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I GFHFRAL INTEOLDUCTIONW

For meny years sfter the discévery of isotopes, it was generally
believed thut the isotopes of an e¢lement possess identical chemical
properties. Soon after the discovery of deuterium, it was found that
the reactivity of this isotope is markedly different from that of
ordinary hydrogen. Using the methods of statistical mechenics, and
~ spectral dats, Urey wes eble to meke theoreticel calculations of the

equilibrium constents to be expected in eguilibrium reactions in-
volving hydrogen and de:terium. The extension of thes; methods to
equilibria in which isotopes of heevier elements were involved showed
thet chemical sepauration of isotopes should be possible in meny cases.

Chemical oxchange methods were then developed for the separation of
the steble isotopes of darbon,vnitrogen, oxygen, end sulphur, in
particular. Lester, evidence that frectionation procéssea oceur in
aesture wus found by careful mass spectrometric studies of the rela=-
tive abundance of isotopes in semples of netural meteriels oBtained
from different sources.

Although the original view of the chemicel identity of isotopes
hed thus undergone modification, the first observations of c1® and
cl4 isotope effects in unidirectional reactions were scmewhet sur-
prising beesuse of the meguitude of the effects founds In 1948,
Beeck end coe~workers discovered thet the dissociation prooubilities
of the 012 - 12 and the ¢*2 - ¢12 bonds or the molceule-ions
formed from propene = 1 = cld by electron impanct differed by about

20 per cent. Subsequently, they found thet en & per cent greuter



12 - 013 bonds oocurred

frequency of rupture of c12 . ¢12 than of ¢
when propane = 1 « 13 was aubjeocted to tgérmal eracking. The first cl
isotope effect was reported shortly after by Yankwich and Calvin who
found that the ng - 012 bond in Cléocarboxyl malonic acid ruptﬁred
ebout 12 per cent more frequently then the ¢}2 - ¢c1% vond when this
compound was thermelly decarboxyleteds When the corresponding bromoe
malonic ecid was thermnliy decarboxylated, the bond rupture rates
differed by 40 per cont.

These large isotope effeots seemed to be of immediamte importance

i3 or 014

in any research using C as trecers which attempted to obtain
quantitative results. For this reason, & program of work was begun in
the leboratories of the Atomic Energy Project, National Research Couneil,
to determine the 1% isotope effect in a ae;ies of organic reections so
that chemists using this isotope might have knowledge of the ccourrence
and megnitude of the cl4 i1sotope effect in unidirectionel processes.
Four reactions, elkaline hydrolysis of ethyl benzoate, the benzilic acid
rearrangement, the Benzoin condensation, and the Cannizzaro resction
were studied with this objecﬁivé. Only the first of these is described
in deteil in the body of the thesis.

The original research plan ;as broadened, however, during the
course of this work méinly e8 a result of the theory of relative reaction
. velocities of isotopic molecules which was developed by Bigeleisen.

guFirstly, this theory broughp a clearer understanding of thé‘
cause of isotope effects, of when they should occcur, and of the magnitude

of the effects to be expected. From the theoretical considerations of

isotope effects, it seemed obvious that the occurrence, or lack of an
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isotope effect, end perheps even the magnitude of the effect, should be
useful in determining reection mechanisms in certein cases. Deuterium
isotope effects, which cen be very lurge, hed already been used for such
purposes by Reltz, for example, in studying the enolization of acetone.
One principle arising from the theory is that & large isotope effect
should occur in bond oleavage only if an isotopic atom is at one end or
the other of the bond bheing brokens It sesmed that & study of the cl4
isotope effect in alkasline and scid hydrolysis of Cli-cerboxyl labeled
tertiary butyl benzoate would be an interesting application, since the
sveilable chemical evidence indicates that the alkyl oxygen bond is
broken in acid hydrolysis of tertiary esters whereas slkaline nydrolysis
gives the normel acyl oxygen bond fiaéion. A further example of the
application of this basic principle in the elucidation of & reaction
mechanism was found accidentally during a)study of the ¢1® isotope
effect in the decarboxylation of enthranilic acid. Both of these
‘applications are described in this thesis.

Secondly, the theory of unidirectional isotope effects developed
by Bigeleisen created sn anomelous situation. The magnitude of the
Cl4 isotope ¢ffect to be expected in the decarboxylation of mealonic and
bromomelonic acids ue caleculeted by Bigeleisen was in sharp disagreement
with the experimental values reported by Yankwich and Cslvine The 40
per cent effect observed in the bromomelonic scid cease oquld be dis~
counted because, as the authors steted, the weterial was impure. But
the €14 effect in the malonic scid case still was hizh by e factor of
about three. TFxperimental velues of the cld isotope effect in the same

reaction obtained by Bigeleisen end Priedmen, and by Lindsay, Bourns,



and Thode agreed with theory. The inference was that the large clé

isotope effects observed were either due.to poor technique or that
lerge errors were inherent in the methods ;} measuring the cld isotope
effecte. The work in this lshoratory, as well as independent work by
Brown and Tlollend, showed cl4 isotope affects of the order of 10 to 14
per cents These results appéared,to diséount the possibility of poor
technique, &and sﬁggested thaﬁ any errors inherent in measuring the clé
effects were at least fairly consistent. If the latter were true, it
could be expected that the measured magnitﬁde of cl% isotope effects
would be the same, more or less independent of the experimenter. A
more recent study of the cl4 isotope effect in'thé decarboxylation of
melonic soid - 1 - ¢l4 by Roe &nd Héllman casts some doubt on this
assuﬁption, however. These authors reported & value of 1.06 X .02

for the ratio of the decarboxyletion retes which is to be compared with
the values 1.12 2 .03 given by Yenkwich end Culvin, and 1.04 calculated
’by Bigeleisen.

. The genecral problem of Cl4visotape effects was thus seen to be
in e very unsetisfactory gtate. Only wnen theory explains experiment
end experiment confirms theory cen real progress in scieatific kaow=-
‘ledge, as opposed to empiricel knowledge, be made. Fxperimental values
for cl¢ isotope elfects which could be trusted as true values should be
able to make & considerable contribution to the theory of isotope
effects, and to the closely related theory oanbsalute reaction rates.
Present theory could either be ocnfirmed, of the need for modification
would be showne For this reeson & new approsch to the measurement of

¢l isotope effects wes taken.



Measurements mede with mass spectrometers normally have iuch
higher precision than meesuremsnts of radiosctivity. It therefore seemed
logical to measure & cl¢ isotope effect using the more precise method,
mags spectromebrye. Accqrding to present theory, the cl4 isotope sffect
in & given resction should be very neerly twice the clé isotope effect.
With & mess spectromster, both cl® and 014 effects could be messured at
the seme time using the same samples. fven in a reaction where theoretical
calculstion of the isotope effects would be difficult, if not impossible,
measurement -of both the ¢1° and €14 effects should yield valuablé in=
formutione

The decarboxylation of mesitoic acid was chosen for suclh & study.
Thé carboxyl carbon compositioh of the mesitoic ecid used wes approximastely
one per cent 014, one par cent 013 and the rest 012. This reaction was
chosen both Secause the carbon dioxide produced in the reaction would be
idesl for mass spectrometer analysis, end because Bigeleisen and Bothner-
By had just completed a study of the ¢138 isotope effect cceurring in this
reactione.

To summarize, this thesis presents seversl studies cf different
aspeots of the generel problem of c1® ang cl4 isotope effects. A study

of, the cl4 isotope effect im alkeline hydrolysis of cl¢

~carboxyl ethyl
Fbenzoate was undsritaken fo determine if e 014 isotope effeot occurred in
a typical ester hydrolysis. A study of the clé isotope effects in meid
end &lksline hydrolysis of tertisry butyl benzoate was made both to con-
firm the usefulness of the theory of isotope effects in mechanism studies,

and to confirm the sccepted mechanism for scid hydrolysis of this tertiary

ester. A study of the cld isotope efflect in the thermel decarboxylation
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of entkrenilic acid was made to obtain informstion which might be used

in the elucidation of the mechanism of tihis reaction. In order to provide
& more exact value of e ¢l isotope effect for comparison with the 01§
isotope effect in the sume reaction.fboth the €% ana 014 1aot6pe effects
in the decarboxylation of mesitoic &cid were measured using & msss

spectrometers



IT HISTORICAL IUTROLUCTION

1. Discovery of Isotopes

The concept of the homégeneous, indivisible atom of the eighteen-
nineties was shattered by the discovery of radiosctivity and the atten-
dent research which followed in the first decade of the twentietﬁ cen=
tury. During the early studies of the radiocective group of elements, it
~was found thet.there were several instances where certain members of the
group had identicel.chemical properties and, if mixed, could not be
separgted ffom ons another by any known chemicel reections, although
they were emsily distinguishable by their ﬁiffering radioaéﬁivities.
Thus, thorium X, actinium X and redium formed one such Zroup &nd ionium,
radiothorium, rgdio&ctinium end thorium formed another. To express the
idea that thefe ﬁere types of matter whidh were uniform in chemical be-
havior, but which could differ in other properties such es atomic weight
end radioaoti?ity. Soddy (69) introduced the word "isotope".

Sir J. Je Thomsont's (81) invesfigations of the posiiive rays
produced in X-ray tubes, and the work of Aston (1) with the mass spect=
rograph which followed, established the fact that isotopy was a festure
of many of the steble elements, also.

