an absorption band with its head at 
an oscillation frequency of 3100 is developed at from 50 to 23 mm. of 
a iV/10 solution. The position of this band and the concentration at 
which it appears are entirely different from those occurring with the 
keto-enol tautomeric process (Baly and Desch, Trans., 1904, 85, 
1039, and 1905, 87, 760), and it was suspected th a t the new band has 
its origin in the juxtaposition of the two carbonyl groups because of the 
exceptional activity of the ketonic group in this compound. That this 
supposition was entirely justified we proved by observing the absorp
tion spectrum of camphorquinone, in which there are two true ketonic 
groups in juxtaposition. As was described in the last paper, the new 
band is strongly exhibited in the case of this substance, showing tha t 
the presence of two carbonyl groups adjacent to one another gives rise 
to a new type of oscillation which causes the absorption of light of a 
much greater wave-length than that absorbed by the process of keto- 
enol tautomerism. For this new type of oscillation we have proposed 
the name “ isorropesis,” and in the present paper we propose to treat 
of the phenomenon of isorropesis and show how it is the origin of the 
colour of the a-diketones and quinones.

How we have also examined the absorption spectrum of diacetyl, the 
absorption curve of which is shown in Fig. 1 ; it will be seen that here, 
too, is present the same absorption band as in the case of camphor
quinone. The frequency of the head of the band is a little greater 
than in the case of camphorquinone, owing to the fact th a t the 
molecular weight of diacetyl is considerably less than that of camphor
quinone.

The absorption spectra of many /8-diketones have already been 
described (Baly and Desch, loc. cit.), and in every case the absorption 
bands lie in the extreme ultra-violet, and their origin has been traced 
to the phenomenon of the labile hydrogen or metallic atom. The 
frequency of these bands is of a mean value of 3800, although they 
naturally tend to shift towards the longer wave-lengths when the total 
mass of the molecule is increased. Since the position of this band is 
far down in the ultra-violet, the compounds showing a simple keto-
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enol tautomerism are not visibly coloured ; in the compounds such as 
the a-diketones just described, the oscillation or isorropesis between 
the residual affinities on the oxygen atoms of the carbonyl groups 
results in the absorption of light of a mean wave-length of 4200 
Angstrom units, which is situated in the blue region of the spectrum.

Fig. 1.
Oscillation frequencies.
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Diacetyldioxime (dotted curve).

These substances are, therefore, strongly yellow, their colour being due 
to the isorropesis between the carbonyl oxygen atoms in juxtaposition.

W e  have extended our observations to include other compounds, 
containing two true carbonyl groups in juxtaposition. For example, 
we have measured the absorption of acenaphthenequinone and phen- 
anthraquinone; in the spectra of both these substances (Fig. 2), the
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new absorption band is exhibited, so that here again the isorropesis 
between the two oxygen atoms is the origin of the yellow colour.

Isatin is a further example of this type of substance, and, as shown 
by Hartley and Dobbie (Trans., 1899, 75, 640), its absorption spectrum 
exhibits a similar baud with head a t,a  frequency of 2400, which again
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shows the connection between the two adjacent carbonyl groups and 
colour.

Another very interesting case of an a-diketone is tha t of benzil, the 
absorption curve of which is shown in Fig, 3. Now it was shown in a 
previous paper, dealing with the absorption spectra of certain mono- 
substituted derivatives of benzene (Baly and Collie, Trans., 1905, 87,
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1331), tha t the residual affinity of the oxygen atom in acetophenone 
modified the absorption spectrum of benzene in a very marked manner. 
All the absorption bands belonging to benzene have entirely dis
appeared, showing tha t the ordinary benzenoid tautomerism has been 
stopped. This is doubtless owing to the attraction between the residual 
affinity of the oxygen of the carbonyl group and the atoms of the ring.
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This undoubtedly accounts for the fact th a t the carbonyl group of aceto
phenone is unusually inactive towards sodium bisulphite, <fcc., because 
the residual affinity of this group is almost entirely occupied with and 
fixed by the residual affinity of the benzene ring, with the result tha t 
the group does not easily exist in the nascent state necessary to the 
formation of additive compounds. I t  might be expected, therefore, in
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the case of benzil, that the residual affinities of the two carbonyl groups 
would each be occupied and fixed by the adjacent phenyl group, and 
tha t therefore no isorropesis between the residual affinities would occur. 
On reference to the absorption curve of this substance, Fig. 3, it will 
be seen th a t in the region of least concentration there is an absorption 
band with head a t a frequency of 3900. This band occupies the 
region of the benzene bands, and its presence in the spectrum of 
benzil supports the view that the benzenoid tautomerism is un
doubtedly present to a certain extent. For this reason, therefore, we 
may conclude that the residual affinities of the two carbonyl groups 
are not entirely fixed, and that a small amount of isorropesis between 
these groups is possible. I t  is evident that this conclusion is justified 
from an inspection of the upper portion of the absorption curve of 
benzil, where a shallow band with head at a frequency of 2650 appears. 
The existence of this band shows that isorropesis is taking place, and 
its shallowness proves that it is only present to a small degree 
(compare Baly and Desch, Trans., 1905, 87, 766). I t  may be noted 
that the yellow colour of benzil is not very pronounced, and readily 
disappears on dilution. The measurements of the additive capacity of 
the benzil carbonyl groups made by Petrenko-Kritschenko agree very 
closely with our hypothesis.

The most striking application of this principle is in the case of 
quinones, for in these compounds we have a type resembling in some 
respects an a-diketone, and in these compounds, too, the new absorption 
band is exhibited showing the undoubted existence of the process of 
isorropesis between the quinonoid oxygen atoms. As regards the 
absorption spectrum of jo-benzoquinone itself, this was observed by 
Hartley, Dobbie, and Lauder {Brit. Assoc. Report, 1903, 126) with 
an aqueous solution, when they found the presence of two bands with 
heads a t the frequencies of 3400 and 4050. The authors conclude tha t 
the yellow colour of jo-benzoquinone is only due to the presence of 
general absorption, since both the absorption bands are in the u ltra
violet. Now it is evident that water is an  unsatisfactory solvent for 
organic compounds the absorption spectra of which are to be observed ; 
in every case, we are investigating the influence or the properties of 
residual affinity, and the use of such solvents as water, which possess 
strong residual affinity of their own, is clearly inadvisable except 
in special circumstances (compare previous paper, p. 494). The 
absorption spectrum of jt)-benzoquinone in alcoholic solution is entirely 
different from th a t observed by Hartley, Dobbie, and Lauder for the 
aqueous solution. The absorption curve is reproduced in Fig. 4 and 
shows only one band, with its head a t a frequency of 2100. This band 
is almost identical with the absorption band shown by camphorquinone, 
and, as stated in the preceding paper, is undoubtedly caused by the



507 BALY AND STEWART: THE RELATION BETWEEN ABSORPTION

isorropesis between the two oxygen atoms in the para-position, exactly 
in the same way as between those of the a-diketones. Further, it is 
evident that the new absorption band of jt>-benzoquinone in the visible 
region of the spectrum (wave-length 480/qx) is the true origin of the 
colour of this substance; or, in other words, the colour of p-benzo- 
quinone is due to the isorropesis between the two oxygens in the 
para-position.
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We have also investigated the absorption spectra of the following 
quinones : toluquinone, />-xyloquinone, thymoquinone, a-naphtha-
quinone, and anthraquinone, and find th a t the same band is present in 
each case. The absorption curves are reproduced in Figs. 5, 6, 7, and 
8 respectively, and, as can be seen, show the presence of the new 
band. The process of isorropesis exists in the case of these quinones
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just as in quinone itself, and, indeed, is the origin of the colour of 
these compounds.

The importance of these results as regards Armstrong’s theory of 
colour is manife-t ; they would seem to supply the key to his 
generalisations, and at the same time to explain the colours of many
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substances which are difficult of interpretation by Armstrong’s 
quinonoid linking alone. Armstrong, in stating th a t colour was due to 
the quinonoid linking,
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was, of course, perfectly correct, but this formula gives us no reason why 
colour is produced. There is no esoteric value in any of the linkings 
of the formula as light-absorbing centres ; the results given in this 
paper, however, show that when the quinonoid form exists, a new type 
of oscillation is set up between the atoms in the para-position, the period 
of which is equivalent to tha t of light waves in the visible blue region
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of the spectrum ; such a quinonoid linking therefore produces a yellow 
colour.

The results given above show th a t the process of isorropesis is common 
to a-diketones and quinones, so th a t they may be thus generalised : 
when two ketonic groups are adjacent to one another in the same 
molecule, the compound will be coloured owing to  the existence of q
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new type of oscillation which is set up between the two residual 
affinities of the oxygen atoms. There is little doubt th a t this generalisa
tion can be extended to include many other types of residual affinity 
than that of the ketonic oxygen, and we are at present engaged on a 
series of investigations in this direction which we hope to communicate 
to the Society. In  the next paper we deal with compounds of the
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quinone type with one or both atoms of oxygen replaced by nitrogen, 
and it  is shown that the same type of oscillation occurs in these com
pounds as in the quinones and a-diketones.

In  considering the whole question of colour of compounds which may 
be raised at this point, there is little doubt that the new principle may7 
be extended to include every case; that is to say that isorropesis can
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take place between any atoms possessing residual affinity. I t  must be 
remembered, however, that in order for the new oscillation to take 
place, it is absolutely necessary for some exciting or disturbing influence 
to be present. For example, let us take the group -C O C O - of the 
a-diketones ; each oxygen atom possesses a definite amount of residual
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affinity, and it is evident tha t no oscillation can arise between the atoms 
unless one or both residual affinities are disturbed. Now, in diacetyl, 
C H ^C O C O ’CH jj, this influence is furnished by the hydrogens of the 
methyl groups. In  this compound there is an attraction exerted 
on the hydrogen atoms by the oxygen atoms with the result that 
the residual affinities on the two oxygen atoms tend to be altered,
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This was discussed at length in the preceding paper. Now we 
have direct evidence of this potential tautomerism in the absorp
tion curve of diacetyl (see Fig. 1), for, as can be seen, the curve 
shows a sudden extension a t the ordinate 38. This extension
undoubtedly means the incipient formation of an absorption band 
which occupies the position of the band due to the tautomerism of a 
labile hydrogen (Baly and Desch, loc. cit.). Clearly, therefore, the 
residual affinities of the two oxygen atoms are being slightly disturbed, 
and it is owing to this disturbance that the new oscillation or iso
rropesis takes place. We may now understand why the dioxime of 
diacetyl is colourless, for in this compound we have apparently the 
condition for colour, and yet only general absorption is indicated. The 
residual affinity of the nitrogen atoms exerts no attraction on the 
hydrogen atoms of the methyl groups and therefore is not disturbed in 
any way ; thus no isorropesis is set up, and the compound is colourless. 
The absorption curve of diacetyldioxime is shown in Fig. 1. Perhaps 
the process may be looked a t from another point of view ; diacetyl con
sists of two CHg-CO groups, both of which are potential colour 
systems, using the word colour in its broadest sense as being the pro
perty of any compound which shows an absorption band, whether in 
the ultra-violet or the visible region. When two or more of these 
systems are present and mutually dependent, then the new process of 
oscillation or isorropesis is set up between the two systems. The pro
viso of mutual dependence is inserted of necessity to account for the 
new oscillation being s ta rted ; two perfectly independent vibrating 
systems will not combine to give a new note, they must be connected 
or interdependent to some extent.

I t  may be pointed out here that these results show that a difference 
of colour cannot be taken as an argument in favour of a necessary 
fundamental difference in constitution. Many compounds can and do 
exist with all the conditions for isorropesis, and yet there is lacking the 
influence to disturb the equilibrium between the residual affinities and 
so the compounds are colourless. Other compounds agreeing in every 
essential detail of constitution are strongly coloured simply owing to 
their having the disturbing influence present. All assumptions, there
fore, th a t two compounds must have essential differences in constitution 
if one is coloured and the other white are untrustworthy.

I t  is very noteworthy that the wave-length of the light absorbed by 
the process of isorropesis is about the same as that emitted by the 
simpler fluorescent substances (A. = 4800 to \  = 4000). I t  may be tha t 
there is an intimate connection between fluorescence and isorropesis, 
and th a t the former is only a manifestation of the latter. The exist
ence of an absorption band in the spectrum only means that a free period 
exists within the molecule capable of being excited when the light falls
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upon it. This is true in the case of isorropesis, the free period being 
established by the oscillation between the residual affinities. If now the 
oscillal ion between the residual affinities were not only able to establish 
the free period, but also to excite it, then we should have the phenomenon 
of fluorescence. There is nothing inherently improbable in this idea. In  
both cases, colour and fluorescence, a free period is produced by the 
isorropesis; in the former case, the free period is excited by the incident 
light, and we have absorption ; in the latter case, the free period is 
excited by the isorropesis, and we have emission. An important fact 
bearing on the connection between isorropesis and fluorescence has 
recently been recorded by Nichols and M erritt (Physical Review, 1904, 
18, 447) ; these authors have observed that, when the fluorescence of 
fluorescein and certain other substances is excited by a bpam of u ltra
violet light, a distinct absorption occurs of light of the same wave
length as that emitted by the substance when fluorescent.

Every possible precaution was taken to obtain the substances in a 
state of the greatest possible purity, and the absorption curves shown 
in the figures were drawn by plotting the limits of absorption against 
the logarithms of the relative thicknesses of a d//10,000 solution.

Conclusions.

The following conclusions may be drawn from our experiments
(1) When two true ketonic groups are in juxtaposition in the mole

cule, an oscillation or isorropesis occurs between the residual affinities of 
the oxygen atoms, which results in the absorption of light in the visible 
region of the spectrum. These substances are therefore coloured.

(2) This isorropesis also occurs between the residual affinities of the 
oxygen atoms in the quinones, and is the origin of the yellow colour of 
these substances.

(3) In  order to start the oscillation, it is necessary th a t some 
influence should be present to disturb the residual affinities on the 
oxygen atoms.

(4) Subject to the proviso referred to in (3), there is no doubt 
tha t this principle may be extended, and th a t the phenomenon of visible 
colour is due to the oscillation between the residual affinities on atoms 
or groups of atoms in juxtaposition.

(5) Any assumption th a t two compounds must be fundamentally 
different in constitution if one is coloured and the other white is quite 
untrustworthy.

(6) I t  is possible th a t colour and fluorescence are evidences of the 
same phenomenon—isorropesis. In  the former case, the isorropesis 
provides the mechanism, and incident light actuates i t ; in the latter 
case, the isorropesis both provides and actuates the mechanism.
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LXVIII.— The Relation between Absorption Spectra and 
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E d w a r d  C h a r l e s  C y r i l  B a l y .