The more recent development of the production of new atomic
species by bombarding existing nuclei with simple particlés”éﬁch as
neutrons, protong, and deuteronsvhns increased the number of known
isotopes of most elements and hes even sdded new elements to the Periodic
Table. Today, there is & vast srray of nuclear species and meny of these

are aveilsble for individusl study.



2. Sepuration of Isotopes

a8« Physical Processes

The original concept of isotopes, as alreédy noted &nd as implied
in the freek derivation of the word, was that they were members of &
group having identicel chemjcal properties. The mess spectrograph, in
- the very act of identifyinp stable isotoﬁes, separates them by a physical
process which depends on mcss diffefences. Seperetion of weighable
enounts of isotopes using the maéé spectrogreph principle was not achieved,
however, until 1934 when the two isotopes of lithium, 118 and Li7, were
separeted in microgram quantities by Oliphant, Shire, and Crowther (49).
Other physical processes such ss diffusion (2,24), thermsl diffusion (19),
fractionsl distillastion (67), centrifugation (3), electrolysis (76), and
adsorption (54) have been suggested end used with varying degrees of
success to concentrate certein isotopes. OSome of these physical processes
have recently been developed to high degrees of efficiency in connection

with atomic enerpy research, ©s is quite well known (68),

be Chemical Processes
Chemical methods for separation, or concentration of isotopes were
attempted as esarly as 1907 when Hoffman and WB1f1l (36) claimed to have
obteined a measureble seperation of lead end redium D using the reaction:
2PbCly + 4CLHZMEBr oy Pb 4+ (CgHg)aPb + 2MgCly + 2¥gBrp
Ehis cleim was not substantiated by lster workers (70,15,57), however,
and the oripinel concept of the chemical ideantity of the isotoées of an
element was preserved until the discovery of e hydrogen isotope of muss

two by Urey, Breckwedde, end “urphy (83), in 1932, As was expected in
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this unique case where one isotope is twice as heavy &8 &nother, even
chemical propertics were found to differ significantly. For this resson,
it was nctural to give the new isotope fhe sepcrate naeme, deuterium. By
the end of 1934; Farkes (28) was eble to include e chepter on the chemis-
try of deuterium in his book "Light and Heavy Hydrogen". Fquilibrium
constants greater than threebhave been observed for exchanre reactions
involving hydrogen and deuterium. In rate studies, hydrogen hts been
found to reasct up to fifteen times as rapidly s deuteriums The chemical
differences of the much more recently discovered radioective hydrogen
isotope, tritium, are even more pronounced.

| Fquilibrium reactions invoiving hydfogen end deuterium were first
treated theoreticslly by Urey and Rittenberg (85) in 1933 using the methods
of statistical mechanics &nd spectral date. Theory and experiment were
found to be in very good agreement (86), for exsmple, in the resction:

2DI + 0y <— Dy + 20I .

The exfension of the theory to isotopes of elements of higher atomic
number by Urey and Grieff (84) showed that it should be possible to con-
centrate isotopes of some of the neavier elements using equilibrium
reactions. Very shortly, “ebster, Wahl, and Urey (88) found that in the
equilibrium exchange reaction between water &nd carbon dioxide, the
carbon dioxide was 3.5 per cent enriched in 08 at 25°C, confirming the
theoretical predictions Fguilibrium exchange reactions were later de-
veloped for the concentretion of nid (80), cls (58), and g%5 (7€),
in particular. In a recent paper, Urey (82) has tabuleted a large
number of the isotopic exchenge constants wgich have been calculsted.

Although only & few of these constants have been verified experimentally



10

beceuse of the difficulties in esteblishing the proper equilibrium
reactions, the results which have been obtained leave no doubt es to the
velidity of the calculations.

Careful study of isotopic sbundences of some of the lighter elements
in naturaelly occurring muteriels from verious sources hes shown that con=-
sidereble isotopic seperation can occur in nature due to equilibrium,
and probably unidirectionel processes. Iier and Gulbransen (47), and
Murphey end Nier (45), for example, found thut the Clz/c13 ratio could
range from 93«1 in Lycopodium spores, through 91.8 in wood, to 89.2 in
limestone. Thode and co=workers (79,78) heve found varietions of up to

10 gil

and and also

32

345 per cent in the sbundance of the boron isotopes B

varietions of up to § per cent in the sulphur isotopes 5™~ and s*4.

4. 1Isotope TFffects in Unidirectional Processes

a. Discovery.

Despite the gradual modificetion of the original view thet
isotopes of an element possess identiéal chemical properties, chemists
using rediosctive and stable isotopes as tracers generally considered
the chemical differences to be insignificent for all practicel purposes,
except for hydrogen, deuterium and tritium.-%The first few reports of
rather large cerbon isotope effects in unidireqtional processes were thus
gquite surprising.

The first carbon isotope effect to be observed in a unidirectional

process occurred in & mass spectrompter analysis of 013

lebeled propane.
Beeck and co=workers (4) discovered that the dissocietion of the ci2 - cl2

bond in propeane = 1 - cld molecules, caused by electron bombardment in
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the mass spectrometer, had & 17 per cent greater probability of occurrenée

13

and the dissocietion of the C1¢ = ¢*° bond hed e 12 per cent lesser

cl?

probability of occurrence than the dissociation of a - Cl2 bond in a

normsl propane molecule. The overall effect gave a 012 - 012 to 013 -

bond rupture raﬁio of 1¢22. Beeck end co-workers (73) followed this
observetion with a stﬁdy of the isotope effect in the thermal cracking of
propans = 1 - G13 at 500°C. The interpretation of the results is diffie-
.cult because the mechanism of the resction ie not well understood, but
the overell effect gave @ 012 - cl2 to €12 - ¢13 pond rupture ratio of
1.08 at 10 percent cracking, or l.14 at infinitesimesl cracking es cal=-
culcted later by Bigeleisen (5).

Very shortly, Yankwich and Calvin (92) reported the first clé
isotope effect to be observed in & unidirectional process. They obtained
a value of 1.12 for the €12 - ¢12 to ¢1% - ¢4 bond rupture retio in the
decaréoxylation of Cli-carboxyl labeled melonic acide The similar bond
rupture retic in the decarboxylation of Clﬁ-carboxyl lebeled bromomalonie
acid was found to be l.41, but the bromo acid was not pure end some

doubt wes attached to this very high value.

13 14

be Further Fxperimentsl Determinations of C* and C

cld

Isotope Fffects

Very shortly after these and 014 isotope effects were reported,

a study of cl4 isotope effects was begun in the Laboratories of the Atomic

Energy Project, Hational Research Council. The first reaction studied

cl4

wes the alkeline hydrolysis of -carboxyl lebeled ethyl benzoate.

Stevens end Attree (71) found that the ratio of the rstes of hydrolysis

for the 12 cl4 ci2

-carboxyl and the ~carboxyl ester was about 1.16, the
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ester hydrolyzing more rapidly then the ¢1% ester. This work is des=-
oeribed in the exper;mental section of this thesis.

Stevena and Attree (72) then studied the benzilic acid rearraﬁge-
ment of 014-carbony1 benzil and found that the phenyl group joined to
the €14 hed a lower migration probability than the phenyi group joined
| to the 012. The ratio‘of the amounts of benzilic acid = 2 = ¢1% and
benzilic acid = 1 = ¢1% formed in the rearrangement was found to be about
1.11. They 8lso reported thet no appreciabvle 014 isotope effect was
observed in either the benzoin condensation or Csaunizsaro réaction of
014-carbony1 labeled bengzaldehyde.

While this work was in progress, reportg of several 013 and ¢l
‘isotope effects which had heen ouserved in different laboratories
sppeared in the literature. Daniele and Myerson (21) found that a cl4
1§ot099 effect occurred when labeled ures was hydrolyzed with the enzyme
urease, the carbon dioxide produced toward the end of the reaction being
- depletsed in cl4, The effect here was opposite to what migh£ nave been
expected, but the resction is complex. Another biochemicélly produced
cl4 isotope effect was reported by Weigl and Calvin (89)‘who_found that

4,

photosynthesizing barley seedlings utilized 01202 faster than C
Lindsey, MeElcheran and Thode (40) studied the cl® isotope effect
in the decomposition of ordinary oxalie acid in concentrated sulphurie

acid, The two effscots found wers expressed quentitatively in terms of

the three specific rate constants for the following equationss
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ky

1205 + c1%0 4 m,0

. & 12
k, ¢, + c% 4+ 8,0
2 2
N
|
12 :
c1200m
TR~ o120, 4 130 4 7p0

The values found were: kg/ks = 1,033 end kl/{kz + k3) = 1.034,

e« Disagreement Between Theo?y and Experiment

About this time, Bigeleisen (6) presented theoretical celculations
for the isotope effects to be expected in the thermsl cracking of propane
and the decarboxylation of malonic acide The mechanism for the pyrolysis
of propsne, which ie probably & chain reactioh, is obscure. Since the
isotope'effect for only one possible elementary reaction wes ocalculated
by Bigeleisen, no correlation with experiment was possible for the propane
resction. The theoretical isotope effect for the malonic ecid decarboxy=-
lation was in ahafp disagreement with the experimentel effect found by
Yankwich und Calvin. Bigeleisen snd Friedmen (8) then studied the Gl3
isotopavéffect in the maloniexéoid'decumpositien using a mess spectro=-
metar.‘vfﬁe isotope effeots were discéih&ble which were expressed
quentitatively in terms of the specific rete constents for the following
equation: |

12
~0770 K 124, 12
CHy ——3» CH3C “0gH + C*®0g

N\ o120,

. .
12 2 . al2 13
CH/c 0pH —u CHg * C'“0,H + C*%0,

2

‘ K
N ol 25 cm, - 13,8 4 20,
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The values found were: kl/?kz = 1,087 and ks/kz = 14020, Their cel-
culated values were: kl/'Zk2 = 1021 and ks/kz = 1.0198. Good agree=
ment with theory was thus obtained for the ratio ka/kz which expresses
the intramolecular isotope effect. This was the effect :wsasured by
Yankwich and Cslvin. Agreement with theory for the ratioakl/éka, which
expresses the intermolecular isotope effect, was very poor.

Pitzer (65), using the seme basic theory es Rigeleisen, but &
different molecular model, slso calculated the 014 isotope effect to
be expected in the melonioc acid reaction and found good agreement with
the experimental value of Yenkwich end Calvin., Presumably his model
would lead to poor agreement with the experimental value obtained for
the cl® jsotope effect by Rigeleisen and Friedmen, since theory would
predict that the c1? erfect would be twice the 013 effecte

A more thorough study of the C13

isotope effect in the decar=-
boxyletion of ordinary malonic acid was mede by Lindsay, Bourns and
Thode (39). Substential agreement with the effects found by Bigeleisen
and Friedman weas obtained.

Several other cl¢ isotope effects were then reported which
seemed to be rather larger then would be expected on the basis of the
theory developed by Bigeleisen. Fvans and 'uston (268) reported ob=
serving a large, but not sccurately determined, 014 isotope effect in
wet oxidetion of sacetic ecid - 1 =- C14. fhey-pointed out thst acetic
ecid is somewhat resistent to oxidetion by wet ccmbustion and thet
quantitative results besed on & wet combustion of labeled scetic could

be in error if oxidation were not complete.

Tieigl, Warrington, and Celvin (90) found that photosynthesizing
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barley seadlings tock up 01402 17 per cent more slowly than 01202.
Several consecutive resctions, eech hasving en isotope effect, sre possibly
involved here. Brown snd Wolland (18) measured the ratio of the rates

of formation of the p=nitro-phenyl hydrazones of ordinary and 014

carbonyl~benzophenone and obtsined s velue of‘about 1.10.

de More Recent Fxperimentsl leterminstions of ¢ and cl4 Isotope Fffects,

An experimental value for & cl4 isotope effect whieh does approach
the theoretical value calculeted by Rigeleisen wes obtained by Roe &nd
Nellmsn (59). These suthors mude a new study of the cl¢ isotope effect

14 end reported & value

in the decarboxyletion of malonié scid = 1 - C
of 1.06 & ,02 for the ratio of the two rate constents of the labeled
molecule. This comparss with the values 1l.12 X .03 found by Yankﬁich
and Celvin and 1.04 celculeted by Bizeleisen for the intramolecular
effoct.

Bothner=By end Digeleisen (13) studied the relative rates of

cl2 13 | mesitoic scids in

decomposition of carboxyl =- and carboxyl -~ C
sulphuric acid solution. The ratios of the rate constants et 61°C
and 92°C were found to be 1.037 2 .003 end 1.032 2 001, respectively.
Bigeleisen snd Allen (7) detarmine& the relstive rates of decompositi:n
of carboxyl = ¢12 and carboxyl = ¢}® - trichlorscetic ucids. The ratio
of the rate constants obtained st 70°C was 1.0328 £ ,0007.

The results of a study of the clé isotope effect in the de~
hydration of formic acid - c1? in 95 per cent sulphuric acid have been
published since the cempletion of the cxperimental work contained in

12

this thesis. Ropp, Weinberger, and Neville (60) found thut C*“ = formic

ecid decomposed ll.11 per cent faster than cl% - formic ecid st 0°C
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and 8.59 per cent fester at 25°Ce  From those values it wés calculsted
that & difference of 189 £ 53 caloriss per mole existed between the
Arrhenius zctivation energies for the dehydretion of the two scids.
Also since completion of the experimeuntal work for this thesis,
Fry and Celvin (20) have'published results of further isotope effect

CIS 14

studies in their luboreatory. The and €7 isotope effects ocourring

in the decomposition of oxalic scid in concentrated sulphuric acid were

s effect gnd &n

measured using a muss spocirometer Lo messure the Cl
ionization chuamber to.measure the ¢l effects The intramclécular cls
isotope effect observed‘was in good mgreement with the result; obtained
earlier by Lindsay, McFlcheresn, and Thode. The ratio between the cls
end 614‘isot0peveffects was found to be very close to the theoretical
value, tgo.‘ These euthors mede some theoreticel celculstions and con=
cluded thet the observed effectis were larger than would be eipected

from theorye A study of the C14 isotope effects in the decarboxylation
of Cl4rcarboxy1 laebeled a=-nepthylmelonic end phenylmelonlec eclds was
also mede by Fry end Calvin (29). The ratio of the intramolecular
decarboxylation retes was found to be 1.057 % .008 for c-napthylmalonic
acid - 1 = €% at ebout 80OC, snd 1.152 2 .016 for phenylmalonic acid - .
1l - Cl4 et cbout 73°C. Both of these values were considered to be lare

ger than present theory would sredict.
4. Use of Isotope Fffects in Mechanism Studies

8. General Discussion
Although theoretical celculetions and experimental values of

isotope effects ere not es yet in good egreement, nevertheless the basic
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ceuse of chemical isotope effects seems to be understood. One con-
clusion which can be reachéédffom,the genoral theory is that e sigf
nificant isotope effect should ocour in bond cleavege only if the isotopie
atoms are directly invqlved in the bond being broken. The presence of

an isotopic etom in & %olacule, in & position not inmvolved in the bond
cleavage, should have only a smell, second order effect on the resction
rate. Thus the presence, or absence, of asn isctope effect in & reaction
may yield informstion as to whether a certain bagﬂ cleavage occurs or

" not, or whether it is rate determining.

be Use of Deuterium Isotope Fffects

The basio principles of isctope effects, as applied to deuterium
reactions, were appreciated elmost immediately after the discoveryzgf
this isotope. . (75,87). The determinétion of the detailed.méchaniéﬁkof
the enolization of acetone by Reitz (56) by the use of hgavy water end
deutero&cetone_is e good example of the use of & deuterium isotope
‘effect in & mecheniem study. Quite recently Westheimer and ﬂicol&ides (91)
were able to show that the rate controlling step in the oxidation of
isopropyl alcohol by chromic acid is the removel of the hydrogen on the
secondary carbon atom, since 2 - deuteropropanol - 2 was found to be
oxidized about one-sixth as fast as ordinary isoproéyl alcohol in chromic

acid solution.

be Use of Other Light Element Isctope Fffects
Since the discovery of large unidirectional isotope effects for
‘Gls and.cl4, and the development of the theory of relative reaction

velocities of isotopic molecules‘by'Bigeleisen, carbon, oxygen and ni-
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trogen isotope effects have been used for the determinution of reaction
mechenisms in several cases.

'Bothner-By;‘Bigeleisen, and Friedmen (13) studied the pyrolysis
of ordinery beriunm udip&té to form cyclopentanons end found that the cls

isotoplc frectionstion in this process wes only ebout O.1 per cent.

They suggested thet the vefy sﬁall effect could be explained if the

direction of cyclization was dﬁotated,by the preliminery removal of &
proton from one of the o cerbons; a proééés which would be subject to
'fghly & very slight isotope effect aé fer a8 the cerboxyl groups are
concerned.

Bigeleisen end Friedman .(9) used tliec results of their study of
»Els'and 018 isotope effects ia the decomposition of wmzonium nitrate to
further the knowledge of the mechanism of this reéction. Bourns, Stééey,
and Lindsay (14) used the results of their study of the N5 isotope
offect in the deamination of phthelemide to phthaiimide as the basis
for a mechanism which they proposed for this resction. Fry and Celvin
(30) were mble to suggest & mechenism for the decompositisn of oxalic
ecié from & consideration of the rssults of their study of the 01 and

cl4 isotope effects which occurred in thet reaction.

5« Theory of Chemical Isotope Fffects

" @ae Goncrel Tiscussion

The motion of the electrons about en assemblage of nuclei in
a molecule aepends only on the elsctric field of the nuclei. The ficlds
about isbtopic‘ntoms, and hence about isotopic molscules, ere almost

rcertainly 1) néérly the ssme that they mey be considered identical.
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The eleetronic stetes and the potentisl field in which the nuclei sre
moving will thus remein the same if lsotopic substitution is mede in &
molecule. The force constants between atoms therefore depends on their
stomic numbers &nd not on their stomic messes and the chemical potential
of molecules is independent of their isotopic composition.

On the besis of clussicel statisticel mechenics, where kinetic
energy follows the equipartition law &nd the distribution of the mole-
cules in space is given by the Boltzménn eguation, there should be no
chemical isotope effect in equilibrium reections. Clsssical theory
would sllow a very small isotope effect in unidirectionel reactions of
higher order than the first, bectuce the collision numbers for mole=
cules is & function of their masses. Chemical isotope effects of cone
siderable megnitude 22 oceur, both in eguilibrium and unidirectionel
processes, however. These isotope effects are quantum phenomensa.