I n our previous papers, we have shown the effect of substitution on 
the absorption spectra of ketonic compounds, and in the case of some 
ketones we have been able to prove tha t the persistence of a certain 
absorption band in their spectra is proportional to the reactivity 
of their carbonyl groups. From a consideration of our results, we 
were enabled to put forward a chemical explanation which covered all
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the phenomena hitherto attributed  to steric hindrance. The present 
paper contains an account of similar researches in the quinone series.

Kehrmann (Ber., 1888, 21, 3315 ; J. pr. Chem., 1889, 39, 399 ; 40 , 
257) has shown th a t when the hydrogen atoms of y?-benzoquinone are 
replaced one a t a time by methyl radicles or by halogen atoms, 
a distinct change takes place in the reactivity of the carbonyl groups 
in the compounds. Although he made no accurate measurements, his 
results are quite sufficient for the present purpose. H is conclusions, 
which are based on the examination of many substituted quinones, 
may be summarised as follows :

(1) Monosubstituted quinones, when treated with hydroxylamine, 
first form a monoxime, the carbonyl group in the ortho-position 
to the substituent being left unattacked. On further treatment, this 
monoxime yields a dioxime :

O O NOH
c b c

RC CH RC OH ^ RC CHii ii —>- ii n —>- ii ii
HC CH HC CH HC GET

c c c
0  NOH NOH

(2) D isubstituted quinones, when both substituents are in the 
ortho-position to the same carbonyl group, yield only monoximes:

0  0
c c

R u uR  gives only R fj f)R
HC CH HC CH

c c
o  NOH

(3) Disubstituted quinones, when the substituents are in the para- 
position to one another, give mono- and di-oximes, but only with 
some difficulty:

0  0  NOH
C c  C
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(4) Trisubstituted quinones give only monoximes, th a t carbonyl 
group being attacked which has only one ortho-substituent:

O 0
C C

u R gives only nR
RC CH RC CH

c c
O NOH

(5) Tetrasubstituted quinones give no oximes.
U p to the present time, it has been usual to attribute the phenomena 

observed by Kehrmann to the influence of steric hindrance. I t  was 
supposed tha t the chief cause of the non-reactivity of the carbonyl 
groups was to be found in the occupation of the space around them 
by the vibrations of the substituents in the ortho-position, this being 
supposed to be sufficient to prevent the approach of any hydroxyl- 
amine molecules. This rough and ready mechanical idea has been 
very useful, as it gave an easily comprehensible explanation of most 
of the phenomena of hindrance which occur in chemical reactions. I t  
appeared to us, however, th a t other causes might lie at the root of the 
m atter, and we began to examine the absorption spectra of a series of 
substitution products of quinone, hoping to find some more probable 
explanation for the phenomena which Kehrmann indicated.

Having already proved the connection between the persisteuce of 
the isorropic absorption band and the reactivity of the carbonyl groups 
in certain open-chain ketones, we endeavoured to find out whether the 
same rule holds good in the case of the quinone carbonyl groups. Our 
results show th a t it is valid, as can be seen by examining the curves 
of benzoquinone, toluquinone, and thymoquinone which we have 
already published (Baly and Stewart, th is vol., pp. 507—510).

The measurements of the persistence of the absorption band in each 
case are as follows :

Benzoquinone. Toluquinone. Thymoquinone.
Absorption band begins a t   72'4 2 1 -0 13 ‘8

,, ,, ends a t ................  10 ‘0 10'5 7'2
Change of dilution over which ab

sorption band p ersists   85'8 5 0 ’0 4 7 ‘8 per cent.

I t  is evident that the effect of the substitution has been to diminish 
the persistence of the isorropic band to a considerable degree. But at 
the same time as its persistence decreases, a new band appears and 
increases. Benzoquinone in alcoholic solution shows no traco of 
a benzenoid structure, so far as spectroscopic evidence can be adduced, 
for it  shows no sign in its spectrum of any of the absorption bands
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which are characteristic of benzene. But already in the spectrum of 
toluquinone a very shallow band makes its appearance a t 3900, and in 
jo-xyloquinone this band deepens and becomes recognisable as tha t of 
a benzenoid compound.

The spectrum of benzoquinone in alcohol differs to a great extent from 
its spectrum in aqueous solution. The curve of its absorption spectrum 
in alcoholic solution has been published by us (Stewart and Baly, this 
vol., p. 507), whilst th a t of an aqueous solution has been published by
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H artley, Bobbie, and Lauder [Brit. Assoc. Report, 1902, 99). As 
these authors did not mention the presence of the isorropic band in 
benzoquinone, we repeated the examination of an aqueous solution a t 
higher concentrations and found the isorropic band. We give the 
complete curve in Fig. 1. The effect of the solvent is very marked in 
this instance. Apparently an additive product is formed ; the isorropic 
band shrinks, and a benzenoid band makes its appearance a t 4000. 
Thus there are three bands in the absorption spectrum of benzoquinone 
in aqueous solution.
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The second point which we wish to mention is the fact tha t the 
middle band of the three, the head of which lies a t 3400, occurs in the 
spectrum of an alcoholic solution of benzoquinone, but in that case it 
appears merely as an extension of the spectrum and not as a true 
band. The action of the solvent water extends the band considerably. 
We find that the same band occurs in the spectra of the substituted 
quinones, hydroquinone, and quinhydrone. We intend at a later date 
to investigate this point more fully, as it appears likely to throw light 
on the intramolecular vibration of the quinone system.
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As most of Kehrmann’s investigations were carried out on halogen - 
substituted quinones, the spectra of several of these compounds were 
examined. The results obtained confirm what has already been said 
with regard to the effect of substitution. In  chlorobenzoquinone 
(Fig. 2), the isorropic band becomes merely a slanting line lying 
between 2000 and 2600 ; in 2 : 6-dichlorobenzoquinone (Fig. 3), the line 
representing the isorropic band approaches more nearly to the general 
curve, while in trichlorobenzoquinone (Fig. 4) and trichlorotolu- 
quinone (Fig. 5) there is no measurable isorropic band. A t the same
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time as the isorropic band diminishes, the benzenoid band increases 
•teadily, as can be seen from the following figures :

Absorption band begins at .......
,, ,, ends at ............

Change of dilution over which 
the absorption band persists

2 : 6-Di-
Chloro chloro- Trichloro- Trichloro-
benzo benzo- benzo- tolu-

quinone. quinone. quinone. quinone.
17-4 57-5 63-0 87-1
10-0 15-8 14-5 10-0

42-0 55-0 77-0 8 8 -0 pci
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Three substances remain to be described. When the curve of 
bromobenzoquinone (Fig. 6) is compared with the corresponding 
chlorobenzoquinone, a distinct difference is noticeable between the 
two. In  the former, both the isorropic and the benzenoid bands 
appear to be less marked than in the chlorine compound. This can 
easily be explained. Bromine is more unsaturated than chlorine, and 
i t  has been shown by Baly and Collie (Trans., 1905, 87, 1332) th a t 
the introduction qf an unsaturated group into the benzene nucleus 
tends to merge the benzene absorption bands into one another and
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interfere with them to a great extent. The effect of introducing 
bromine into the benzene nucleus is well shown by the absorption 
spectrum of bromobenzene (Fig. 6), where the seven distinct absorption 
bands of the benzene spectrum are completely obliterated. The 
relatively weaker effect of the chlorine atom may be seen by com
paring Fig. 6 with the curves of chlorobenzene given by Baly and 
Collie (loc. cit.).

W ith regard to the second compound, dichlorothymoquinone (Fig. 7),
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it is interesting to compare it with trichlorotoluquinone (Fig. 5), from 
which it  may be derived by the substitution of a propyl group for 
a chlorine atom. This exchange of an alkyl group for a halogen atom 
produces a decrease in the persistence of the benzenoid band of 
the compound, as is shown by the following numbers :

Trichloro- Dichloro-
toluquinone. thymoquinone.

Absorption band begins at ..................... 8 7 'I 66'1
,, ,, ends at .........................  1 0 0  12‘0

Change of dilution over which absorp
tion band persists .............................. 88 "0 82 0 per cent
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This decrease in the persistence of the benzenoid band corresponds 
to the respective influences of the two substituents on the reactivity of 
the carbonyl group, as observed by Kehrmann, who found th a t the 
introduction of a halogen atom had a greater effect than th a t of 
an alkyl group. The same difference may be noticed, and is even 
more strongly marked, in the cases of toluquinone (Baly and Stewart, 
this vol., p. 508) and chlorobenzoquinone (Fig. 2). The isorropic band 
which is clearly marked in the toluquinone spectrum, is almost 
extinguished when the chlorine atom is substituted for the methyl
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group, whilst the same exchange extends the benzenoid band from 
a straight line into a well-marked band.

The th ird  compound, dibromothymoquinone (Fig. 8), when compared 
with dichlorothymoquinone (Fig. 7), shows the more marked influence 
exerted by the bromine atoms in comparison with the chlorine 
substituents.

Dichloro- Dibromo-
thymoquinone. thymoquinone.

Absorption band begins at .....................  66 ’1 109'6
,, ,, ends at .......................... 12'0 1 5 ’9

Change of dilution over which absorp- ,
tion band persists  ...............  82 '0 85*0 per cent.
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I t  is obvious that the successive substitution of the hydrogen atoms 
in the quinone nucleus has produced a change in the whole system of 
the substance. Benzoquinone itself probably exists in the true 
quinonoid form, but during the course of the substitution it becomes 
more and more benzenoid in character. W hat form it eventually 
takes cannot be determined. I t  is not improbable that its vibrations 
approximate more or less closely to those implied in the ordinary 
peroxide formula for benzoquinone, but no definite conclusion can be
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drawn at present. W hat is evident is that the process of isorropesis 
is being gradually diminished, and from this we may infer that less 
and less of the compound is vibrating in the quinonoid form.

In  considering the question of the effect which substitution exerts 
on the quinone carbonyl group, several factors must be taken into 
account.

(1) Steric hindrance produced by the vibration of the substituents.
(2) The distortion of the benzene ring consequent on the un
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equal distribution of weight in the nucleus which substitution 
produces.

(3) The possibility of the formation of a nascent carbonyl group.
W ith  regard to the first of these factors, we have already in our 

previous paper (Stewart and Baly, loc. cit.) shown that it need not be 
assumed to enter into the m atter—at least to any measurable extent.

The question of the distortion of the benzene ring owing to its being 
unequally loaded is of more importance. From the evidence which we
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have published, it seems a fair deduction tha t in the unsaturated ring 
> C H — C H \system, CO<C.q jj— q jj /C O ,  there are two forces a t work, which

are mutually antagonistic : the isorropic process and the tendency 
which the system will have to return to the most stable grouping, 
namely, the benzenoid form. The isorropic process consists of some 
vibration between the two carbonyl groups, and in order th a t this 
process may continue, the compound must exist in the quinonoid form. 
Undoubtedly, the principal vibrations of the atoms of such a compound
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would be parallel to the line of symmetry of the molecule, that is, 
along the line A B  :

A

,C
HC 11 
HC

\
CH11
CH

O'

B
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If  the vibrations were not in this direction, it would hardly be possible 
for any isorropic process to take place. If one now supposes tha t the 
centre of gravity of the system is altered by the replacement of 
hydrogen atoms by methyl groups, the conditions of stability in the 
system are completely altered. For instance, if one introduces a 
single methyl raddle, one would expect that the molecule would 
vibrate along the new line of symmetry X T :
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-CO. .,X

•oo
In this case, the isorropic process would not attain  the same 
intensity as in the preceding instance, since the vibration of the 
molecule would not tend to produce sufficiently frequently the con
ditions necessary for its existence. But as soon as the isorropic 
process is diminished, the tendency of the compound will be to 
assume the most stable benzenoid structure, so th a t the effect of 
substitution will be twofold, first, in preventing the isorropesis, and, 
second, in thus encouraging the formation of the benzenoid type of 
compound in preference to the quinonoid.

The last of the three factors, namely, the possibility of a nascent 
carbonyl group being formed in the compound, is probably the deter
mining factor in the problem, although it is to a great extent con
trolled by the vibratory motions of the ring. We have already 
shown in our first paper (Stewart and Baly, loc. cit.) th a t when the 
hydrogen atom of the group — CH*CO— is replaced by a methyl 
radicle, the tendency to form a nascent carbonyl group is checked, 
and the reactivity of the carbonyl group in —C(CH3)*CO— is much 
less than in the parent substance. W e have also shown that the 
nascent carbonyl group may be formed by a process analogous to 
tautomerism (potential tautomerism) in which there is no actual 
transfer of the hydrogen from the carbon to the oxygen, but merely a 
mutual action between the two atoms, oxygen and hydrogen, which 
action, if continued, would end in tautomeric change. If  one applies 
the same reasoning to the case of the quinone carbonyl group, one 
finds tha t in quinone itself one has the grouping —CH*CO*GH— , 
where two hydrogen atoms could take part in the process of potential 
tautomerism. In  toluquinone, one of these is replaced by methyl, 
— CH*CO'C(CH3)—, so tha t the possibility of potential tautomerism is 
greatly decreased. This alone would suffice to explain the hindering 
effect of an ortho-substituent, but another and probably more 
powerful cause exists as well. We pointed out in our second paper 
(Baly and Stewart, this vol., p. 511) th a t the isorropic process in di
acetyl was not an independent action, but was brought into action 
by the potential tautomerism in the CH3*CO— groups. That is to 
say, if one could destroy this starting  mechanism one would prevent 
the isorropesis and ther efore the formation of a nascent carbonyl group 
in the substance. Now, in the case of toluquinone, half the starting 
mechanism of the group — CH 'O O C H — has been destroyed by the 
substitution of a methyl group for one of the hydrogen atoms, This
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has a marked effect on the isorropic process, as the curves show. 
W hen a second substituent is introduced, as in the case of dichloro- 
benzoquinone, the isorropic process almost ceases, and the second 
carbonyl group reacts chiefly on account of the potential tautomerism 
which is still possible.

I t  appears to us that this purely chemical explanation of these 
phenomena is more probable than one which depends on an idea of 
mechanical shocks and collisions between atoms. Such collisions may 
certainly influence the reaction, but do so, in all probability, only to an 
immeasurably slight extent. The conception of steric hindrance has 
never satisfactorily explained several very important cases, such as the 
ease with which the compound (I) forms an oxime, in contradis
tinction to the difficulty found in the case of (II), although the methyl 
radicle is probably much smaller than the carboxyl group :

_ C H 3

c h 3<^ \ - c o c h 3 
- c h 3
(II.)

The hypothesis which we have put forward in the course of our work 
on this subject seems much more satisfactory, since it is capable of 
explaining not only all th a t the steric hindrance hypothesis can explain, 
but also those exceptions which cannot be elucidated by any idea of 
steric hindrance.