The energy, ¥, of & molecule may be considered to be the sum of
two independent terms, the translational energy, Etr’ and the internal
energy, E; .o The latter term mey be further expressed &s & sum of

electronic energy, E

s rotationsl energy, E,, and vibretionsal energy,

E,. Thus,

E = Fg,. + Eint a’Etr + Ee + E. + Ev

11 of these energics are quentized in quantum mechanics., However,
the energy levels for trenslational ene;gy ars so closely spuced that
the distribution cen be consi-ered as continuocus and hence, clussical.
For most chemicel reactions, the electrons ere all in their grouné

states end only for a very f'ew polyastomic molecules end various free
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radicals, which have a multiplet ground state, does the elecironioc
enerpy neve to be considered. Corresponding electronic stetes for
isotopié#ﬁalecules are in eny case almost idéﬁticel, es stated earlier.
If the pgggugt of sbsvlute tempereture, T, and the Boltzmann constant,
k, is large compared with the seperation of rotational energy levels,
ag it generally is, except at very low temperatures, or for eompounds
of hydrogen, the rotetional energy level distribution ocan also be con=-
sidered to be classicale The vibretional ensrgy levels, however, are
relatively far apart end higher levels then the ground state may be
occupied &t mode;ate températures. The vibrational enefgj is the only
type of internsl energy to be affected by quantum,conaidérations, nor=
mally, end - it is the source of chemical isotope effects.

The vibrationsl energy of & dietomic molocule, assuming thet it
behaves &8s a hermonic oscillator, which is very neerly true, is (n + 1/2)
hv, eccording to gquentum mechanics. Iﬁ this svxpression, n is the |
gquaentum number end mey be zero or any integer, h is Plenck's ccnstant,
and V is the fundamental vibretion frequency of the molecule in its
ground state. The freguency of such a harmonie oscillator is & funoction

of the messes, my and mp, of the two adjacent atoms end is given by the

V = 5%—- V £/,

where £ is the force constant between the atoms and P is the reduced

1 .1

m o W

formula:

mass, defined as %- = . The vibrationsal enargy situation is
more compliceted for polyatomic molesules, but the =znergy levels of

sach normal mode of vibration cen be calculested in a similsr waye.
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The vibrationel energy of & molecule, being dependent on
frequency, is therefore a function of the maasea;of the etoms which
constitute the molocule. In the lowest energy level, where the quantum
number is zero, there will be an internal energy difference between two
isotopic diatomic molecules of 1/2 h ( v‘-laj, where \% end ), are the
vibrational frequencies for the light and heavy molecules respectively.
This energy differene? is known as the zero-point energy difference.

The situation for polyatomic molecules, though more complex, is
essentially the same.

Molesular vibrations are not strictly ha;monic, and the anhar=
monicity increeses us the quantum number inoreases. At high temperatures,
the corresponding energy levels of isotopiec molecules approach the
same values; The internsl energy difference between two isotopic
molecules will thue, in genersl, be some large fraction of the zero~

point energy difference.

be FEquilibrium Processes.

Chemicel equilibrium obteins when the energy of & reacting
"chemicel syetem is at & minimume When isotopic molecules are involved
in an equilibrium process, the final distribution of isotopic atoms
amongat the molecules will be governed by energy csﬂsiderationa. Since
there sre differences in the internsl energies of isotopic molecules, and
since.thé differences releted to perticular isctopic atoms are not
constent from one molecular species to another, it 1s to be exéected
thet the distribution of isotopic astoms will not be stetistical, as

to number, emongst the various moleculer species. Chemical isotope
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effects in equilibrium are thus due to diff'erences in the vibrestionsl

energies of isotopic molccules.

ce. Unidireetional Processes

In isotopic molecules, the force constents ere practically
identical as stated earlier. The‘absclute energy level st which two
chemically bound atoms may be separated should therefore be independent
of their isctopic structure. However, since & light molecule contains
more vigrational energy than & corresponding heavy isotopic molscule,
the light molecule will require less additicnal energy for bond rupture
than the heavy molecule. The difference in energy will be, &8 hes
been shown, some large fraction of the zero-point energy difference,
if the molecules are at some ordinerily encountered temperature.

Most chemical reections have a temperature dependence given by
the Arrhenius equation,

k =4 o"E/2T

where k is the receotion raete, A is a constant over a reasonably large
temperature raﬁge end E, the so-called "activation energy”, is a
measure of the energy which & molecule must acquire, over and above its
ground state energy, in order to react. The ratio of reaction rates

of two isotopiec molecules should thus bes

where (El -»42) is, to & first approximation, egual to the zero=-point
energy difference between the two isotopic molecules, 1/2h(91-'ﬂ).

Chemicel isotope effects in unidirectional processes are thus elso, to
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a large extent at least, treceasble to differences in the vibrational

energies of the isétopie mo&eculea.
d. The Vibrationsl Fnergy Pertition Function

The probability thet a molecule will have energy € in any
quantum stete that is gi-fold depenerate is proportional to the
quaﬁtity gie'ék/kT, where k is the Boltzmann constaﬁt and T is the
absolute temperature. This‘is the Maxwell=Boltzmann distribution lew
and mey be used unless the tempersture is very low or the pressure very
highe The total probability of occurrence of' s molecular species in
any energy state, which is then the probabiiity of its e%istence, is
proportionul to :Elgie-'ebﬁkT. The total pumber of molecules, N, in
a given volume is thus also proporticnel to §5€i°~ q/kT‘and this
summation, often designated by Q;f, is known &s the "partition funqtion"
or "state sum". All thermodynamic quantities such as equilibrium
constants, free enerygiss and entropies may he expressed in terms of
the partition functions of the molecules or atoms involved.

It will be reslized from the earlier discussion that the partition
function of most interest here is the vibrational energy partition
functioﬁ,

, Qv‘ Zi_gie-eiVib/kT
where 61 vib is the difference between the vibrationsl energy in any
" level and the lowest level. The vibretional energy for diatomic mole=-
cules is given by v
6, = (n+ 1/2)n VY
When n = o, the zero-point vibrationel energy, € , is

(%)
€ =1/2n
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Wie thus obtain
evib = (€, -~ 6) =nhV
and the vibrationsl psrtition function is

ok
Q. - F oI L o - ¥y
=0
For polyatomic molecules having x atoms, the vibrational pertition

function is normslly
' IXx-
va = .]]:
L=/

the product being taken over all 3x = 6 (or 3x ~ §, for linear mole-

6
(1 - o~Vi/kTy-1

cules) modes of vibration.
.If the minimum of the potentiel energy curve of the‘vibrational
_ energy of & molecule rather than the zero point energy is chosen es the
reference zero, the two partition functions become
hV/2kr
Qv = A

and
3X-6 e-hv./m

@, - Vi T

i) 1-e

€« Calculation of Jsotope Fffect in Fxchange Fguilibrie

* TU'rey (82), in his recent nevcer on the thermodynamic¢ properties
of iadtopic moleoules, has discussed the detailed mathemstical cal=~
culatién of equilibrium constants for isotopic exchenge reactions.
Bigeleisen and Mzver (10) also published a paper about the ssme time
giving suﬁstantially the same theoretical trestment. The latter vaper
is valuable beceuse it presents some nathemstical short-cuts in the

cslculations.
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A typical exchenge resction may be written
| A + By = Ay + By
where A and B are molecules which have some element in common and the
subscripts 1 and 2 indicete that molecule 1 has a light isotope and
molecule 2 has a heavy isotope. The equilibrium constant for this

reaction is given by

[A x[B
‘H...........(l)

where the square brackets indicate concentrations.

Ko =

The number of

moleculee of eny species conteined in & given veolume is, &8 hes been

stated, proportionsl to the complete partition function of thet speciess

in the given volume. Equation (1) may therefore be written

(C%{;)(g://t) et e (@)

~

»)/( e ®
Qe.

The ratio Q;/Q,. which is the ratio of the partition functions of two

isotopic molecules, is given rigorously by the equation
&( (L. 3
f’
2 (Mz) "I Sl o (4)
Q % DRECVE |
where 0’1 and U’é are the symmctry numbers for the two isotopic
moleo®les, M; end M, are their molecular weights end El and €, are

cofreSponding energy states for the two molecules. The summations



extend over all energy states and are ecalculated from the minimum of
the Qotential energy curves of the molscules, i.e. the hypothétical
vibrationless state. If the temperature is sufficiently high so that
the rotationel energy cen be considered classicel, and if the vibrations

ars sufficiently close to harmonic, equation (4) nay be replaced by

e a2 o (5

2 o Ip (Mg 8/2  gmuz/2  (y _ gmuly
]

Q a3z I

o~u1/2 (1 - e742)

for diafomic molecules, and

1/2 K]
Q g1 [A2B:Cp Mo
Q 2 \418,0

g p

z\ff VPPN P | e

for polyatomic moleculea. The I's are the moments of inertis for
the diatomic molecules end the A's, B's and C's are the principle
moments of inertia of the polyatomic molecules. For convenience, u
replaces hﬂ/kT.

According to a theorem of Teller and Redlich (77),

1 d =
1

5 By Uy A18,04 ¥y mgy t Ugy

where m; &nd m, &re the atomic weights of the isotopic atoms being
considered in the resctior and n is the number of isotopic atoms being
exchangede.

Hence, if equation (5) is multiplied on both sides by
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’ e
(ml/hg)u/bn, and if the right s;de is multiplied by and divided by

up/uy, & simplification results and we obtain

, .
$/2n ~ug/2 - a~U

& RQ-—E- - ﬁ / = o:]:...-u_z. . ° 2/ . l ° 1 .« o - (bl)

Q1 Q1 \= 03 u e u1/2 "1 - eu2

If equation (6) is multiplied on boih sides by (ml/hg)3/2n, ang if
the right side is multiplied by and divided by .IIi uli/'u21 a similar

simplification results and we obtein

4 3/2 -i102 ’2 -}
Qg- BQ_Z_ in—]; d-l . UZi . e '21/ . ] -~ @ 11 L. (61)
QY Q = 72 upg  eTMY/Z 1 - eu2e

The ejuilibrium constant, K, is ther given by

Q) [/Q,
@)/ \ Q%

oooooooccooo.(31)

and can thus he calculeted from the fundamentel vibration frequenoies
of the two isotopic molecules provided these have heen observed in
Faman or infre-rod spectra studies, or have been calculsted.

For 1isotopic exchange resactiocns shere the differsnces in the
vibrational frequencies of the isotopic molocules is such that
(hvl/kT) - (h\)z'/k‘i’) =uy = u, uoﬁ is smell, Bigsleisen and Mayer (10)
have shown that the equilibrium constant msy be calculated from the
formula

. 1 1 1 02
ln:{ezi--_..+_..i_.;TAui-}_n.__
: 2 uy e a’i

e s s 0 00 s 00 s e 00(7)

A\

=Zi G(ui) Au, - in



where G (u; ) (1/2 - X + ~3}:T ), and they have tabuleted valucssof
Ui o 1

G(uj)from u =« ¢ to u = 25.

It must be realized, of course, thet the equetions given above
have been dsveloped for perfect ges reections and include assumptions
such &g thet the vigretions are harmonic end the rotaticnal energy may
be considered as clessical. Various corrections have to be mede to
apply the theory to condensed phese reactions e&nd to hydrogen snd deuterium
exchange reactions, The aim of this discussion has been merely to out-
line the géneral method by which theoretical celeulations for equili-
brium constants of isotopic exchange reaetions can be made. t
f. Calculation of Isotope Fffects in Unidirectional Processes.

Provided that the rate determining step in a chemical process,
A +B4C +aessse —> Products, is the surmounting of an energy
barrier, the rate constant, according to the Fyring (27,31) method, is

given by the formula

c? e \V2 1
k = K E-éc i - ® o o 0 & o o @ (1)
AYBYc e \2mm 4

K is the transmission coefficiént, Cro CB’ CC «s« 8re the concentretions

of reectants A, B, C ces, C* is the concentration of the ectivated

" complex lying in the length, d , of the decomposition coordinate, &nd

k¥ is the Boltzmann constant. The effective mass, m*, of the complex
in the direction of the decomposition coordinete, is normally teken &s
the reduced mass of the two atoms between which a chemical bond is

being formed or broken.



29

For two isotopic molecules Ay and Az, where the subscripts in-
dicate that'mcleoule 1 has the lighter isotopic stom snd 2 the heavier,'
two rate equutions mey be written as

3
. K 1 ) VY2 2
kl = 1 . . * e 8 ® @ & ( )
CAICBCC"' 2111!1?- Jl

cy kr | V2
}:2 = KZ‘———E-—-—--—-( ) .

X
CAZ BCC... 2\1!!32

I

The poténtiél ensrgy surfaces for isotopic molecules are practicelly
identiéhl, a8 stated previously, so that Jl = Jé for our purposes
here. It would be desireble to be cble to calculate Ky and s but
failing that, it appears (35) that K will be equal to Ep to & first

épproiimation.

.

The ratio of the reaction retes for two isotopic molecules ies thus

¥ . %y 1/2
1% O (ma)/ (4)

=¥ -3
kg C2 Cy \m

The retios of concentrations mey be replaced by corres:onding ratios
of partition functions, tresting the amctiveted complex &s an ordinery
molecule. The reaction rate ratio is then
' 0 *\1/2

kl Ql Qﬁa 2 /

——

5 v evmee -c.'.'...tl(s)
kp (P-z?Qfal ¥

where the Clis are the complete partition functions.e It is most
convenient to take the minimum of the potential energy curve for the

molecules &8s the zero of the energy scele for the molecules. The
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minimum in the saddle of the potential energy surface of the sctivated
complex may be taken as the zero for celeculation of the partition
function for the activated complexes.

Bigeleisen und Msyer (10) have defined & function f es
5/2
2 .
A il
fﬂ = Q——"% H —"—) - . » - - L ] » L ] [ ] (6)
QA1 :

where the Mj's ere the messes of the isotopic atoms in the isotopie

molecules. The [unction, [, has besn eveluated by them &nd is a

function of the molecculer vibrations only. They obtain

w

s -(ug + Ouy) .-
p o T2 uy Jou/2  l-e 1 YL m .
iz uj +auy 1~-e™Yi
c=t

1

The J 's are the symmetry numbers, uy = hVi/kT end aug = h (\)iloviz)/kT,'
as in the equilibrium equations given earlier. £ similer relation

holds for f* s the correspond®ng function for the activated c amplexes.

The ratio of the reaction rates, in terms of the function £, from (5)

and {(6), becomes

1/2

X £ X

—:]-'-B «-2;-— .-ooooo...(EJ
ko ¥ mlﬁ .

When Auy is smull, &s it is for ordinary temperatures and all

molecules except compounds of hydrogen end its isotopes,

£ 1/2 -6 6
ky, @ m, ¥ 3n 3
1 1 J2 2 l ;2 S ¥ * \
i(_g = -é—~ —-1; (-m—li-) 14 G(ui)Aui - G(U.i )Aui .o.(g)

where G(u) = (1/2 = 1/u + 1/(eY-~1)), as before. It might be noted that

both ZG(ui)Aui and ZG(ui’.)Au;have positive values, or are zero,
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in the general case.

Aecording to quantum mechanics, there is & definite probability
that some molecules will succeed in getting from the initial to the
final stete without having to surmount the ensrgy barrier. This effect,
known &8s "tunneling", depends on the shepe of the ensrgy barrier and
cen be caleuleted. Tt is usuelly neglactad since there does not yet
appear Lo bé a single chemical reaction where the impqrtanbe of the
"tunnel effect™ has been demonstrated with certainty.

The chisf difficulty in employing formulae (7) end kB), or
formula (9), is that the propertics of tho activated complex ere extremely
difficult, if not impossible, to determine. However, the equations
should yield gualitetive informution. If the vibration frequencies
of the isotopic molecules in questicn are known, or can be calculsted
with some sccurscy, the equations should ;ive gn upper limit to an
isotope effect, also. |

In equation (9), (mzt/hlﬁ) is always unity or preater than unity.
In bond eleavage roactions, where the isotopic atoms are directly in-

3n-6 3r~6
volved, Z G(ui)aui will normelly be grceter than Z G(u;-)Au:.

o
In this type of reaction, the rate constant for the light molecule will
be greater than the rate constant for the heavy molescules In bond

formation reactione, where the isotopic atoms are directly involved,
In/—4 - »»~6 In'~b

G(-ui't)Aufcan be greater then Z G(uy) oug. I ZG(ui*) A“{t

27-¢

is grester than ;z: C(ui)gaui +1/2 1n (mzﬁ/hlﬁ), the rate constant for

‘the heavy molscule will be greater then that for the light mclecule.
¥~ 6 .

In the cese of reactions of isotopic stoms, where G(ui)aui is zero

since there are no vibrations initieily, the rete constant for the
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hesvy stom zm;; be‘ greater than that for the light etom, bec:use, although

”i-
(maﬁ/mlt)>l, ZG(ui#)AuI may be sufficiently lerge to nullify the .
first effect. This condition occurs in reactions of the hydrogen
isotepes and kT > kI ) kH.

The lurgest velues for the rete ratios will occur when the isotopic

atome aré essentie}iy free, or vibretionless, in the uctiveted complax,

Yor '~

In this case, Z :“;(ui*)aur approsches zero and the reaction rate ratio

is given by

¥ 1//2 In-~-6

k 5 F /g |
1 01 dz2 (™ .
R ET N LD



IIT FXPERIMFNTAL PROCELURES

l. General Precautiohs

All volatile c14 compounds were handled in e hood having good
ventilation. The vecuum lines and racks used were in enclosed hoods.
Powders were usuully handled in & "dry box". Surgical rubber gloves
were worn when working with sctive éompoﬁnds. A special effort wes made
at 811 times to avoid spills, spattering of 11quia droplets, or creation
of dusts conteining active material. Vessels, trays, blotting paper and
Kleenex were arranged for each operation so that any aczidental spills,
large or smell, could be contrclled and would not result in contemination
-of the laboretory or other experimental materials. Used glassware was
always given & preliminary wash in the hood with an appropriate solution,
solvent, or detergent. A more thorough washing using a detergent and
careful rinsing followed. For criticel experiments, glassware which
had never been used for any radiochemical work was used..

o radietion hazard existed because C1% haé a very sof't
emission, 154 k.e.v., which is nesrly all absorbed by a few centi=-
metres of air, or by an ordinery thickness of glass.

Although the recognized maximum tolerence level fc; c1% in the
air was 3 x lo;z.microcuries per cubic metre when this work was begun,
this has since been put &s high es one m;crccurie per cubic metre for
continuous exposure. The health hazard was thus not very great and
control of contemination was more important for experimenﬁal than

for health reasons.
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2. Preparation of ieterials

2e Benzoic Acid-Carboxyl-Clé

Various techniques for prepsring cerboxyl labeled acids by
‘carbonation of the sppropriate Grignard reagent with lebsled carbon
dioxide heve &osueared in the literature. (35,61,23). The chief |
difference from an ordinary Grignerd carbonution is that in meking a
oafboxyl labeled scid, ?ge carbon dioxide is usually the more valuable‘
chemicgl. 4An excess of Grignard is used therefore, rather then the
reverss, and the carbon dioxﬁde is handled in a vacuum systen of one
kind or anotherg Benzoie acid-carboxyl-cléz has been preparsd by
Deuben, Reid and Yankwich (24). “

- Several differént sreparations of benzoic acid-clé having
various activities were made at different times. The source of the
c14 was either dry barium cerbonete-cld or, more frequently, & solu=
tion of sodium carbonate=Cl% with excess sodium hydroxide present.