To avoid the possibility of misconception, we wish to call attention 
to the following fact. I t  is evident tha t the process of isorropesis is 
decreased by substitution, but the compounds still remain yellow 
(although on dilution their colour disappears much more rapidly than 
is the case with benzoquinone), even when no isorropic band is shown 
in our curves. There is, however, no contradiction between our 
present and our previous work. In  the photographs which we have 
taken, the limits of the isorropic band are not always clearly marked, 
especially in the case of the more highly substituted quinones. In  
order to avoid inaccuracies due to brighter lines in the spectra, we 
have smoothed the curves, and in the course of the smoothing the 
very faintly marked isorropic band has in some cases been practically 
obliterated. Although this does not matter very much from the point 
of view of the present paper, we think it advisable to call attention to 
the fact tha t our present work in no way invalidates our previous 
papers.

CH,
c h 3<^ ^>-c o -c o 2h

~ c h 3
( I . )
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Conclusions.

The effect of substitution on quinones is as follows :
(1) I t  tends to diminish the possibility of potential tautomerism and 

thus indirectly renders isorropesis less frequent.
(2) By unevenly loading the ring, it produces in benzoquinone a 

greater tendency to assume the benzenoid form ; thus, in another way, 
diminishing the possibility of isorropesis taking place.

(3) Halogen substituents have more effect on the isorropic pro
cess than methyl groups owing to their unsaturated character, which 
affects the vibrations of the ring.

In  conclusion, we wish again to thank Professor Collie for the great 
interest he has taken in the research during its progress.
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I n the preceding paper, dealing with the absorption spectra of the 
quinones and a-diketones, it  was shown that the colour of these com
pounds is due to an absorption band in the visible blue region produced 
by a new type of oscillation which occurs when two ketonic groups 
are in juxtaposition within the same molecule. To this process we 
have given the name isorropesis, and we have shown that the yellow 
colour of the aromatic quinones is also due to this process taking 
place between oxygen atoms in the para-position. In  the present 
paper, the nitroanilines and nitrophenols are discussed, and it  is shown 
how the process of isorropesis is present between the residual affinities 
of two nitrogen atoms in the one case and of an oxygen and a 
nitrogen atom in the other.

The spectra of the nitroanilines were examined originally by 
H artley and H untington ; we, however, reproduce the curves in Fig. 1 
of the meta- and para-compounds (from measurements of our own 
plates), because the H artley and Huntington curves are inconvenient 
for comparison with our curves. I t  will be noticed tha t the persist
ence of the absorption bands is much less in the meta-compound than in 
the case of the ortho- and para-compounds. There is, however, no 
possibility of doubt th a t the absorption band is due to the meta-com
pound itself, and not to a small quantity of a highly coloured impurity. 
This can readily be understood from a comparison of the persistences 
of the ortho- and meta- and the para-compounds; the persistence of 
the band with the meta-compound is roughly one-third what i t  is 
with two isomerides; th a t is to say, if the colour were due to an
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impurity present to the amount of 1 per cent., this impurity would 
necessarily have a colouring power and an absorption band with a 
persistence more than th irty  times tha t of the o- and jo-nitroanilines. 
This is manifestly absurd, as the absorption bands given by the most 
intensely coloured substances do not show a persistence which in any 
way approaches this amount. Now we have examined the absorption 
spectra of solutions of the nitro inilines in hydrochloric acid. These 
solutions are quite colourless, provided that the concentration of the
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acid be sufficient. I t  is very im portant in view of what follows that 
whilst the ortho- and para-compounds have to be dissolved in con
centrated acid, the meta-compound requires far less to decolorise 
its solution. The absorption curve of £>-nitroaniline dissolved in 
hydrochloric acid is shown in Fig. 2, from which it can be seen that 
there is no absorption band ; the curves of the ortho- and meta-isomerides 
are very similar.

From a comparison of the spectra of aniline and its hydrochloride 
and the monoalkylated benzenes, it  has been shown (Baly and Collie,
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Trans., 1905, 87, 1331) tha t in the hydrochloride the -N H 2HC1 group 
behaves in almost exactly the same way as a single alkyl group ; that 
is to say, the very striking effect of the residual affinity of the _N H 2 
group in aniline has entirely disappeared. I t  was also shown in the 
same paper tha t the effect of the nitro-group is to block almost 
entirely the tautomerism of the benzene ring, thereby introducing a 
fixed state of strain, with the result th a t strong general absorption is 
evidenced. Probably this effect arises from the attraction exerted by the 
unsaturated oxygen atoms on the atoms in the ring. Arguing from
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these facts, there is little doubt but that the structure of the nitro- 
anilines in acid solution is that of the true hydrochloride, thus : 
C6H 4(N 02)NH2,HC1.

When, however, the free substances are examined in alcoholic 
solution, the absorption curves (see Fig. 1) show the presence of a 
similar absorption band to th a t present in the quinones and a-diketones. 
We may therefore conclude a t once th a t the substances have changed 
into the quinonoid form and tha t the process of isorropesis is taking 
place in exactly the same way as in the quinones. The residual 
affinity of the oxygen atoms of the nitro-group exerts an attraction on
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the hydrogen atoms of the amino-group, so th a t the compounds pass over 
to the quinonoid form :

The two nitrogen atoms then occupy the position of the oxygen atoms 
of />-benzoquinone and function in the same way. As in the case of 
jp-benzoquinone, this may be expressed graphically by saying that it is 
possible for the molecule to exist in two phases :

Ju s t as in the case of diacetyl and ethyl pyruvate quoted in the 
preceding papers, the formula (I) represents in all probability only an 
extreme phase, and therefore we are not justified in attributing this 
static formula to the uitroanilines. There is no doubt th a t the 
residual affinities of the nitrogen atoms as expressed by the formula

are being disturbed by the motions of the benzene nucleus, and that 
therefore isorropesis is set up between them. Such a process cannot, 
of course, be represented by any static chemical formula, and tha t 
given above (I) is only intended to represent a condition which the

O OH

ii
N
H

O OH 0  OH

ii

N — 
H  _ 
I.

N
H
II.

isorropesis may tend to bring about. I t  is not improbable th a t the 
possibility of writing both types of formula for a substance may be
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used as a test of the possibility of isorropesis. The nitrophenols and 
nitrosophenol are very similar to the nitroanilines. The absorption 
curves of o- and ^-nitroanisoles are shown in Fig. 3, and undoubtedly 
represent the molecular vibration curves of the formulae

0 0 0 0 

N • N

o -c h 3
respectively.

Neither of these curves is altered in any way by the addition of 
sodium ethoxide to the solutions of the nitroanisoles. The absorption
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curves of o- and p-nitrophenols have already been described by 
H artley and Huntington (loc. cit.) ; we have reproduced them plotted 
on logarithmic scale in order to compare them with the curves of the 
analogous substances. The absorption curve of /)-nitrophenol in
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neutral alcoholic solution is shown in Fig. 5 by the full curve and is 
identical with th a t of /(-nitroanisole; we have no hesitation, there
fore, in saying th a t /(-nitrophenol in neutral alcoholic solution has the 
formula

O O
W

N

OH
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On the addition of sodium ethoxide and the formation of the sodium 
salt, the absorption spectrum entirely alters, and is shown by the 
dotted curve in Fig. 6. A similar band has now appeared in the 
visible region to tha t in the nitroanilines, and therefore we may con
clude tha t the residual affinity of the oxygen atoms of the nitro-group
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exerts insufficient attraction for the hydrogen of the free nitrophenol 
to cause the formation of the quinonoid form, but that when the 
hydrogen is replaced by the more electro-positive sodium atom, then 
the attraction of the oxygen atoms is sufficient to bring the sodium 
over, with the formation of the quinonoid form :

O ONa 

Nii

Very much the same is the case of o-nitrophenol, the absorption 
curves of which are shown in Fig. 4 in neutral (full curve) and alkaline 
(dotted curve) solution respectively.
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In  the case of m-nitrophenol, the absorption curves of which in 
neutral and alkaline solution are shown in Fig. 5 by the full and dotted 
curves respectively, the free substance in all probability exists in the 
ordinary phenolic form, whilst in alkaline solution the presence of the 
isorropesis band shows tha t the quinonoid Tm  is undoubtedly present.
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As the band is shallow, however, it  is evident that but a small 
quantity of this form is possible. That this band is due to the 
quinonoid form of the m-nitrophenol itself and not to the presence of a 
small quantity of a highly coloured impurity is evident from a, 
comparison of the persistence of the band wi h those of the ortho- and 
para-isomerides and with those of any of the colouring matters.

W e have also studied the absorption spectrum of jo-nitrosophenol, 
and the absorption curves of this substance are shown in Fig. 7, the
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full curve being tha t of the compound in neutral alcoholic solution 
and the dotted curve being th a t obtained when the solution is 
rendered alkaline with sodium ethoxide. The absorption of 
jo-nitrosophenol in neutral solution has already been observed by 
H artley, Dobbie, and Lauder (loc. cit.) and differs considerably from 
ours ; these authors find two bands whilst we find only one. The 
principal band observed by H artley , Dobbie, and Lauder agrees in 
position with ours. I t  will be seen th a t this curve is sufficiently 
similar to th a t of nitrosobenzene (Fig. 7, dot and dash curve) to
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justify the conclusion tha t the free substance has the true nitroso- 
phenol formula. The case is absolutely different when alkali has 
been added (Fig. 7, dotted curve), and the presence of the band in 
the visible region is evidence of isorropesis and the necessary 
existence of the quinonemonoxime form. W hen in the free state, the 
residual affinity of the oxygen of the nitroso-group is not sufficient to 
a ttrac t the hydrogen atom away from the hydroxyl g roup; when,
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however, this hydrogen atom has been replaced by sodium, the 
attraction of the nitroso-oxygen is powerful enough to bring the 
sodium away from the phenolic oxygen, with the result that the 
following compound is produced :

N-ONa
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From these results we may conclude tha t the three nitroanilines in 
neutral solution and the three nitrophenols and niti’osophenol in 
alkaline solution exist in the quinonoid form and tha t a process of 
isorropesis is taking place between the residual affinities of the two 
nitrogen atoms in the nitroanilines and the nitrogen and oxygen atoms in 
the nitrophenols and in nitrosophenol, with the result th a t an absorption 
band is formed in the visible region and the compounds are coloured.

The cases of m-nitroaniline and m-nitrophenol require separate 
consideration, for their absorption spectra show that while the 
absorption bands are slightly nearer the shorter wave-lengths than in 
the case of the ortho- and para-compounds, yet there is no doubt th a t 
the absorption bands are due to the meta-compounds themselves, and 
tha their structure and the resulting isorropesis must be quite 
analogous to that occurring in the ortho- and para-compounds. It 
would thus appear necessary to accept the existence of meta-quinones. 
Now it is not necessary to insist upon the static existence of a meta- 
quinonoid linking, and, indeed, the spectroscopic evidence is against 
this, because in both m-nitroaniline and m-nitrophenol the per
sistence of the absorption band is much less than in the ortho- and 
para-compounds, and therefore there is not so much of the quinonoid 
form present with the meta-compound. No doubt in the ortho- and 
para-compounds the whole are in the quinonoid form because, in the 
case of the nitrophenols, no further change is produced after the 
addition of one equivalent of sodium ethoxide. An increase in the 
amount of the ethoxide does not increase the amount of quinonoid 
form ; it  can be concluded th a t the quinonoid and phenolic forms are 
not in a state of dynamic equilibrium, and tha t the whole of the 
molecules are quinonoid in structure. On the other hand, the meta
compound is not wholly quinonoid. W e can only assume therefore, 
tha t as no change is produced by a further addition of sodium ethoxide, 
there is some restraining influence acting against the formation of the 
quinonoid form.

The space formula proposed by Collie (Trans., 1897, 71, 1013) 
had the advantage of representing the benzene molecule as a system of 
atoms in a state of continual vibration, and by this means it was 
possible to express all the various formulae which had then been put 
forward as phases of one formula. W e consider tha t this idea of a 
system in motion is extremely important, and we wish to emphasise its 
value by certain considerations which will now be dealt w ith ; but at 
the same time it is evident th a t vibrations of the atoms not expressly 
described in Collie’s original paper must be introduced in order to 
bring the theory into line with the spectroscopic and chemical evidence 
now a t our disposal. These new motions will now be described.

Now it  has been shown (Baly and Collie, loc. cit.) th a t benzene
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shows seven very similar and closely-situated absorption bands, and 
it  was pointed out th a t the formation of these can be accounted for 
by assuming th a t each band is due to a separate making and breaking 
of linking between the carbon atoms of the ring. There are seven 
such makings and breakings possible, as can be seen from the follow
ing figures, the asterisks being attached to those atoms which are 
changing their linking :

C*
0

c
(1. )

c
c*

c
( 2 .)

c
*

(3. )

c*
c*

c
*

(4.)

c
*c

c*
c*

c
*c

c*
c

(5.)

c
*

(6 . )

*c/\c* 
*cl Jc*

c
*

(7.)
I t  will be seen th a t in case (2) a single meta-linking is being 

formed or broken; this throws some light on the possibility of the 
existence of meta-quinones.

Now in order to bring the seven phases into existence, it is neces
sary to assume the displacement of the carbon atoms of the ring, 
and we can do this in the simplest way possible, tha t is to say, by 
the ordinary vibration as is accepted by any elastic ring. Thus we 
may say th a t the benzene ring is pulsating between the two displaced 
forms a and b.

6 C

5 C

C 2

C 3

6 C| 
5 C1

]C 2
!C 3
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Each carbon has residual affinity, and consequently in the condition 
represented in a, whan the atoms 2 and 6 and the atoms 3 and 5 are 
brought close together, these residual affinities will produce linkings 
as shown by the dotted lines. The atoms 1 and 4, however, are far 
removed from one another and from the other atoms, and are there 
fore unsaturated. On the other hand, when the ring has passed into 
the other phase b, then the three atoms 2, 1, and 6 come very close 
to the three atoms 3, 4, and 5 respectively, and linking may be 
considered to be formed between these pairs of atoms. The linkings 
existing in phases a and b are shown for greater convenience on the 
ordinary hexagons in a and V. As the ring is pulsating between 
the forms a and b, many of the seven phases of linking change 
described above will be obtained. For example, let us consider the 
ring to have reached the form b ; as it  starts opening, the first break 
will occur between the atoms 1 and 4, followed by the breaking of 
the two ortho-linkings 2 : 3 and 5 : 6. W hen the ring passes through 
the half-way stage, tha t is, the circular form, then we shall have the 
centric formula, with the result tha t phase No. 7 is produced. W e can 
in this way account for phases 1, 2, 3, 6, and 7 ; Nos. 4 and 5 can 
readily be understood if the motions described above are slightly inter
fered with by collisions between adjacent molecules. In  the above 
i t  was assumed th a t the displacement takes place so th a t the atoms 
1 and 4 are a t the ends of the ellipse in the form a, but in general 
the displacement can take place along any of the three possible axes

This scheme of displacement of the benzene ring renders it perfectly 
possible for meta-quinones to have a transitory existence ; let us take 
m-nitroaniline:

O
!0

a.

and let the displacement take place along the dotted lines, when we shall 
obtain phase a. W hen in the form a, then the meta-quinone form can 
exist, th u s ;
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H N =

I t  must be remembered tha t this meta- 
quinone can only exist when the displace
ment occurs along the dotted lines shown 
on p. 525. I t  is not, therefore, necessary to 
conceive of the static existence of a meta- 
quinone, but it is clearly possible for such 
a linking to exist during part of the 
motions of the ring.