Dry barium caerbonate is very sensitive to electrostatic charge snd»

it is quite difficult to trensfer the powder without craéting &

dusts Sodium carbonate solution is quite convenient since aliquots may
be readily teken and ‘transferred with a pipetie. The water may be
readily removed from the solution in the f§llowing menner: An ali@uot
of solution is pipetted, using & rubber bulb, or a pipstte fitted with
e ground glsss syringe, into & tubs ebout 17 mm. in diameter and A

20 cm. in length. This tube is ettached to & vacuum line by mééps of

& ground gless joint und the soclution is frozen using & dry ice-cello-

solve bh&Eth. The.tube is then svacuated and tho vacuum line isolated



from thé pumps by turning e stop-cock. By placing a liquid nitrogen
bath around & second evacusted tube &ttached to the vecuum line und
carefully warming the tube containing the solution with an infre-red
lamp, the water is distilled without the solution‘melting end is con-
densed in the cold tube., The sodium cérbonate; which oontaina’some
sodium hydroxide, is finslly dried by being heated to about 150°C
while still under high Qécuum.

4 typical preparation df benzoic acid-c14 was as follows: Lead
chloride (2 to 3 g.) was sdded to the tube containing the dry sodium
cerbonete-Gl4 (5 millimoles) obteined =8 descrihed above, or to dry
berium carbonaté weighed into a simiiar tube. The tub; was attached
to the vecuum line and evacuated to 10-5 mte, Or less. The vecuum
line was isolested from the pumps and the lesd chloride-sodium car=
bonate mixture was heated to about 350°C, at which temperature the
mixture melts and evolves dry carbon dioxide &t a moderate rate. The
carbon dioxide was condensed into e small liquid nitrogen cooled, |
storage bulb attached to the vecuum line. When gus evolution was
complete, the bulb was isoleted from the vacuﬁm line by turning e stop~
cock. Phenylmagnesium bromide (10 millimoles) was prepsred in & 50 ml.
round bottomed flesk. This flask was then ettached to the vecuum line
by meens of & ground glaés joint, the Grignard reagent frozen by sur=-
vrounding the flusk with e liquid nitrogen bsth, and the flask evacuated.
The flask wes isolated from the vacuum line by turning a s£op-cock and
the Grignard waes allowed to melt. The Grignard wes then réfrozen in
liquid nitrogen end the flask re-evacuated to a pressure less than

10'3 mme The vecuum line was isolated from the pumps and the carbon
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dioxide storage bulb was opened to the line. The. carbon dioxide wes
allowed to thew end was then frozen in the Grignard flask. The Grignard
was s8llowed to thaw with the flusk open to the vacuum line, end wes
stirred with & mugnetic stirrer. When the temperature of the reaction
mixture hed risen to about 10°C, the flssk was agein immersed in liquid
nitrogen t& freeze the ether end csrbon dioxide. The Grignerd flask
was then isolated from the vecuum line by turning & stop-cock. The
mixture wes allowed to thaw end wes then stirred for about one half
hour with the flesk immersed in & dry ice=-cellosolve bath kept et

ebout =10°C. The flask was then removed from the vecuum line and the
Grignerd eddition product decomposed by edding chipped ice and dilute
sulphuric ecid. The reaction mixture was then rinsed into a separatory
funnel end extracted with ethor®. The ether extract was washed with
water and @hen'extracted with excess 1 N sodium hydroxide sclution.

The benzoic acid was precipitated from this solution by the addition

of 6 N hydrochloric scide Ths product, olmost pure white, was removed
by filtration using & sintered glass filter funnel. This meterial was
diluted with & desired smount of pure benaoié acid snd the whols amount
was then twice recrystallized from hot wgter, using a small quantity

cf bore charcoul in the first recrystallizetion. The acid was dried

i!Dcrm-{?m-nizzg silicone stop-cock greasse was found to be ideal
for lubriecating the stop-cock and the stopper of funnels used
for active solutions. 4 smell smount of the grease was also
placed on the outside of the tip of the funnel to prevent
solution creep. The separatory funnel used here, eand othoers
used throughout the work, waes & modified type having the
originel one-way sbtop-cock repleced by & three-way stop-
cocke This modification sllowed the ligquid leyers to be
cleanly separsted without the top layer having to be

poured through the top of the funnel.
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and stored in a vecuum désiccator over silice gel. Yields in dummy
runs were 80 to 85 per cent, based on the ocarbon dioxide; mepe 120.5 =

121.5%.

be Tthyl Benzoate-Carboxyl-Cl4

c1% was prepared through the scid chilorides

Fthyl benzoate-carboxyle
- Benzoic acid (10 millimoles) was hsated with an excess of* thionyl
chloride (25 millimoles) in & 25 ml. flask. VWhen the evolution of
hydrogen chloride ceased, the excess thionyl chloride wes removed at
slightly reduced pressure, using & smell fractioneting column. A4n
excess of absolute slcohel (40 millimoles) wes added and the mixture

wes reflux;d for two hours. The exuesé alcéhol wag removed al atmos-
pheric pressure. Pure inactive ethyl benioate (5 ml.) was added and the
product wes subjaéted to fractional distilletion at reduced pfessurec

y.3 iarge middle fraction, ngs = 1.50567, wss collected and used in the

isétope effect experimente.

e+ Tertisry Butyl Benzoete-Carboxyl-Gl4.

This ester was made eocording to the method given by Worris and
Bigby (48) and later used by Cohen and Schneider (20). Benzecic acid-
carboxyl=01% (30 millimoles) end thionyl ehloride (60 millimoles)
were heated ﬁnder reflux in a 25 ml. flask for &n hour. The excess
thionyl chloride was removed by heeting the mixture at 100°¢ for =
half hoﬁr. Pyridine (60 millimoles) and tertiary butyl alcohol
(45 millimoles) were added and the mixture was ellowed to stand for
24 hours with the flask stoppered, ‘ater (10 ml) was added to dissolve

the pyridine hydrochloride and the contents of the flesk were wasied
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into a separatory funnel with & little ether. The ether layer was
washed once with five per cent sodium carbonete solution, twice with
smell portions of weter, end finelly dricd over anhydrous sodium sul=-
phate. The ether wés then remcved and the residue distilled through
a8 small column to give an 80 per cent yield of ester, b.p. 112°C et

18 mme; na° = 1.4897.

d. Anthranilic Acid

Fostman Kodek Co.t's "Fastman” grade anthrenilic acid wes re=-
eryastallized twice from hot water using & little bone charcoal in the
first recrystallizations The acid wus dried and stored in a vacuum

desiccator over silica fel; m.p. 146=147°C.

e Iromomesitylene

Bromomesityleﬁe was prepared according to the directions given
in "Organic Syntheses” (52) using one=tenth the quantities given there.
& colourless product was obteined; bep. 106-108°C at 18-20 mm. Yield

was 66 per cent of the theoretical emount.

fo Yesitoic Acid-Carboxyl;Cla,c14

& modifiestion of the method described in "Orgenic Syntheses" (51),
carbonetion of the frignard obtained from bromomesitylene, w&é used
to prepeare mesit;ic aeid-carboiyl-cls, cl4,

In meking the Grignard from bromomesitylene, better results
were obtained with an activated magnesium. A solutiocn of 0.5 mle of
methyl iodide in one ml. of ether was poured over magnesium (40 millimoles)

in & 50 ml. flesk. #8 soon &8 reactiom started, the methyl iodide
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soluticn was puured off and the magnesium was washed with two 10 ml.
portions of dry ether. OBromomesitylene (40 miliimoles) was diluted“’
with 10 ml. of dry ether and & smell portion of this solution was add;d
to the megnesium. ZReaction wes started by gently warminz the flask, ?
The rest of the brumomesitylene solution wes slowly edded to the
megnesium while the flesk was warmed with & (lass-col mantle to keep
the reaction mixture refluxing gently. After sbout four hours, the
magnesium had nearly all disappeered and the reaction was considered
to be complete. The carbon dioxide-613,014 for this preparation wes
obtained in essentiamlly the seme wey as described for the benzoic acid
oreparations The water was removed from a sodium carbonate solution
containing about-eight'millicuries of ¢1% and incctive enhydrous sodium

.carbonete wes added to meke a total amount of ten millimoles. Lead
chloride (6g.) was added and the carbon dioxide wss generated end frozen
in u storage bulb on the vecuum line. The carbonation of the Grignsrd
was carried out as described previously in the benzoic soid preparation.
The carbonsted CGrignard reagent wes rinsed into & separatory funnel
containing sbout 5C g. of cracked ice and 6 mle of coscentrated
hydrochloric acid, using 25 mle of ether. After the Grignard had
decomposed, the aqueous layer wes run>into & gecond seperstory funnel
and was sxtracted a second time with 25 ml. of ether. The combined
ether extracts were washed with water and then extracted with excess
i i sodium hydroxide solution. ° The &lkeline solution wes warmed to
remove ether. The solution wus then scidified with concentrated hydro=~-
chloric acid and the mesitoic &cid precipitated zs8 pale yellow crystals.

The mother liquor wus removed by filtration using a small sintered glass



filter stick. The mesitoic acid wes then twice reorystallized from
dilute aqueous alcohoi. The dummy inactive run gave s yield of 1.3 ge
of &cid, or 79 per cent of the theoretical yield, based on carbon
dioxide; mep. 151-152°C. 1In the active run, 0.5 g. of pure insctive
megitoic ecid wes added to the active aci& before the second recrystele
lization. The yileld of sctive wcid was 1.8 g. The acid was vacuum

dried and stored in a vecuum desiccator over silica gel.
8. UNeasursment of C14 Redioactivity

as f(enersl Considerations

The determinution of the ¢l isotope effect in & reaction re-
quires a knowledge of the change in the concentratiqh of the molecules
containing cl4 which occurs 88 & result of the reaction. Since only
the percentage chenge in concentration need be known, a parameter
directly proportional to the concentration of 014 mey be used instead
of the absolute 6oncen§ration.

If a defined eree of & layer of moterial containing cl4 i
placed nesr & Geizer or & proportional counter, so that the p-particles
produced by disintegration can enter the active volume of the counter,
thé recorded disintegretion rate will be directly proportional to the
amount of (14 conta ined in the materiai, within a known probsble error
renge, which depends on the number of counts recorded. This measure=
ment, which cen be expressed in some such form es "counte per minute
per millimole", will thus scrve as & suiteble psremeter, provided that

the proportionelity constant cen be wmade the same for &«ll samples.

40

In practice, it is impossible to fulfill this latter requirement strietly,
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for two mein reasons. If the semples to be compered are not identicel
es to mass thiokness, density, and surfasce characteristics, the propor-
tionelity constants will be different beceuse the Cl4lﬁ-particlas have
e low enerpy and ere self-asbsorbed to & considerable extent in the
material being counteds The counting rate slso veries with time due
to chenges in the background count end to changes in the characteristics
of the counting device being used.

The first difficulty mey be largely overcome in three different
ways. If sufficiently thick layers, i.e. leyers of 25 mgme per cm%,
or thicker, ere used, self-absorption reaches & maximum &nd becomes con-
stent. For thinner layers, counting rateﬁ may be determined for v&fious
thicknesses of meterial and tﬁe self-absorption determined. QThe'counting
rate for ¢1ll samples may then be cqrrected to some standard thickness.
If sulficiently thin leyers are used, self-absorption becoméa negligible.
The second difficulty is largely ovcrcome by taking frequent background
counts «nd by frequently counting a standa;d sample. 293 baokground
count is subtracted from the obscrved count for ell samples and all
semple counts are corrected for any drift which is shown by the stan=
derd sample. Furthermore, spﬁpies mey be recounted in any order and

on different days.

be. Sample Pr;paration

Thin samples require the least amount of radiocsctive material
and, when thcy can be used, prévide the most direct way of obtaining
the desired meusurement of rediosctivity. The method of thin semple

preparation was therefore chosen for the radioactivity measurements
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made for the wﬁrk described in this thesis. The meteriel which hed to
be counted wse henzoic acides It was obteined from the various Bxperi=-
ments, finally, es & solution conteining known amounts of sodium benzoate
pef millilitre. It was found that the sodium salt could not be plated
in thin leyors sufficiently uniform te give the desired reprodutibility .
in the counting results. -The ammonium salt was known to give more |
uniform semples and this fact suggested the uce of the hydrazine salt.
This salt appeared to give very uniform layors; but the counting re-
sults were erratic. The difficulty wea traced to~decompositioﬁ of the
salt end sublimestion of the benzoic acid under the drying la:ps Ilow=
ever, it was found that the sodium selt could be plated to give guite
reproducible counting rssults if a 1ittle hydrazine hydrate was present
in theisolution. Apperently, the addition of this material lowered the
aufface tensiog of the solution slightly end increased the solubility of
the sodium selt sufficiently, so thaf solid material did not precipitate
out until the solution volume was very #m&ll, and When precipitationb
did occur, the solid did not tend to go to the outer edge and forn a
ring.

The method of sample prepa;ation finelly adopted was a# follows:
One tenth ml.rof hy‘razine hydrate solution (80 percent by volume) wes
added to the scdium benzoate solutions before they were finally diluted
to 26 ml. in volumetric flasks. Samples of 50 A, 100 Aor 200 X of
these solutions were pipetted with"Misco"¥ pipettes onto stainless

steel discs. .The discs were 2.5 cme in diamster, having en area of

X Made by "Microchemical Specialty Co"., Berkeley, Californis.
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3.45 om.> defined by a thin, 2 mme wide, ring of "Tygon" paint primer
around the outside rime OSince the samples were counted using & co;nter

which was insensitive to relatively large changes in area of the sample,

" the scmples did not have to be spread over the enfire area of the dise,

but en efiort wes mede fo heve the solution spresd over et least half

- of the aree svuilable., The importent fsctor wus to obtein uniform
thickness und avoid rings snd ridges. The semples were dried under an
infra=~red lamp, with & gentle stresm of eir directed towsrd the disce.
Just before the semples were dry, the discs were picked up with forceps
and the solution was gently swirled. If the latter operation was dome
at the e&ppropriate moment, the solution then lash drisd after being
replaced under the lamp for & few momentse.

Semples which appearsd to be unovenly spread geuerslly gave
counts which, in extreme csses, were,iow by &8 much &s 10 per cent,
compared to well spread samples. Th&se poorly spread samples could be
brought into solution with a few drop&»of}one-half per cent aqueous
hydrazine solution end then redried. The count on such respread semples
generally rese to the value obtainedﬂfor the well spread ssmples. Six
or more samples for counting were gﬁde'from each sodium benzoate solution.

Semple thicknesses ranged from 0.05 to 0.2 mgm. per cm.a, the

‘aotual thicknaﬁa depending on ?ﬁe solufion sempled, the ssmple volume
end the aréa coverad,. Self-apgoiptidn wae considered to be negligible
at these thicknesses since anéonstanf counting rafe per milligram of
material wes obtained when the sample thickness wes varied by & factor

of four, in this renge, for any perticular solution sampled.
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Counter assembly

Figure 1.



c. Counting Apparatus

The semples were counted in a Simpson (€6) type, methane filled
proportional counter designed end built at the Atomic Fnergy Project,
Nationel Fesearch Councils The counter tube is shown 1in section in
Figure l. The counter is essentially a sgainless steel tube, 4 cm. x
16 em., having two removable end plu@es which support e tungsten wire.
The two thousandths, or one thousandth, inch dismeter wire is insuleted
from the end pletes by polystyrene plugs and carries the positive high
potential. The tube itselfl is groundede Small inlet und outlet pipes
at the top ere provided for tho methane supply. The somple holder con-
sists of a horizontal sliding platform having e verticzl sliding solid
¢ylinder with e circﬁlar indentetion for the steel semple disc.

The power unit for the counter, designated as "Power Unit, Type
200", was manufactured by Dynatron Ra;io,Limited, Yeidenhead, Englend,
as wes the scaler which wss designatéd as "Sosling Unit, Type 200",

A linear amplifier "Model 204=C" aﬁd a head amplifier "Model 204-4"
manufectured by ftomic Instrumsnt Company, Boston, Hassachusetts,

were run in series between the oouﬁter and scaler. The line voltage we
stabilized with e Bola transformér. ¥ethason commerciel methane,

96 per cent msthane, was used as the counter filling.

The main adventages of this type of counter over the standard,
thin, end-window type of Geiger tube for cl4 counting are ss follows:
The large absorpti?n of the soft p-partjclssAby the mice window and by
the air between the semple and:the window is absent since the sample
is inside the tube. The sample is very close to the wire and the

geometry is such thsat practieally'all i=particles emerging from the
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top of the sample are counted reogardless of their initial emission
direction. The eodinter is therefore effectively a 2n counter and the
counting efficiendy is very nearly 50 per cent. Since the‘aamplea are
mounted on steel, Back-séattering of the p-particles increases the
counting efficiendy to SIightly greater then 50 per cent. A counter
heving & high counting efficiency allows low activities to be counted
more accurately &nd more rapidly than e counter having & low counting
efficiency. When the Simpson type of counter is used in the proportional
range with proper lineer amplifier gain, f'eed beck and pulse discrimi-
nation, the plateeu, which extends over 250 volta or more, ia longer,
and generally has a flatter sloye,vthan the pleteau of the usuel
Gaiger tube. This feature makes the counting rete laess sensitive to
line voltege fluctustions. Since the filling of the tube in con-
tinually being renewed, the plateau does not continuously deteriorate
as does the pleteau of a sealed Jeiger tube. Since the tube has a
corplete metallic envelope, it does not become light sensitive as do
many end-window Geiger tubos.