The results obtained with m-nitroaniline 
and with m-nitrophenol in alkaline solu
tion show that only a portion of the sub
stance exists in the quinonoid form. Doubtless the persistence of the 
absorption bands compared with those of the ortho- and para-compounds 
will give a measure of the relative number of molecules possessing the 
quinonoid form, tha t is to say, the number of molecules vibrating or 
pulsating in the special way described above. Inasmuch as a special 
form of vibration is necessary in order tha t the meta-quinone may exist, 
we may say tha t in this fact is to be found the undoubted restrain
ing influence against the formation of the meta-quinone referred to 
above. In  this way we may account for the much greater ease with 
which m-nitroaniline is decolorised by hydrochloric acid. On these 
grounds, therefore, we conclude that all three of the nitroanilines and 
the three nitrophenols in alkaline solution exist in the quinonoid form, 
and tha t isorropesis then occurs between the two nitrogen atoms or 
the nitrogen and oxygen atoms, with the result tha t an absorption band 
is formed in the visible region and the substance is coloured.

I t  may be pointed out th a t the pulsation of the benzene ring is able to 
explain very satisfactorily many of the characteristic reactions and pro
perties of benzene and its derivatives. Four of the most striking may 
be very briefly indicated :

1. I t  is a t once apparent tha t the carbon atoms in the para-position 
came very near to one another during the vibration, so that the 'wander
ing of atoms or groups of atoms from one carbon atom to tha t in the 
para-position is easy of explanation. Furthermore, it  has been shown 
that phenol is a labile substance possessing keto-enol tautomerism (Baly 
and Ewbank, Trans., 1905, 87,134). On account of the near approach 
of the para-carbon atoms, we should expect the phenolic hydrogen to 
wander to the para-position, thus :

O
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The action of nitrous acid on phenol is then easily understood, thus

Ih  v

° = \ _
+ 0= bN —OH = 0=< > N O H  + H 20.

H  /

2. The absorption spectra of the disubstituted benzenes show that the 
para-compound is always more symmetrical than the two isomerides; 
th a t is to say, the internal motions of the benzene ring are less disturbed 
by the para- than by either the ortho- or meta-substitution (Baly and 
Ewbank, Trans., 1905,87, 1355). This fact is clearly accounted for by 
the theory of a pulsating ring, because it is evident tha t in a compound 
such as p-xylene the vibration will take place very readily along the 
dotted axes shown in a :

6 h 3

c h 8

In  the ortho- and meta-compounds the unsymmetrical loading of the ring 
will to a great extent militate against the vibration of the ring. 
Further, the meta-substitution will disturb the vibration more than the 
ortho-substitution.

3. The reduction of the phthalic acids is equally easy of explanation. 
In  terephthalic acid, the vibration is less disturbed than in the case of 
the ortho- and meta-isomerides. Terephthalic acid must therefore exist to 
a considerable extent in the phase represented by the following formula.

In  this phase, the carbon atoms 1 and 4, being far re
moved from the other atoms of the ring, are unsaturated, 
with the result th a t they will each take up a hydrogen 
atom with ease, with the formation of A2:5-dihydrotere- 
phthalic acid. Similarly, the reduction of phthalic acid, 
although with greater difficulty, to A3:5-dihydrophthalic 
acid is explained. Lastly, in the case of isophthalic 
acid, the motions are very greatly interfered with by 
the meta-substitution, so th a t it  is doubtful if any of 
the carbon atoms in the ring reach the unsaturated 
position readily; isophthalic acid is only reduced with 
difficulty by nascent hydrogen (Perkin and Pickles, Trans., 
1905, 87, 293), and tetrahydro-acids only are produced.

4. In  the chlorination of benzene, the formation of 
the ja-dichloro-compound, to the exclusion of the ortho-

< ? o 2 h

1C

60

5C

C2

03

4C
co2h
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isomeride, is explained. When the benzene ring exists in phase a, the 
two carbon atoms a t the end of the ellipse are unsaturated and take 
up chlorine, giving the compound shown in b. When the opposite

CH

HC

HC

CH

CH

CH

a.

HC

HC

CH

CH

HCr
HCl

Cl H
\ /
C

C
jCH
-CH

Cl H  
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CH

HC

HCr
HCl

H  Cl
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C
/ \  

Cl Cl
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]CH
-CH

extreme is reached, as in c, a molecule of hydrogen chloride is 
split off, giving chlorobenzene. This, on reaching the first position, 
as in d, again takes up two atoms of chlorine, as in e ; this additive 
compound, on reaching the form shown in f  again loses a molecule 
of hydrogen chloride and gives /?-dichlorobenzene. I t  will be seen 
tha t by these motions of the ring there is no opportunity of the 
ortho-compound being formed, and in actual experiment none is 
produced.
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Many other examples might be quoted in which the reactions of 
benzene and its compounds can be a t once explained by this conception 
of the pulsation of the ring. For example, it has been shown (Baly 
and Collie, Trans., 1905, 87, 1332) tha t in nitrobenzene the tauto- 
merism of benzene on the motions of the ring has been stopped, doubt
less owing to the attraction of the residual affinities of the oxygens of 
the N 0 2 group. In  the chloronitrobenzenes, therefore, there is little or 
no benzenoid motion, and thus these compounds approximate to the 
fatty  type. I t  can be thus understood how the chlorine is replaced by 
hydroxyl on heating with sodium hydroxide.

A strong point in favour of this theory is its simplicity. The motion 
described is the simplest possible, and is the form of vibration adopted 
by any elastic ring, as, for example, a bell when struck.

The compounds the absorption spectra of which are described in this 
paper were all most carefully recrystallised and were undoubtedly pure. 
The /(-nitrosophenol and nitrosobenzene were prepared with the greatest 
care ; i t  is difficult to account for the difference in our observations of 
the absorption of the /(-nitrosophenol and those recorded by Hartley, 
Dobbie, and Lauder.

Conclusions.

The following conclusions may be drawn from these observations :
1. The three nitroanilines in neutral solution and the three nitro

phenols and /(-nitrosophenol in alkaline solution exist in the quinonoid 
form.

2. The process of isorropesis then exists between the two nitrogen 
atoms in the case of the nitroanilines and between the nitrogen and 
oxygen atoms in the case of the nitrophenols and /(-nitrosophenol. This 
process is the origin of the colour of these substances.

3. I t  is necessary to assume the transitory existence of a meta-quino- 
noid linking to account for the phenomena observed with m-nitroaniline 
and m-nitrophenol.

4. Many of the physical properties of benzene are explained by con
sidering th a t the ring is elastic and undergoes the same vibrations as 
are suffered by any elastic ring.

5. The meta-quinone linking is possible during one phase of this dis
placement of the benzene ring.

6. This simple vibration of the benzene ring accounts for very many 
of the characteristic reactions and properties of benzene and its com
pounds—for example, the preparation of /(-nitrosophenol by the action 
of nitrous acid on phenol, the production of only the /(-dichloro-compound 
in the chlorination of benzene, the reduction of the phthalic acids, and 
also the absorption spectra of the three isomerides in the case of the 
disubstituted benzenes.
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XXII.— The Addition o f Sodium Hydrogen Sulphite to 
Ketonic Compounds.

By A l f r e d  W a l t e r  S t e w a r t , B.Sc., 1851 Exhibition Scholar of 
the University of Glasgow.

B e i l s t e i n , in his Handbuch (3rd Edition, vol. I., 999), states that 
pinacoline forms no additive product with sodium hydrogen sulphite. 
This statement, together with the current idea tha t bisulphite com
pounds are formed only with those ketones which contain an acetyl 
group, suggested that the hindrance to the formation of a pinacoline 
bisulphite compound was of a stereochemical character, analogous to that 
detected by Victor Meyer in his work on the rates of esterification of 
the aromatic acids. In  the literature of the bisulphite compounds, the 
only reference found was a paper by Angeli (Atti R. Accad. Lincei, 
1896, 5, 84), in which he suggested tha t steric hindrance played a 
part in the reactions involving the addition of metallic hydrogen 
sulphites, hydrocyanic acid, and ammonia to carbonyl groups. Angeli 
appears to have contented himself with this theoretical observation, at 
least so far as the bisulphite compounds are concerned ; and apparently 
no attempt has been made up to the present to treat the m atter by a 
quantitative method.

The following research was carried out in order to estimate the 
relative amounts of bisulphite compound formed with different 
ketones and with a view to ascertaining the hindering effect produced 
by various groups.

Although no work had been done on the ketonic bisulphite com
pounds, Ripper (Monatsh., 1900,21, 1079) had devised a method for the 
estimation of aldehydes which depended on the formation of a b i
sulphite additive product. He found tha t as the S03Na group in the 
bisulphite compound was not oxidised by iodine solution ; the amount 
formed could be estimated from the difference between the titration 
values of two solutions : one of pure sodium hydrogen sulphite, the 
other containing this salt and the aldehyde.

The great difficulty encountered in this method arises from the 
presence in the solution of hydriodic acid generated by the reaction. 
This acid, if left free, tends to break up the bisulphite compound, and 
thus gives an uncertain end-point.

W ith a view to avoiding this, several other solutions were prepared, 
among which three only need be mentioned. First, A/20 caustic soda 
was used to titra te  the sodium hydrogen sulphite, but the final slight 
excess of the alkali present decomposed the double compound even more 
rapidly than the hydriodic acid had done. The other two solutions
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were the result of an attem pt to make the reaction follow the lines of 
the equations :

N aH S03 + 3hTaHC03 + 12 = Na2S04 + 2NaI + 2H 20  + 3C02 ; 
NaHSOg + 2NaHC03 + 12 = N aH S04 + 2NaI + H 20  + 2COa 

Iodine and sodium hydrogen carbonate were made up in a solution of 
the strength required by each equation, in the hope that, the free 
hydriodic acid being eliminated as soon as it was formed, the end
point would be unaffected. The results, however, were useless.

There being no other method available, a return was made to the 
titration with iodine solution. A t first, alcoholic solutions of the 
ketones were used, but finally it was found best to make up an A /10 
aqueous solution of the ketone, and then dilute to A/12 with alcohol. 
This mixture dissolved most of the common ketones, methyl hexyl 
ketone and acetophenone only being excluded.

The results were apparently accurate to within one per cent, after 
allowing equal quantities of ketone and A/12 hydrogen sulphite solu
tion to remain together for an hour a t the ordinary temperature.

I t did not seem desirable to choose an arbitrary time limit, and in 
the end titrations were done a t regular intervals; a period of five 
minutes was first chosen, but this was not found so satisfactory as the 
ten-minute interval which was finally adopted. A t first the method 
did not give concordant results, but the failure was traced to variations 
of temperature. A fter this, all operations were carried out a t 0°, which 
kept the tem perature constant, and also reduced the speed of the 
reaction.

The details of the method finally adopted were as follows: 50 c.c. of A/12 
ketone solution, prepared as described, were shaken in a flask with 50 c.c. 
of A/12 aqueous sodium hydrogen sulphite, and then allowed to remain, 
corked, in a vessel of ice and water. Every ten minutes, 10 c.c. of the 
liquid were taken out and titrated, being kept surrounded by ice-water 
during the operation. The iodine solution used was of such a strength 
th a t 14— 15 c.c. were required to oxidise 5 c.c. of the hydrogen sulphite 
solution. The relative strengths of the two solutions were determined 
at the beginning and end of each series of titrations. The results 
obtained are shown in the following table :

Percentage of bisulphite compound formed in

10' 20 30 40 50 60 70 minutes.
Aeetaldehyde .....................  85’2 8 6 - 6  8 8  -0 8 8 7  8 8 7  8 8 7  8 8 7
Acetylacetone .....................  4 7 ‘1 54 2 60 5 64'0 67'6 70‘0 71 8
E thyl acetoacetate ............  37'4 47 0 5 6 ’0 60 ’0 6 4 ’0 67'6 67 6
Acetone................................... 28'5 3 9 7  47'0 53'6 55 9 56'2 5 8 ‘9
M ethyl ethyl ketone   14 5 22-5 2 5 7  2 9 7  32 4 36'4 38 4
Methyl propyl ketone  8  5 11 0 1 4 -8 18 -4 19 6  23'4 25 ‘5
Ethyl laevulate.....................  7'2 10-0 1 4 ‘0 15'0 16 ‘5 19'4 21 ‘6
M ethyl isopropyl ketone . 4'2 5'4 7'5 9'4 11 ’6  12 ‘3 1 3 -0
Pinacoline .......................... 4 ‘2 5 '6  5 '6  5 ‘6  5 '6  5 "6 5 '6
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The following curves give the same results graphically.

Pinacoline

minutes.

Acetylacetone contains two carbonyl groups therefore the amount 
of bisulphite compound formed by each group is half the amount 
shown in the table. This is represented in the curves by the dotted 
line.
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From an examination of the foregoing numbers, the effect of replac
ing a hydrogen atom by a methyl group is easily seen. If  we consider 
acetaldehyde, acetone, methyl ethyl ketone, methyl isopropyl ketone, 
and pinacoline, and take the percentage of bisulphite compound formed 
after 40 minutes, we find the following re su lt:

Per cent. 
CH3CO CH (CH 3)2 ... 9-4
CH3CO-C(CH3)3 .......  5-6

Per cent.
CH3C O -H ...................  88-7
CH3CO-CH3    53-6
CH3CO-CH2-CH3   29-1
Another point of interest is tha t both acetaldehyde and pinacoline 

appear to reach their end-points within the first 40 minutes, whilst 
the other compounds, intermediate on the scale, do not reach their 
equilibrium until after 70 minutes.

A  curious result is obtained by comparing the values of those com
pounds containing carbon chains of the same length. For example, 
ethyl acetoacetate and methyl ethyl ketone each contain a chain of 
four carbon atom s; ethyl lsevulate and methyl propyl ketone have a 
chain of five. Taking, as before, the percentage of bisulphite com
pound formed after 40 minutes, we g e t :

Per cent.
Ethyl acetoacetate ... 60 0
Methyl ethyl ketone .. 29T

Per cent.
Methyl propyl ketone. 18’4
Ethyl lsevulate  15’0

The carboxyl group seems to have no hindering effect, but rather 
accelerates the action, since ethyl acetoacetate forms more bisulphite 
compound than acetone, and much more than methyl ethyl ketone 
where the C02E t group is replaced by methyl. This relation does not 
hold good in the case of ethyl lsevulate, for in this case, when com
pared with methyl propyl ketone, the ester forms less of the double 
compound. I t  seems as if the carbonyl and carboxyl groups had some 
action on each other’s properties when near to one another, and that 
this is weakened when two carbon atoms are placed between them.

This communication has been limited to those compounds which 
contain the group CH^COR, but the investigation will subsequently 
be extended to other ketonic and nitrogen compounds, both with open 
and closed chains.

In  conclusion, the author desires to thank Professor Collie and Dr. 
Smiles for valuable suggestions made by them during the course of 
this research.

U n i v e r s i t y  C o l l e g e ,
L o n d o n .
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LI.— The Velocity o f Oxime Formation in Certain 
Ketones.

By A l f r e d  W a l t e r  S t e w a r t , B.Sc., 1851 Exhibition Scholar of 
the University of Glasgow.

T h e  hindering influence produced by the introduction of various 
groups into ketonic compounds has been already studied by the 
author in the case of the additive products formed with sodium 
hydrogen sulphite (Trans., 1905, 87,185), and it seemed desirable to 
apply a somewhat similar method to the case of oxime formation, 
with the view of finding whether steric hindrance was actually the 
chief factor in the problem. I f  the rates of formation of the 
oximes of various ketones showed the same relations to each other 
as those found in the case of the “ bisulphite ” compounds, the 
probability th a t steric hindrance played a great p a rt in the re
action would be increased, since chemically the reactions are quite 
different in character.

The simplest method of estim ating the percentage of oxime 
formed in a given case seemed to be to determine the amounts of 
free hydroxylamine present in a solution both before and after the 
reaction has lasted for a fixed interval of time.

Several series of experiments were carried out before a satis
factory process was discovered. A t first an indirect method was 
tr ie d : a fixed excess of ferric sulphate was boiled with the oxime 
solution in an atmosphere of carbon dioxide, and the am ount of 
ferrous sulphate thus formed was estimated by titra tion  with potass
ium permanganate. This did not give concordant results, nor did 
direct titra tio n  of the unchanged hydroxylamine, either with 
Eehling’s solution or with a solution of potassium nitrite.

In  the end the following mode of estimation, adapted from a 
method of estim ating hydroxylamine described by Meyeringh 
(Ber., 1877, 10, 1940), was found to be the best. In  order to 
obtain results comparable with those already found in the case of 
the “ bisulphite ” compounds, N  j 10 aqueous solutions of the ketones 
were diluted with alcohol to N /12. F ifty  c.c. of the ketone solu
tion were mixed with an equal volume of N  f 12 hydroxylamine 
sulphate solution, and the m ixture was left in ice. Every ten 
minutes, 10 c.c. were withdrawn, to which were added 20 c.c. of 
N j  5 iodine solution and 20 c.c. of NJ 5 disodium hydrogen phos
phate solution; the whole was placed on a water-bath for one 
minute, and the excess of iodine remaining was then titra ted  with 
sodium thiosulphate in the usual way.
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The rationale of the method is as follows. The ketone, in forming 
an oxime, uses up a certain quantity  of hydroxylam ine; the rem ain

ing hydroxylamine is 
decomposed by warming 
with the iodine solution, 
and the hydriodic acid 
thus produced is taken 
up by the sodium phos
phate before it affects the 
oxim e; the am ount of 
iodine left unchanged is 
then estimated by means 
of the thiosulphate t i t ra 
tion, and from it the 
am ount of hydroxylamine 
employed in oxime form
ation can be deduced. 
This method was found 
to be sufficiently accurate, 
the results being con
cordant to w ithin one 
per cent., which is suffi
ciently close for the pur
pose in view. I t  fails, 
however, when employed 
with aldehydes, owing to 
the ir ready oxidation; 
and also in the case of 
compounds containing the 
group -C O C H 2-C O  
which react with iodine 
on warming.

The results obtained 
are shown in the table 
and curves. In  the case 
of acetonylacetone, twice 
the usual quantity  of the 

hydroxylamine solution was used, and the results given show the 
percentage of oxime formed a t each carbonyl group.

ACETONE

METHYL ETHYL * 1 2 < H < E T O N E

'KETONE

^  30

PINACOLIN

Minutes.

M ethyl ethyl ketone ... 
,, propyl ,,
,, isopropyl ketone

1 0 2 0 30 40 minutes.
45T 4 9 7 50 0 50'1 percentage of oxime
36-6 39-2 39-2 39'2 ,, ,,
34-7 37-3 39-9 41-2
31-4 31-5 32-0 32'0 ,, ,,
26-1 30-0 33-9 35'0 ,, ,,
1 9 0 30-0 35-0 39'0 ,, ,,
12'9 1 7 0 2 4 ’5 24-5
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On the whole, the foregoing results appear to support those 
already obtained as to the influence of the methyl group when it  is 
substituted for a hydrogen atom near the carbonyl group. During 
the first ten minutes of all the reactions, the only divergence from 
the relations determined in the case of the “ bisulphite ” compounds 
is to be found with ethyl laevulate, the velocity of the “ bisulphite ” 
reaction of which lay between those of methyl propyl and methyl 
wopropyl ketones, whilst in the foregoing table it  has a lower rate 
of reaction than  methyl isopropyl ketone. A part from this in
stance, the same influences appear to govern the courses of both 
reactions. I f  the percentages of oxime formed by acetone, methyl 
ethyl ketone, methyl isopropyl ketone, and pinacolin a t the end of 
twenty minutes are considered, the following numbers are obtained:

CHg'CO’C H s ..................  49'7 per cent. CH3,CO'CH(CH3)2   31 *5 per cent.
CH3 *CO*CH2 'CH3   39-2 , CH,*CO’C(CH3)s   17*0

I t  will be noticed th a t the velocity of the reaction in the case of 
methyl ethyl ketone appears to undergo retardation after twenty 
minutes, causing the percentage of oxime generated a t the end of 
a forty-minute period to fall below th a t produced in the case of 
methyl isopropyl ketone.

The reaction of oxime formation appears to be, on the whole, 
more rapid than  the addition of sodium hydrogen sulphite to the 
carbonyl group; a state of equilibrium is reached more speedily. 
This is to be expected when we take into account the nature of the 
reaction and the relative masses of the groups involved. In  the 
case of the “ bisulphite ” compounds it  is merely a question of 
adding on a bulky g ro u p :

R v S03Na Rv ySOgNa
>c:o +| = > <

R /  H  R /  X OH

whereas in the second instance a smaller group enters, and water 
is immediately elim inated:

Rv KH -O H  R v *NH-OH R v
>c:o + | = >c< = ) c : n - o h  + h 2o.

RZ H  R /  x OH R /

The oximes appear to be better suited than  the “ bisulphite ” com
pounds for estimations of the velocity of formation of additive 
compounds of ketones, when many m ethyl groups lie in the neigh
bourhood of the carbonyl. The oxime method has also a great 
advantage over the other, since in the titra tion  of the “ bisulphite ” 
compounds a slow inverse action takes place, which does not occur 
in the case of the hydroxylamine estimation. This method might
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conceivably be useful in confirming the constitutions of cyclic 
carbonyl compounds containing many m ethyl groups.

In  conclusion, the au thor wishes to thank  Professor Collie and 
Dr. Smiles for assistance given during the above research.

T h e  O r g a n ic  C h e m is t r y - L a b o r a t o r y ,
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T H E

A S T R O P H Y S IC A L  JO U R N A L
AN INTERNATIONAL REVIEW O F  S P E C T R O S C O P Y  

AND ASTRONOMICAL PHYSICS

In the previous paper it was shown how the presence of two 
carbonyl groups in juxtaposition gives rise to the appearance of an 
absorption band in the spectrum very much nearer to the red than 
that which is produced by the process known as enol-keto tautom- 
erism,2 or a reversible equilibrium such as

In the case of pyruvic ester CH^CO COOEt,  in which it was first 
discovered, the absorption band is situated at a frequency of 3100, while 
the band due to enol-keto tautomerism is always very near to 3800. 
Now, in pyruvic ester there is only one true carbonyl group, for it 
is well known that the — CO — group of a carboxyl radicle is not 
endowed with all the properties usually appertaining to this group. 
In order to investigate this process more fully, we have examined 
the absorption spectra of a series of compounds which contain two 
true carbonyl groups in juxtaposition, and we then found that the new 
absorption band is still nearer to the red than in the case of pyruvic

VOLUME XXIV OCTO B E R NUMBER 3

THE ORIGIN OF COLOR. I
B y  E. C. C. B A L Y  a n d  A. W. ST E W A R T  *

—C—C H a— ► —C = C H —
II
o OH

>C= 0
ester. Camphorquinone was dealt with in the pre-

Carnegie Research Fellow.
Baly and Desch, Astrophysical Journal, 2 3 , n o ,  1 9 0 6 .
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vious paper where its absorption curve was given; a very per
sistent absorption band is exhibited with its head at a frequency 
of 2100. The simplest compound of this type is of course diacetyl

C H Z

and the absorption curve of this substance is shown in Fig. i, where 
the new absorption band appears at a frequency of 2400. Since 
these two compounds, camphorquinone and diacetyl, show absorp
tion bands in the visible blue (^ =  4760 and 4170 t.-m. respectively), 
they are naturally colored yellow, and clearly therefore the process 
which produces these absorption bands is the origin of color in the 
case of these compounds.

In the previous paper we showed that the origin of the new 
absorption band is to be found in some form of oscillation between 
the residual affinities of the oxygen atoms of the carbonyl groups, 
and for this oscillation we proposed the name isorropesis. Before 
dealing with the theoretical aspect, we may say that we have extended 
our observations to include many other compounds containing 
two carbonyl groups in juxtaposition, and in every case we find 
the new absorption band present. For example, the absorption

has already been recorded by Hartley and Dobbie,1 is another case 
in point and shows the same absorption band with head at a fre-

explains the appearance of the band, as there are present two car
bonyl groups in juxtaposition.

1 Chem. Soc. Trans., 75, 640, 1899. j

c=o
c=o
c h 3

curves of acenaphthenequinone phenanthraqui-

■C=0
none shown in Fig. 2; isatin, whose spectrum

quency of 2400. The formula of isatin CrH. once
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Another very interesting case of an a-diketone is that of benzil, 
C6H s .C0 .C O .C 6H s, the absorption-curve of which is shown in ’ 
Fig. 3. It is well known that the oscillating double linking of the

Oscillation-frequencies.

too
t-1

— 2 0 0 , 0 0 0

5° 1 0 0 , 0 0 0

4 6

4 4 2 5 , 0 0 0

4 2

1 0 , 0 0 0

2 , 5 0 03 4

1 , 0 0 03 °

2 8

2 6

24
2 2

2 0

1 8

6n

F ig .  1 .— Diacetyl (full curve): D iacetyl dioxime (dotted curve).

benzene ring, or the benzenoid tautomerism, produces absorption 
bands which have about the same frequency as the absorption band 
due to enol-keto tautomerism. In the case of benzene itself there

R
el

at
iv

e 
th

ic
kn

es
se

s 
in 

mm
 

of 
a 

N
/i

 0
,0

00
 

so
lu

ti
on

.



i3 6 E. C. C. B A L Y  A N D  A. W. STEW ART

are seven narrow absorption bands1 with heads at frequencies of 
3725> 3765> 383°> 39* 5> 4025, 4110, and 4200. These absorption

Oscillation-frequencies.
2 0 0 0  2 2  2 4  2 6  2 8  3 0  3 2  3 4  3 6  3 8  4 0 0 0  4 2  4 4

£  3 4

12

1 0

2 5 . 0 0 0

1 0 . 0 0 0

-  5 , 0 0 0  

2 , 5 0 0

1 . 0 0 0

-  5°° 

2 5 0

25

F i g .  2 .— Acenaphthenequinone (full curve).
Phenanthraquinone (dotted curve).

bands are considerably modified by substituting different groups 
for the hydrogen atoms, especially if the substituent groups possess 

1 Baly and Collie, Ibid., 8 7 , 1 3 3 2 , 1 9 0 5 .
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residual affinity. Thus acetophenone, C6H 5. C O . C H 3, in which 
one hydrogen of benzene has been replaced by the acetyl group 
— CO . C H 3, shows an absorption very different from that of benzene.

Oscillation-frequencies.
2 2  2 4  2 6  2 8  3 0 0 0  3 2  3 4  3 6  3 8  4 0 0 0  4 2  4 4  4 6

44 2 5 , 0 0 0

1 0 , 0 0 0

0“ 34 2 , 5 0 0

1 , 0 0 0

2 5 0.y 24

10

F ig . 3 .— B en zil.

All the characteristic absorption due to the benzene ring has dis
appeared, owing no doubt to the fact that the residual affinity of 
the benzene ring has been fixed by the attraction between the car-
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bonyl group and the atoms of the ring. This accounts for the 
fact that the carbonyl group of acetophenone is unusually inactive 
toward sodium bisulphite, etc., because the group does not 
readily pass into the nascent state necessary to the formation of 
additive compounds. It might be expected, therefore, that in 
benzil the residual affinities of the two carbonyl groups would each 
be occupied with and fixed by the adjacent benzene nucleus, and 
that therefore no isorropesis would occur. In reference, however, 
to the absorption-curve of this substance (Fig. 3) it will be seen 
that in the region of least concentration there is an absorption band 
with head at a frequency of 3900. The presence of this band argues 
that the benzenoid tautomerism is undoubtedly present to a small 
extent. For this reason we may conclude that the residual affin
ities of the carbonyl groups are not entirely fixed, and that a small 
amount of isorropesis between them is possible. It is evident that 
this conclusion is justified from an inspection of the upper portion 
of the absorption-curve of benzil, where a shallow band with head 
at a frequency of 2650 appears. The existence of this band shows 
that isorropesis is taking place, and its shallowness proves that it 
is present to a small extent only. It may be noticed that the yellow 
color of benzil is not very pronounced, and readily disappears in 
dilution. The measurements of the additive capacity of the benzil 
carbonyl groups made by Petrenko-Kritschenko agree very closely 
with the above observation.

There is thus little doubt that the color of the compounds, diacetyl, 
camphorquinone, acenaphthenequinone, phenanthraquinone, isatin, 
and benzil is due to the two carbonyl groups in juxtaposition, since 
this configuration gives rise to a new type of oscillation or isorropesis 
between the residual affinities upon the two adjacent oxygen atoms. 
The most striking application of this principle is in the case of the 
true benzenoid quinones, for in these compounds, which are all 
strongly colored, we have a type of compound resembling an a-dike- 
tone, and in these compounds, too, the new absorption band is exhib
ited showing the undoubted existence of the process of isorropesis 
between the quinonoid oxygen atoms. Quinone itself was dealt 
with in the preceding paper and its absorption-curve there repro
duced. It may, however, be again emphasized that all the chemical
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evidence supports the view that the two para positions in the benzene 
ring are very close together, and that we should therefore expect
the two =  CO groups of quinone

H C
H C

O to have the same prop- 
1 1

6 “c
o

erties as those of an a-diketone. We have also examined the 
absorption spectra of
toluquinone O para xyloquinone

C - C H ,

thymoqui-
none

and anthraquinone

C - C H
C ,H n- C

C - C H ,
CH. — C

a naphtho
quinone

CH C

% / c \
CH C

and find that the same

C H  C CH  
H C  ' \ C H

CH C CH

absorption band is present in each case. The absorption-curves 
of the two first compounds are reproduced in Figs. 4 and 5; 
the remaining compounds show very similar curves. There is no
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doubt therefore that the process of isorropesis exists in the quinones 
and is the origin of color of these compounds.

Now, Armstrong has developed a theory of color in which he 
attributes this property to the quinonoid linking; || the impor

tance of these results in relation to his theory is manifest. They 
would seem to supply the key to his generalizations and at the same 
time to explain the colors of many substances which are difficult 
of interpretation by Armstrong’s theory alone. Armstrong’s theory 
gives no explanation of why color is produced by the quinonoid link
ing; there is no esoteric value in any of the linkings of the formula as 
light-absorbing centers. The results we have given, however, show 
that when the quinonoid configuration exists, isorropesis is set up 
between the residual affinities of the groups in the para position, 
with the result that an absorption band is developed in the visible 
region of the spectrum, producing a yellow or orange color.

In considering the whole question of color, there is no doubt that 
the new principle may be extended to include every case; that is 
to say, that isorropesis may occur between any adjacent atoms 
possessing residual affinity. It must be remembered, however, 
that in order for the new oscillation to take place, it is absolutely 
necessary for some exciting or disturbing influence to be present. 
For example, in the group —C —C — of the a-diketones, each oxygen

atom possesses a definite amount of residual affinity, and it is evident 
that no oscillation can arise between these atoms unless one or both 
residual affinities are disturbed. Now, in diacetyl, C H 3 — CO — CO 
— C H 3, this influence is furnished by the hydrogen atoms of the 
methyl groups. There is an attraction between the hydrogen and 
oxygen atoms, with the result that the residual affinities on the latter 
tend to be altered. We have direct evidence of this potential enol- 
keto tautomerism in the absorption-curve of diacetyl (Fig. i) , for 
the curve shows a sudden extension at the ordinate 38. This exten
sion undoubtedly means the incipient formation of an absorption

II II
O O
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band which occupies the position of the band due to the tautomerism 
of a labile hydrogen atom.1 Clearly therefore the residual affinities 
of the two oxygen atoms are being slightly disturbed, and it is owing

Oscillation-frequencies.
2 0 0 0  2 2  2 4  2 6  2 8  3 0 0 0  3 2  3 4  3 6  3 8  4 0 0 0  4 2  4 4

4 4

1 0 , 0 0 0

2 , 5 0 0

1 , 0 0 0

h-1 14

1 2

F ig . 4 .— T olu q u in on e.

to this disturbance that the new oscillation or isorropesis takes 
place. We may now understand why diacetyl-dioxime is colorless

1 Baly and Desch, loc. cit.
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C H Z—C —C —C H 3, for in this compound we have apparently the

N O H  N O H
condition for color, and yet only general absorption is exhibited. 
The residual affinity of the nitrogen atoms exerts no attraction on 
the hydrogen atoms of the methyl groups, and therefore is not dis
turbed in any way. No isorropesis therefore is set up and the com
pound is colorless. The absorption-curve of diacetyl-dioxime is 
shown in Fig. i. It follows from this that all assumptions that 
two compounds must have essential differences in constitution if 
one is colored and the other white are untrustworthy.

It is evident that, if our generalizations upon color are correct— 
namely, that isorropesis occurs between the residual affinities of 
unsaturated atoms in juxtaposition, there is a large field for investi
gation among compounds of the quinonoid type in which the oxygen 
atoms of quinone are replaced by other unsaturated atoms. It 
should be noticed that in the quinones the necessary disturbing 
influence is provided by the tautomerism of the benzene ring, and 
that we are not entirely dependent upon the near presence of hydro
gen atoms.1 We have investigated the nitroanilines and the nitro- 
phenols, in which unsaturated nitrogen atoms are present.* The 
color of the former and of the latter in alkaline solution has been 
accounted for by Armstrong on the assumption that they exist in 
the quinonoid form thus

N H  N H  O O
II II II II

C C H C CH
II II

N N
/ s / \

O H  O O ONa
para- ortho- para- ortho-

nitroaniline nitrophenol (sodium salt)

1 Stewart and Baly, Chem. Soc. Trans., 8 9 , 6 1 8 , 1 9 0 6 .

2 Baly, Edwards and Stewart, Ibid., 8 9 , 5 1 4 , 1 9 0 6 .
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Considerable difficulty was met with by Armstrong in the case of 
the meta compounds, because it is impossible to imagine the static

O scillation-frequencies.
2 0 0 0  22 24  26  28  3 0 0 0  32  3 4  3 6  3 8  4 0 0 0  42  4 4

4 4

1 0 , 0 0 0

2 , 5 0 0

*3 3° 1 , 0 0 0

2 2

1 2

1 0

F ig . 5 .— P ara-xy loq u in on e.

existence of a linking of this type, as can readily be seen from the 
formula, there being no satisfactory way of linking the four remain
ing carbon atoms of the ring,
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II
C

H C

H C0C H
C =

C H

In Fig. 6 are reproduced the curves of meta- and paranitro- 
aniline, and they show the presence of the absorption band due to 
isorropesis; this band has, however, much less persistence in the 
case of the meta compound. The absorption of the ortho com
pound is practically identical with that of the para derivative. Now, 
these substances all give colorless solutions in the presence of strong 
hydrochloric acid; the absorption of these solutions is the same 
in each case and is exemplified by the curve in Fig. 7. There is no 
doubt from this that in the presence of hydrochloric acid the com
pounds possess the structure of the true hydrochloride, e. g .:

given above. Isorropesis therefore occurs in these compounds 
between two unsaturated nitrogen atoms. Similarly, it has been 
proved that isorropesis occurs between the unsaturated nitrogen 
and oxygen atoms in the quinonoid forms of the nitrophenols. In 
these latter compounds, as in the case of the nitroanilines, the isor
ropesis is very much less in the meta than in the ortho and para 
isomers, showing that the metaquinonoid form undoubtedly exists, 
but only to a small extent. It is evident, therefore, that some restrain
ing influence is at work against the formation of the meta-quinone. 
It was stated above that the static existence of a meta-quinone is 
impossible, but we have in these compounds undoubted evidence 
of the meta-quinone existing in proportionately small amounts; 
we may conclude, therefore, that this form has not a static but 
only a transitory existence. This may be explained as follows.

C H

h c / \ c - n h 2h c i

and that in neutral solution they possess the quinonoid form as
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The space-formula proposed by Collie1 has the advantage of 
representing the benzene molecule as a system of atoms in a state

O scillation-fre qu en cies.

4 4

1 0 , 0 0 0

2 , 5 0 0

1 , 0 0 0

2 4

2 2

F ig . 6 .— M eta-n itroan iline (fu ll curve); P ara-n itroaniline (d otted  curve).

of continual vibration, and by this means it was possible to express 
all the various formulae which had then been put forward as phases

1 Chem. Soc. Trans., 7 1 , 1 0 1 3 , 1 8 9 7 .
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of one formula. We consider that this idea of a system in motion 
is extremely important, but at the same time it is evident that vibra-

Oscillation-frequencies.
2 8  3 0 0 0  3 2  3 4  3 6  3 8  4 0 0 0  4 2  4 4

44 2 5 , 0 0 0

1 0 , 0 0 0

S 3 6
oo
°  34

1 , 0 0 0  2

4> 2 2

73 20

12

IO10

F ig . 7 .— O rth o-n itroan ilin e in  hyd roch loric  acid .

tions of the atoms not expressly described in Collie’s original paper 
must be introduced in order to bring the theory into line with the 
spectroscopic and chemical evidence now at our disposal. It has 
been shown1 that benzene gives seven very similar and closely situ- 

* Baly and Collie, loc. tit.
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ated absorption bands, and it was pointed out that the formation 
of these can be accounted for by assuming that each band is due 
to a separate make-and-break of linking between the carbon atoms 
of the ring. There are seven such makes and breaks possible, as 
can be seen from the following figures, the asterisks being attached 
to those atoms which are changing their linking:

*
C H

H c / \ c H  H c / \ c H  H c / \ c H  
H c i J c H  H c l j C H  H c l J c H

C H  *  C H  *  C H
*  *

(5) (6) (7)
It will be seen that in case (2) a single "meta-linking is being formed 
or broken; this throws some light on the possibility of the existence 
of meta-quinones.

Now, in order to bring the seven phases into existence, it is neces
sary to assume the displacement of the carbon atoms of the ring, 
and we can do this in the simplest way possible—that is to say, 
by the ordinary vibration as is accepted by any elastic ring. Thus 
we may say that the benzene ring is pulsating between the two dis
placed forms a and b
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Each carbon atom possesses residual affinity, and consequently 
in the condition represented in a, when the atoms 2 and 6 and the 
atoms 3 and 5 are brought close together, these residual affinities 
will produce linkings as shown by the dotted lines. The atoms 
1 and 4, however, are far removed from one another and from the 
other atoms, and are therefore unsaturated. On the other hand, 
when the ring has passed into the other phase b, then the three 
atoms 2, 1, and 6 come very close to the three atoms 3, 4, and 5 
respectively, and linking may be considered to be formed between 
these pairs of atoms. The linkings existing in phases a and b are 
shown for greater convenience on the ordinary hexagons in a’ and 
b'. As the ring is pulsating between the forms a and b, many of 
the seven phases of linking^change described above will be obtained. 
For example, let us consider the ring to have reached the form b; as 
it starts opening, the first break will occur between the atoms 1 and 
4, giving phase No. 3. This will be followed by the breaking of the 
two ortho-linkings 2:3 and 5:6, giving phases Nos. 3 and 6. When 
the ring passes through the half-way stage—that is, the circular 
form—then we shall have the centric formula, with the result that 
phase No. 7 is produced. We can in this way account for phases - 
1, 2, 3, 6, and 7; Nos. 4 and 5 can readily be understood if the 
motions described above are slightly interfered with by collisions 
between adjacent molecules. In the above it was assumed that the 
displacement takes place so that atoms 1 and 4 are at the ends of 
the ellipse in the form a, but in general the displacement will take 
place along any of the three possible axes.

This scheme of displacement of the benzene ring renders it per
fectly possible for meta-quinones to have a transitory existence. 
Let us take meta-nitroaniline,

a
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and let the displacement take place along the dotted axes, when 
we shall obtain phase a. When in the form a, then the metaquinone 
can exist thus:

It must be remembered that this meta-quinone can exist only when 
the displacement occurs in the way shown. It is not therefore neces
sary to conceive the static existence of a metaquinone, but it is clearly 
possible for such a linking to exist during part of the motions of the 
ring.

It has been stated above that meta-nitroaniline and that meta- 
nitrophenol in alkaline solution exist only partly in the quinonoid 
form. Inasmuch as a special form of vibration is necessary in 
order that the meta-quinone may exist, we may say that in this 
fact is to be found the undoubted restraining influence against the 
formation of the meta-quinone referred to above.

This pulsation of the benzene ring explains very satisfactorily 
many of the characteristic physical and chemical properties of 
benzene and its derivatives. The explanation of the chemical 
properties need not be detailed here,1 but one most striking result 
observed in the absorption spectra of disubstituted benzene deriv
atives2 is readily accounted for. In these compounds the para 
isomer is always more symmetrical than the ortho and meta isomers; 
that is to say, the internal motions of the benzene ring are less dis
turbed by the para- than by either the ortho- or meta-substitution. 
This fact is clearly explained by the theory of the pulsating ring, 
because it is evident that in a compound such as para-xylene the
vibration will take place very readily along the dotted axes shown in
the figure

1 Cf. Baly, Edwards, and Stewart, loc. cit.
1 Baly and Ewbank, Chem. Soc. Trans., 8 7 , 1 3 5 5 , 1 9 0 5 -

C H

H C  _  C H

C H
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C

C

para-xylene

In the ortho-and meta-compounds the unsymmetrical loading of 
the ring will to a great extent militate against the vibration of the 
ring, with the result that the ring is distorted and the several absorp
tion bands become confused.

Again, this theory of pulsation readily explains the well-known 
fact that the two para positions are very close together.

A strong point in favor of this hypothesis is its simplicity. The 
motion described is the simplest possible, and" is the form of vibra
tion adopted by any elastic ring—as, for example, a bell when struck.

These results leave no doubt that when two carbonyl groups 
are adjacent to one another in a molecule, a new free period of vibra
tion is established; and, further, that when both the groups are true 
carbonyl as distinct from carboxyl carbonyl groups, the frequency 
of the new free period is situated in the visible region so that the 
substance is colored. In general, our results go to prove that the 
new free period or isorropesis is caused by the existence of the linking:

with the proviso that the residual affinity as expressed by the —C —

1
group is disturbed by the influence of the groups R z and R a. We 
have attempted to express the process of isorropesis chemically by 
stating that the new free period is connected with the equilibrium 
expressed by

R . - C - C - R ,
II II
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R 1- C - C - R a R1 —C = c - r 2

Quite recently1 we have obtained some experimental evidence in 
favor of the static existence of the ring form b. It is well known 
that the substances known as the wo-nitroso compounds are yellow 
in alkaline solution. This color, as we have shown, in conjunction 
with Miss Marsden, is due to the isorropesis occurring with the 
form

the necessary disturbing influence being provided by the hydrogen 
atoms upon the radicle R z as regards the —C O — group and by

Ithe fact that the sodium atom is labile, in the case of the C = N —

grouping. Now, in the case of wo-nitroso-camphor, the stable 
form of this compound is yellow in alkaline solution owing to the 
isorropesis occurring with the form

C = 0

C = N O N a

■ONa

This may be expressed chemically by the equilibrium

■ONa ■ONa

There is direct chemical and spectroscopic evidence that stable 
wo-nitrosocamphor in neutral solution has the form

1 Baly, M arsden, and Stewart, Chem. Soc. Trans., 8 9 , 1 9 0 6 .
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so that our original method of chemically expressing isorropesis 
has found experimental verification in the case of wo-nitroso-camphor.

At the present time we have no physical explanation to offer 
of the new free period; there is, however, another way of looking 
at the phenomenon which perhaps may throw more light upon the 
process. Taking the simplest case of diacetyl

there are two C H  3 — C O —  groups in juxtaposition, and each one of 
these, by virtue of the potential enol-keto tautomerism they possess, 
causes or tends to cause the appearance of an absorption band in 
the ultra-violet. Inasmuch as these two groups mutually influence 
one another, it is possible that the two free periods in the ultra-violet 
may so far interfere or combine together to give a new free period in 
the visible region. On these grounds* therefore, we should look 
upon the acetyl group or any other group showing enol-keto 
tautomerism and the benzine nucleus showing benzenoid tautom
erism as being potential color systems. The juxtaposition of two 
of these systems in certain definite ways gives rise to isorropesis or 
the combination of the two systems to give a new free period. In 
the compounds described above the new free period is situated in 
the visible region, so that the substances have visible color. It 
must be remembered that the conditions may occur in which the 
isorropic free period is not in the visible region; in this case the 
substance would not be colored. Such a condition occurs in both 
pyruvic ester and in wo-nitrosoacetic acid in alkaline solution.

In the case of both these compounds the frequency of the isorropic 
free period is about 3100, which is not in the visible region, and the 
substances are colorless. It appears that the presence of the hydroxyl 
oxygen next to the carbonyl group produces this effect, and experi-

C H 3- C O - C O - C H 3

c h 3 H

C = 0 C = N O N a

C = G

OC/H s
Pyruvic ester /so-nitrosoacetic acid 

(dissolved in sodium hydroxide)
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ments are at present in progress with a view of explaining this influ
ence. It is interesting to note that the frequency of 3100 obtained 
with the above two compounds is exactly half-way between the 
frequency of the isorropesis of diacetyl (2400) and of the enol-keto 
tautomerism absorption (3800), and further that no isorropesis 
occurs in oxalic acid where both the carbonyl groups form part of 
a carboxyl group:

It is very noteworthy that the wave-length of the free period of 
vibration established by isorropesis is about the same as that emitted 
by the simpler fluorescent organic substances (^=4800 —\  =  400o). 
It may be that there is an intimate connection between fluorescence 
and isorropesis, and that the former is only a manifestation of the 
latter. There is nothing inherently improbable in this idea. In 
both cases, visible color and fluorescence, the free period is estab
lished by the isorropesis; in the former case the free period is estab
lished by the isorropesis and excited by the incident light and we 
have absorption, while in the latter case the free period is established 
and excited by the isorropesis, and we have emission. An important 
fact bearing on the connection between isorropesis and fluorescence 
has been recorded by Nichols and Merritt;1 these authors have 
observed that, when the fluorescence of fluorescein and certain other 
substances is excited by a beam of ultra-violet light, a distinct absorp
tion occurs of light of the same wave-length as that emitted by the 
substance when fluorescent.

the molecule, an oscillation (isorropesis) occurs between the residual 
affinities of the oxygen atoms, which results in the establishment 

1 Phys. Rev., 1 8 , 4 4 7 , 1 9 0 4 .

/ O H
C = 0

Oxalic acid

CONCLUSIONS

i. When two true ketonic groups are in juxtaposition in
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of a free period of vibration in the visible region of the spectrum. 
These substances are therefore colored.
* 2. This isorropesis occurs also between the residual affinities
of the oxygen atoms in the benzenoid quinones, of the nitrogen atoms 
of the quinonoid form of the nitroanilines, and of the nitrogen and 
oxygen atoms of the quinonoid form of the nitrophenols. It also 
occurs between the residual affinities of the oxygen and nitrogen 
atoms of the z’stf-nitroso compounds.

3. The process of isorropesis may be expressed chemically by 
the equilibrium expressed by

Rx- C - C - R a R I - C  = C - R iII II Z II 
x ,  x ^ - x *

or

4. It is necessary to assume the transitory existence of a meta- 
quinonoid linking to account for the phenomena observed with 
meta-nitroaniline and meta-nitrophenol.

5. Many of the physical and chemical properties of benzene 
are explained by considering that the benzene ring is elastic and 
undergoes the same vibrations as are suffered by any elastic ring.

6. The meta-quinonoid linking is possible during one phase of 
the displacement of the benzene ring.

7. In order to start the isorropesis, it is necessary that some 
influence be present to disturb the residual affinities upon the atoms- 
concerned.

8. This influence is provided in compounds of the type of diacetyl 
by the neighboring hydrogen atoms which are attracted by the oxygen 
atoms; in the benzoquinones it is provided both by the hydrogen 
atoms and also by the benzenoid tautomerism.
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9. Subject to the proviso referred to in 7, there is no doubt that 
this principle may be extended, and that all the phenomena of visible 
color are due to the oscillation between residual affinities on atoms 
or groups of atoms in juxtaposition.

10. Any assumption that two compounds must be fundamen
tally different in constitution if one is colored and the other white 
is quite untrustworthy.

11. It is possible that color and fluorescence are evidences of 
the same phenomenon—isorropesis. In the former case the isor
ropesis provides the mechanism, and the incident light actuates 
it; in the latter case the isorropesis both provides and actuates the 
mechanism.

S p e c t r o s c o p ic  L a b o r a t o r y ,
University College,

London.
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THE CHEMICAL REACTIVITY OF THE CARBONYL 
GROUP AS MEASURED BY ITS ABSORPTION  

SPECTRUM

By A. W. STEWART1 and E. C. C. BALY
The question as to how far the space relations of atoms within a 

molecule could affect the properties and reactions of certain com
pounds was first raised twenty years ago by Wislicenus, and since 
that time the problem has attracted the attention of many chemists 
and physicists. Yet, in spite of the great interest which it has aroused, 
it cannot be said that very great progress has been made in some 
branches of the subject. An example may be chosen from the work 
of Menschutkin upon the esterification of aliphatic acids.

By a series of measurements he was able to show that, while 
a simple acid esterified with ease, the derivatives of the same acid, 
which were formed by the substitution of methyl groups for hydrogen 
atoms in the original compound, were much more difficult to esterify. 
The velocity of esterification was proved to be quite independent of 
the affinity constant of the acid used, as the following table shows:

Name of Acid Formula Velocity of 
Esterification

Affinity
Constant

c h 3.c o o h
c h 3.c h 2.c o o h
(■C H 3)2CH.COOH  
0C H 3)3C.COOH

3 . 6 6 1  

3 ° 4 4  
1 . 0 1 9 6  
0 . 0 9 0 9

0 . 0 0 1 8 0  
0 . 0 0 1 3 4  
0 . 0 0 1 4 4  
0 . 0 0 0 9 8

Propionic....................................
Iso b u ty r ic ..................................

The most obvious explanation for this phenomenon appeared
to necessitate the assumption that the volumes of atoms were not
negligibly small when compared with their intramolecular paths
of vibration. If this assumption be made, the phenomenon of
hindrance can be understood and the cause explained in the follow
ing manner. The esterification process requires that the alcohol 
molecule involved in the reaction should approach very closely to 
the carboxyl radicle of the acid used. Such an approach will be

1 Carnegie Research Fellow.

95
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easy, so long as the groups attached to the carboxyl radicle are not 
bulky. This is the case in acetic acid. But if for the hydrogen 
atoms in the acid nucleus we substitute methyl radicles, which are 
much greater in volume, the alcohol molecule will find much greater 
difficulty in forcing its way into the neighborhood of the carboxyl 
group, just as a person would find greater difficulty in walking into 
a crowded room than into a sparsely filled one.

There can be no doubt that, if atoms have any size at all, this 
theory of “ steric hindrance,” as it is called, will hold good; but it 
cannot be proved that the effects attributed to this cause play any very 
considerable part in the reactions in question. It seems more prob
able that the free paths of the atoms in their intra-molecular vibra
tions are so large in comparison to the size of the atoms themselves 
that this heaping up of substituents in the neighborhood of the reactive 
group would have no very marked effect.

Stewart1 has shown that, when a hydrogen atom near the car
bonyl group of a ketone is replaced by a methyl radicle, the result 
is a decrease in the additive capacity of the carbonyl group. This 
might have been anticipated from the hypothesis of steric hindrance, 
since the volume of the methyl radicle must be greater than that of 
a hydrogen atom. A contradiction between theory and experiment 
is found in the case where, instead of a methyl radicle, a —COOEt 
group is introduced into the molecule. In the case of the latter 
group it is found that, instead of decreasing the velocity of addition 
of sodium hydrogen sulphite, as its bulk might lead us to predict, 
it has the contrary effect; for some of these ketones which contain 
a carboxyl group are much more reactive than the corresponding 
simple ketone, and, a fortiori, than the methyl substituted ketone. 
The figures found for acetoacetic ester, acetone, and methyl ethyl 
ketone show this clearly:

10 20 30 40 Min.

Acetoacetic ester .....................
Acetone.......................................
M ethyl-ethyl ketone ............

C H  3C O C H  7COOEt 
C H 3C O C H 3
c h 3c o c h 2c h 3

37-4
2 8 . 5

14-5

4 7 . 0

39-7
2 2 . 5

?6 . 0
4 7 . 0

2 5 . 1

6 0 . 0  

53-6
2 9 . 1

The figures give the percentage of bisulphite compound formed
1 Chem. Soc. Trans., 8 7 . 1 8 5 , 1 9 0 5 ; Proc., 2 1 , 7 8 .
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by each ketone during the time indicated. It is thus made evident 
that some new influence has come into play, which tends to mask 
or modify the steric hindrance due to the more voluminous group.

The carboxyl group in itself, however, is not sufficient to produce 
this increased reactivity of the carbonyl radicle, as the rate of addi
tion of sodium hydrogen sulphite to ethyl laevulate C H 3.CO .- 
C H 2C H 2.COOEt was found to be slightly lower than that found 
in the case of methyl propyl ketone C H  3.CO .C H  2C H  2.C H  3, 
which contains a carbon chain of the same length; and a like result 
was observed in the case of the diketone acetonyl acetone C H 3. 
CO .C H  2.C H  2.C0  .C H  3. On the other hand, acetone dicar- 
boxylic ester C O O E t.C H  2.CO .C H  2.COOEt  has an additive 
capacity even greater than that of ethyl aceto-acetate. Acetone 
shows very little sign of tautomeric change; while, on the contrary, 
acetoacetic ester and acetone dicarboxylic ester are tautomeric 
compounds. Thus here again theory and experiment appear to 
be opposed to one another, the true carbonyl compound having 
much less reactive power than the semi-enolised body. It occurred 
to us that in this fact was to be found the key of the problem, and 
that the exceptionally great reactivity of the carbonyl group in 
tautomeric compounds was due to the actual process of tautomeric 
change. Acetoacetic ester, under conditions, exists as an equilib
rium mixture of the two bodies (I) and (II); and the conversion 
of the first into the second, and vice versa, is going on continuously.

(I) C H 3- C = C H  - C O O E t  (II) C H 3- C - C H  - C O O E t .

O H  O

Now, when a molecule of (I) is converted into a molecule of (II), 
the result is the formation of a carbonyl group from a hydroxyl 
group. From analogy with the behavior of atoms in the nascent 
condition, we must suppose that this “ nascent carbonyl group” 
is endowed with a much greater reactivity than that possessed by 
the ordinary non-nascent carbonyl radicle. This activity need 
not, however, be occasioned purely by the actual wandering of 
the hydrogen atom from the oxygen to the carbon; it may be due 
to some finer play of forces within the molecule which manifests 
itself in the production of the characteristic absorption of the acet-
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oacetic ester spectrum. The condition into which the hydrogen 
atom is thrown as a result of this play of forces may be termed a 
condition of “ potential tautomerism,” and in it the hydrogen atom 
will possess a reactive power more or less analogous to that requ ired 
by an atom as a consequence of the ionisation process.1

If. we now apply this idea to several cases which have hitherto 
been classed under the head of steric hindrance, it will be found that 
they can be satisfactorily explained. Taking the case of the ketones 
which have already been dealt with by one of us,2 a marked decrease 
in the reactivity of the carbonyl group is shown when the hydrogen 
atoms of acetone are successively replaced by methyl radicles.

In the course of their investigations of the spectra of derivatives 
of acetoacetic ester, Baly and Desch3 proved that the equilibrium 
between the enolic and the ketonic forms produces an absorption 
band in the ultra-violet region of the spectrum; and they also showed 
that this band is not due to the shifting of a hydrogen or metallic 
atom, but is rather to be considered as the result of some intra- 
atomic change. In the hope of finding some analogous process 
in the simple ketones, we examined the absorption spectra of several; 
and we found that a similar absorption band exists there as well. We 
further noticed that the persistence of this band decreases proportionately 
to the diminution in the reactivity oj the ketone’s carbonyl groupA

For instance, the following figures show the percentages of oxime 
formed by various ketones in twenty minutes;5 and on comparing 
these amounts with the curves of the absorption spectra shown in 
Fig. i, the relation between the two will be evident.

1 Baly and Desch, Astrophysical Journal, 2 3 , n o ,  1 9 0 6 .

2 Stewart, loc. cit.
3 Log. cit.
4 T he m ethod of observing and plotting the curves of absorption spectra was 

described in the previous paper (Astrophysical Journal, 2 3 , n o ,  1 9 0 6 ).

5 Stewart, Chent. Soc. Trans., 87, 4 1 0 , 1 9 0 5 .

%  Oxime Formed
Acetone, CH3COCH3 .......................................
Methyl ethyl ketone, C H 3COCH3CH 3 . . . .
Methyl propyl ketone, C H 3COCH3C H jC H 3 . .
Methyl iso-propyl ketone, CH 3COCH(CH3)2 
Pinacoline, C H 3.CO.C ’■ (CH 3)3 ........................

• 4 9  7

• 39-2
• 3 7 - 3

• 3 T S 
. 1 7 . 0
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Oscillation-Frequencies.
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2 5 , 0 0 044

42

1 0 , 0 0 0

2 5 , 0 0 044

4 2

1 0 , 0 0 04 0

F ig .  1

I . Acetone. V. Methyl iso propyl Ketone.
I I .  Acetone (in  water). V I. Pinacoline.

I I I .  M ethylethyl Ketone. V II. Methyl hexyl Ketone.
IV. M ethyl propyl Ketone V III. M ethyl nonyl Ketone.

VI.

VII.

VIII.
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Lap worth1 showed that the action of halogens upon acetone 
was preceded by the production of the enolic form of the ketone; 
and he found, further, that the presence of acids hastened the reac
tion. Now, he had already shown2 that the presence of acids brings 
about a rapid attainment of equilibrium between the tautomeric 
forms of carbonyl compounds; or, in other words, the addition of 
acid has a tendency to produce a “ nascent carbonyl group. ” Hence, 
in the case of acetone itself, not only is there direct spectroscopic 
evidence in favor of tautomeric change, but the chemical evidence 
at our disposal is also favorable. Instead of attributing Lapworth’s 
results to the actual formation of the enolic form and an immediate 
addition of halogen, we prefer to look at them from another point 
of view. It is obvious, if we consider the change of the group

— C H  = C H ( O H ) — into —C H H  — CO — , that the hydrogen 
atom marked with an asterisk must become “ pseudo-nascent” 
in the process of change. It would therefore be peculiarly liable 
to chemical action, and would easily be replaced by halogens. The 
very great ease with which the methylene hydrogen atoms in acet- 
ylacetone are replaceable by halogens lends further support to 
our hypothesis.

In their paper Baly and Desch {loc. cit.) stated that acetonyl- 
acetone and ethyl laevulate were pure ketonic substances; but on 
examining the spectra of these substances at greater concentra
tions than were previously employed, we have been able to detect 
at one point a rapid extension of the spectrum which corresponds 
to a very shallow absorption band (Fig. 2). The shallowness of the 
band indicates that the tautomerism in these two compounds is 
very weak, which agrees with what has been found with regard 
to the reactivities of their carbonyl groups. The close agreement 
between theory and experiment in these cases is very noteworthy.

Now Petrenko-Kritschenko has shown3 that the speed of phenyl- 
hydrazone formation is greatly influenced by the nature of the sol
vent in which the reaction is carried out. It appeared probable 
to us that this might be due to the influence of the solvent upon the

1 Chem. Soc. Trans., 85 , 32> i9°4-
2 Ibid., 8 1 , 1 5 0 3 , 1 9 0 2  and 8 3 , 1 1 2 1 , 1 9 0 3 .
3 Journ. Russ, phys.-chem. Soc., 3 5 , 4 0 4 , 1 9 0 3 .
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I. Acetoacetic ester in  alcohol (full curve).
T he same in  w ater (dotted curve).

I I . E thyl laevulate. I I I .  Ethyl pyruvate.
IV. Ethyl diethyl aceto acetate. V. Acetonyl acetone.
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tautomerism process; and to test the matter we examined the spectra 
of acetone and acetoacetic ester in aqueous solution, using as a 
control in the latter case the spectrum of diethylacetoacetic ester, 
which is much less tautomeric than the parent substance. From 
the curves for acetone in alcoholic and aqueous solution it will be 
seen that the influence of water is very marked, the band in the 
latter case being much shallower than in the former. The three 
curves shown in Fig. 2 give the absorption spectra of the acetoacetic 
ester series; and it is obvious from them that the water has reduced 
the tautomerism very considerably. It is probable that the greater 
the unsaturation of the solvent, the less reactivity will be shown by 
the carbonyl group of the dissolved ketone.

The evidence from simple ketones being so far favorable, we must 
now examine the case of ketones containing an ethyl carboxylate 
group. If tautomeric change alone were the cause of the reactivity of 
the carbonyl radicle, compounds containing the group — CO — C H 2 
— C O — should be more reactive than those which do not contain 
it, and the reactivity of the carbonyl group in pyruvic ester (C H 3- 
COCOOEt) should not be at all abnormal, since the group in ques
tion does not occur in it; if, however, the reactivity were found to 
be great in this case, we hoped that some light might be thrown 
upon the problem by the study of the compound’s spectrum.

We therefore decided to compare the rates of addition of potas
sium hydrogen sulphite to acetone, acetoacetic ester, acetonedi- 
carboxylic ester, and pyruvic ester. The results obtained by the 
method employed are given in the table below:

s 10 is  Min.

A cetone................................ C H 3C O C H 3 5 7 9%
A cetoacetic' ester .............. C H  3C O C H  iCOOEt 1 2 1 8 2 4
Acetonedicarboxylic ester CO:{CH2COOEt)2 3 0 3 6 42
Pyruvic ester..................... C H 3COCOOEt 5 2 6 4 7 6

In spite of the precautions taken, these numbers are probably 
not quite accurate, owing to various causes which cannot be con
trolled; but the differences between the numbers themselves are 
very much larger than any possible experimental error under the 
conditions employed.

An examination of the figures shows that the introduction of a
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— COOEt group into acetone increases the additive capacity of the 
carbonyl group; the introduction of two —COOEt groups still 
further enhances the reactivity of the carbonyl group; but the most 
striking effect is produced when, as in the case of pyruvic ester, 
the carbonyl and carboxyl groups are brought into juxtaposition 
in the chain. Now, in the case of pyruvic ester, though the com
pound does sometimes react in the enolic form, it is most improbable 
that the change of the enolic into the ketonic form is going on at a 
rate at all comparable to that in which it is occurring in acetoacetic 
ester or acetonedicarboxylic ester, so that it is not likely that the 
exceptional reactivity of the carbonyl group in pyruvic ester is due 
to this kind of tautomerism.

We thought it advisable to examine the spectrum of pyruvic 
ester, in the hope that some light might thus be thrown on the prob
lem of the activity of the carbonyl group. We found that pyruvic
ester gives an absorption band which lies much nearer to the red
end of the spectrum than the band given by acetoacetic ester. The 
origin of the band in the pyruvic ester spectrum might be looked 
for in two phenomena; either in the enol-keto change of the group 
C H 3 — CO —, or in the interaction of the carbonyl and carboxyl 
groups of the radicle —CO — COOEt. The first explanation is 
impossible, since, if the band were produced by a similar state of 
intra-atomic vibration in both instances, it would occur in nearly 
the same place in the spectrum, while actually the new band has 
its head with a frequency of 3100, while that of the acetoacetic 
ester band lies at 3700. Further, since the molecule of pyruvic
ester is lighter than that of acetoacetic ester, we should expect to
find the band in the latter case nearer to the red end of the spectrum 
than in the former; while actually the reverse of this is observed.

In order to make certain that the band in question was actually 
produced by the proximity of two true carbonyl groups in the chain— 
i. e., that it was not due to the -C O O E t  group of the carboxylate 
radicle—we examined the spectra of several a-diketones and found 
a similar band in all of them, though in them it was situated nearer 
the red end of the spectrum. For example, in the case of camphor

i c ^
quinone CsH 14S  | (Fig. 3) it will be seen that an absorption

x : = o
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band is shown which has a very long persistence. Its head lies at 
a frequency of 2070.

O scilla tion-freq uencies.

1 8  2 0 0 0  2 2  2 4  2 6  2 8  3 0 0 0  3 2  3 4  3 6  3 8  4 0 0 0  4 2

1 0 0 , 0 0 0

-  5 0 , 0 0 0

2 5 . 0 0 0

1 0 . 0 0 0

-  5 , 0 0 0  

2 , 5 0 0

1,000

-  5 °°

F ig . 3 .—  C am phor qu inone.

It was thus proved that the type of band in question was due to 
the two carbonyl groups in the a-position to one another. It has 
already been pointed out that Baly and Desch concluded that,

52

4 8

44

S 3 6

■a 3 2

2 8
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though the keto-enol absorption band was produced by intra-atomic 
vibration, it was caused by the change of linkage brought about 
by the oscillation of the hydrogen atom during the change from the 
ketonic to the enolic form. From analogy we should expect to find 
a somewhat similar state of things in the present case. Now, the 
only possible way in which such a change of linkage can be sup
posed to occur in pyruvic ester is by imagining that, like acetoacetic 
ester, it occurs in two forms:

(I) C H  , — C —C —OEt (II) C H  , —C = C —OEtII II I I .
O O 0-0

It is very hard to indicate exactly what is meant by the aid of the 
usual structural formulae, as they only indicate a static condition of 
the molecule, while what we wish to suggest is essentially a dynamic 
state. We wish to make it perfectly clear that we do not suppose 
these two forms necessarily to exist statically; but, owing to the 
defect of ordinary structural formulae, it is impossible to write them 
otherwise if the usual symbols be employed. Our conception can 
best be comprehended if it be clearly borne in mind that the two 
formulae are not intended to represent actual compounds, but merely 
two phases of the same compound. If this conception of phases 
be understood, it will be apparent that the change of linkage is con
tinually going on, and that this change will affect the intra-atomic 
relations of the molecule very much in the same way as they are 
affected by the phenomena of tautomerism.

At the same time, it should be noticed that the change of linkage 
from (II) to (I) would produce what we have already defined as 
a “ nascent carbonyl group” which would have great reactivity. 
Thus we are led to conclude that substances which show these 
peculiar absorption bands will in general be more active chemically 
than other compounds which do not exhibit such selective absorption.

The idea which we have put forward cannot be considered as 
part of the theory of tautomerism, as, owing to its associations, the 
name “ tautomerism” will always suggest the wandering of a hydro
gen atom. It is unfortunate that the name “ Desmotropism ” has 
already been employed to denote tautomerism, as it seems well 
fitted to describe the phenomenon with which we have dealt. We
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therefore wish to propose the word “ Isorropesis ” (i<roppo7reiaf 
“ equipoise”) to describe the process.

The arguments in favor of this theory appeared to us to warrant 
its application to other classes of compounds, and we proceeded 
to make a further series of investigations, some of which will be 
dealt with in a later paper. For the present, quinone

O

is the only compound which need be described. The known close 
relation to one another in which the two para-positions in benzene 
stand, seemed to lend probability to the idea that a band somewhat 
similar to those observed in compounds containing the group — CO — 
— C O — might be found in the spectra of the para-quinones. Our 
anticipations were again justified, as the quinone spectrum has a 
band almost identical with that of camphor quinone, its head lying 
at 2150 (see Fig. 4). Now, it is known that quinone can exist in 
two forms, for both of which chemical evidence has been adduced: 

O O ------

It appears not unwarrantable to assume that in this case also 
the absorption band is caused by the “ make and break of contact” 
between the two oxygen atoms, as already suggested for pyruvic 
ester. Thus it may be concluded that the actual wandering of a 
hydrogen atom is not necessary for the production of these absorp
tion bands. Again, since the result of this “ make and break”
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would be the production of two nascent carbonyl groups, an explana
tion is thus given of the great chemical activity of the carbonyl 
radicles in quinone.

Oscillation-frequencies.
2 0 0 0  2 2  2 4  2 6  2 8  3 0 0 0  3 2  3 4  3 6  3 8  4 0 0 0  4 2  4 4

1 0 0 , 0 0 0

44

1 0 , 0 0 0

2 , 5 0 0

B  32

1 , 0 0 0

e 2 4

S3 2 0

F ig . 4 .—  Q uinone.

It is thus proved that the two carbonyl groups in the a position 
to one another give rise to a new type of absorption band. From
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analogy with Baly and Desch’s observations that the ultra-violet 
absorption bands are produced by the change of linkage brought 
about by the oscillation of the hydrogen atom in the process of enol- 
keto tautomerism, we should expect to find a somewhat similar 
change of linkage in the a-diketones. We propose to reserve a 
full discussion of this process to a further paper in connection with 
its relation to color, but it may be stated that we are undoubtedly 
concerned with the residual affinity upon the two oxygen atoms. The 
free period giving rise to the absorption band is due to a mutual 
disturbance or an oscillation between these residual affinities.

It would seem that the results described above are of considerable 
importance, for they show that the chemical reactivity of a ketonic 
compound can be measured directly by means of the spectroscope. 
We find that the persistence of the absorption bands given by these 
compounds is directly proportional to their chemical reactivity. 
It is a logical conclusion that the chemical reactivity of these com
pounds is due to a change of linkage within the carbonyl group 
of the ketone. This change of linkage may either be produced 
by a wandering hydrogen atom such as occurs in the reversible 
equilibrium

• - C H 2- C -  - C H = C -
II I
O O H

which occurs or tends to occur in the monoketones and the /3 dike
tones containing the — C —C H 2 — C — group, or it mav be produced

II II
O O

by isorropesis or the oscillation between the residual affinities of 
two carbonyl oxygen atoms in juxtaposition, thus

- C - C -  - C = C -
II II I I
O O 0-0

Furthermore, it is evident that all measurements of the chemical 
reactivity of a ketonic compound are simply measurements of the 
amount to which tautomerism is present in the compound. A 
very great deal of importance has been attached to these measure
ments in connection with the theory of steric hindrance, but our 
results, we are sure, will go far to discountenance this theory. There
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is no doubt that the decrease in chemical reactivity caused by the 
substitution of hydrogen atoms by groups of atoms is caused, not 
by the bulk of these atoms, but simply by the fact that fewer hydro
gen atoms are available for the tautomeric processes. It is unneces
sary to cite in this place the many reactions of ketones which have 
been measured in support of the theory of steric hindrance, but 
there is no doubt that they can all be explained more easily and 
more rationally by the conception of the nascent carbonyl group 
set forth above.

The method employed for the photography of the absorption 
spectra of the substances, as mentioned above, has already been 
described;1 the compounds were in each case prepared most care
fully and satisfactorily answered every test of their purity. Except 
where especially mentioned to the contrary, the absorption spectra 
of the substances were observed in alcoholic solution.

CONCLUSIONS

1. The reactivity of any carbonyl group is not inherent in the 
group itself, but is produced by the action of neighboring atoms 
upon the carbonyl group rendering it “ nascent.”

2. Such action may take the form of tautomerism, or of a modi
fication of tautomerism which does not require the actual transfer of 
a hydrogen atom from one atom to another, but merely some intra- 
atomic disturbance in the system —C H a — CO —.

3. The action may also take the form of the process which we 
have termed “ isorropesis, ” in which no actual wandering of the 
atoms occurs, but in which some oscillation between the residual 
affinities of the oxygen atoms of the two carbonyl groups is involved.

4. Many cases which at present are accounted for on the hypoth
esis of steric hindrance can be better accounted for either by tautom
erism or isorropesis; and some cases which are in direct contra
diction to the steric theory can also be explained. It is therefore 
claimed that the hypothesis of the “ nascent carbonyl group” 
accounts more satisfactorily for the facts and is superior to explana
tions based upon the idea of steric hindrance.

5. When the possibility of the formation of a nascent carbonyl

1 Baly and Desch, loc. cit.



n o A. W. STEW ART A N D  E. C. C. BALY

group is excluded, neither the usual ketonic reactions nor an absorp
tion band is observed. The carbonyl radicle may then be considered 
an “ inactive” carbonyl group in contradistinction to a “ nascent” 
one.

6 . Inasmuch as both the processes of tautomerism and isor
ropesis result in the appearance of an absorption band whose per
sistence is a measure of the amount to which these processes are 
taking place, it is possible to determine the chemical reactivity of 
a ketonic compound by observing the persistence of the absorption 
band.

In conclusion we wish to express our thanks to the Chemical 
Society of London for a grant toward the expenses of this research; 
to Professor Collie and Dr. Smiles, for the great interest they have 
taken in the work; and to Mr. W. B. Tuck, B. Sc., for assistance 
during the course of the investigation.
T h e  O r g a n ic  a n d  S p e c t r o s c o p ic  L a b o r a t o r ie s ,

University College, London.
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