There are a fow disadvanteges, hcwevef. The tungsten wire, being
under considerable tension, is limble to bresk. Since the samples are
pleced inside, the tube is rather eaéily contaminated. Feplacement of
the wire and decontaminetion of the tube are felatively‘simple, but
time-consuming operations. The tube requires & voltage of about 3,000
volts for & two thousandths inch diasmeter wire, which voltage is more
difficult to sup.ly than the usuasl 1,000 to 1,200 volts required for
an argon-alcohol filled Ceiger tube. The operation of the Simpson type

tube requires & linear amplifier which the Ceiger tube operation does note.
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d. Counting Procedure

Sample discs were pleced in the circular depression in the sample
holder cyliﬁdef, the sample holder was slid horizontally inte position,
- &and the cylinder wes slid verticelly up against & rubber gusket and
locked inte a fixed positione A small amount of air entefed the tube
during this operstion, but it was sufficiently well flushed out in
| fifteen to twenty seconds by the methaﬂe flow that counting could be
started. Samples were normally counted long enough to give a total
humber of counts close to 10,000, so that the standard error in the

individual oounting rate for any particular sample was approximately

+ 100 V10,000 .

r = e 16-:0..66 = w 1 per cent

Hany sample discs were counted more than onca; The average
counting rate was then teken as the actiﬁ}tyvvalue for the sample disec.
The rediosctivity of a particular fraction of benzoic acid was taken as
the averasge activity of the six or more individual samples of that
fraction counted. The error formula‘applied was that for the standard

error of the mean velue of & series of observations,

where r is the stendsrd error of the mean, 4 is the devisation of =
single observation from the mean, and n is the number‘of observations.
Beckground was counted for two or thre; minutes several times
" during eny series of sample counts. The background normelly ranged
from 50 to 60 counts per minute for the unshielded éounter,:but could

be brought down to about 20 counts per minute by 2 inches of lead
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shielding. The background in the counting room wes continuocusly re=
corded with sn Faterline-Angus Graphic /fmmeter so thet eny wide or

sudden variations were always known.

&

4. Alkaline ﬁydrolysis of Tthyl Benzo&te~Carboxy1-014 ‘

The experimental procedu?e used to détermiué the cl4 isotope
effect in the alkaline hydrolysis of othyl benzoate-carboxyl-cl4 at
room temperature was, in brief, as follows: A sémple of the ester was
allowedvto undergo hydrolysis in dilute aqueous alcohol coﬁtaining
sxcess sodium hﬁdroxide until ebout 10 per éent of the ester was hy=-
drolyzed._ The reaction mixture was‘then divided into two equel portiansv
and & sample of the benzoic ecid which had been produced during the
éartial hydrolysis was isolated from one half of the solution. The
hydrolysis was allowed to go to completion'in.the seoond half and &
sample of the benzoic acid produced by complete hydrolysis was iso=
lafed. The specific activities of these two benzoic acids were de-
terﬁined by counting samples a&s already described. The values for
these sjecific setivities, end the ?alue for the fraction of the ester
which had hydrolyzed in the pertial hydrolysis, supplied the necessary
information for calculation of the retio of the rates of hydrolysis
for the normal ester molecules snd the molecules containing cl4,

The detailed procedure was es follows: A 1.3 ml. sample of ethyl
benzoate-carboxyl=cl4 was pipetted into a 100 ml.volumetric flask
and sufficient 0.5 N aqueocus=-ethanol (507 by volume) sodium hydroxide
solution was added to mske a total volume of 100 ml. The confents of
the flask were wgil mixed. ﬁfter about twb minutes, 8t which time it

was known thet about 10 per cent of the ester would be hydrolyzed, a
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50 ml. sample of the solution was withdrawn and pipetted intc & 500 ml.
separatory funnel containing 200 ml. of distilled water &nd 75 ml. of
ether. (The ether used for extraction in this and in subsequent work
was washed with dilute, ecidified ferrous sulphste solution and then with
distilled water just prior to use, to remove peroxides). The separatory
funnel was gently sheken and the two leyers were allowed to sepsrate.
The agqueocus lsyer, containing th; scdium benzoate produced in the
hydrolysis, was run into a secon& separatory funnel containing 75 ml.
of ether, and a second extraction was performed. The ether layer in
the first fumnel, containiag the unhydrolyzed ester, was run into e
storage flesk. The squeous layer from the second sxtraction wes run
into a third separatory funnel aﬁd extracted é third time with 50 ml.
of ether. Ample time weas allowed for good seperation of the aqueous
and ether leyers to occur in ell extrections. The aqueous lsyer was
then run into & fourth separstory funnel &nd was acidified by the
dropwise addition of 6 ml. of 6 N sulphuric acid. The benzoic acid
libersted was extracted with 75 ml. of ether and the aqueous luyer was
then discarded. The ether extrect containing the benzoic acid wes
‘washed with two 20 ml. portions of water, allowing ample time for
?vseparation of the layers. The ether solution wes finelly run through
‘ylthe unused side of the two-way stcpcock‘on the separatory funnel

into a 250 ml. Frlenmeyer flask. This flask was fitted with « stopper
ﬁaving an inlet &nd en outlet tube, A stream of dry nitrogen wasi
~ellowed to enter the inlet tube, and the outlet tube wss connected to
a?Water pump, by means of which & slight vacuum wes msintained. The

fiaﬁk was placed in & werm water bath to &id in the eveporation of the

-
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ether. When the ether had been removéd, the benzoic acid was dis-

solved in 15 ml. of elcohol. Two samples of this solution, of about §
end 10 mls respectively, were 3ipetted into 25 ml. volumetric flasks

and were titrated with 0.05 ¥ sodium hydroxide using phenol red indicator.
The slecohol used héd & negligible blank, one drop of the bese being
sufficient to change the colour of the indicator. Hydrezine hydrate

was added to each flasl es desceribed under semple preparation, and the
soluticns were msde up to 25 ml. with distilled weter.

At the same time thet the 50 ml. of solution was withdrewn from
the mein solution, &8 5 ml. sample was withdraewn by a co-worker. This
sample was pipetted into & separatory funnel, containing 20 ml. ofrwater
end 20 mle of ether, simultaneously ss the 50 ml. sample wes pipetted
into the larger seperatory fumnel.  The cqueous layer wes run into a
flesk and tﬁe ether layer was washed with IQ rale of water, which wes -
then added to the egqueous layer in the flask. This solution was imme-
diately titrated with approximﬁtgly Ge1l N sulphuric acid using phenol
.red‘indicator. From the normslity of this aliquot, the normality of
the originel sodium hydroxide solution used for hydrolysis, and the
normality of the sscond half of the hydrolysis solution sfter comglate
hydrolysis, the extent of hydrolysis at sampling time wes determined.
Although the accurscy of this determination left somethiag to be desired,
the velue obtained was considered to he sufficiently sccura:e for the
purposé of the experiment, since the calculated ratio of reaction retes
does ﬁot depend véry criticslly onvthe value for the f{raction hydrolyzed.

The gecond hslf of the hydrolysis solution wes allowed to stend

for & week to complete hydrolysie end e 6 ml. seuple wes then withdrawn.
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The benzoic acid weas isolatod from this sample by ether extractién efter
acidification with sulphuric scid. The ether solution was washed and
the benzoic acid was isolested, divided, titrated, and nsde up into two
256 ml. sodiﬁm henzoate solutions es described above for the acid'ob- )
tained from pertial hydrolysis of the ester.

In the isolation of the benzoic ecid semples, greet emphesis wes
placed on obteining jure samples and no attempt was made to ohfain
quantitetive recoveries. After countfng of ‘semples was completed, each
sodium benzoate solution was acidified with dilute sulphuriec acid.

The benzoic acid liberated in each solution wes then extracted with

. 50 ml. of ether. Fach ether solution was washed twice with 20 ml.
portions of water, and the benzoic acid in each was isolated, titrated,
and again mede up jnto & sodium benzoate solution for recounting.

This procedure provided an indication of the reliebility of tﬁe specific
activity determinetions.

At a considerably later date, alkaline hydrolysis of ethyl ben=
zoate-carhoxyl-cl4 was repeéted in connection with the work on acid and
alkaline hydrolysis of tertiary butyl benzoate-carboxyl-cl4 end acid
hydrolysis of ethyl benzoate-carboxyl-ct4, The same general method
was fpllowed. A smeller sample of ester, SOOVA, was used however and
the hydrolyzing solution used wes 55 percent alcohol by volume. This
change was made becauze of the low solubility of the tertiary butyl
ester. Since only about 40 per cent es much benzoic ecid was produced,
because of the smeller quentity of ester used, the benzoic scid récovered
was not divided into two fractions as before. After totel hydrolysis,

& 5 ml. sample of the main solution was teken, and again the benzoic
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acid isolsted from this sample was not divided. Dup}ica#e runs werec made.

8. Alkasline Hydrolysis of Tertiery Butyl Benzoate-Carb&yyl—Cl4

The ;xperimsntal procedure used to determine the @14 isotope
effect in alkaline hydrolysis of tertiéry’butyl benzoate—dazboxyl-cl4
was practicelly identicel to'the seecﬂd precedure described for alkaline
hydrolysis of the ethyl ester. A 500 )N sample of tertmry-:{butyl
benzoate-oarboxyl-cl4 was pipetted into a 100 wnl. volumséric‘flask and
the volume was mﬁde up to 100 ml. with a solution 35 pericent by volurie
alcohoi and 0;5 N‘with respect to sodium hydrpxidé. Thefaster\was.
sllowsd to hydrolyze at room temperature for seven hours; at which time
it was known thet sbout 10 per cent of the ester would be hydrolyzeﬁ.
The procedure foilowed for isoleting the benzoic acid pfoduced aﬁd fér
prepering &-solution for counting wes then the same as describeﬁjin the
last section.

To obtain & sample of benzoic acid from completely hydrolyzed
ester, the following method wes sdopted. A 5 ml. sample of the hydroly

i

zing solution was pipetted into a 50 ml. Frlenmeyer flask and 5 ml» of

6 N sodium hydroxide solution and 5 mi. of absolute alcohol were addﬁd.
It was found necessery to use the more cvncentr&ted sodivm hydroxiﬁe N\
solution, since hydrolysis in 0.5 N alkeli was very slow. This mixture\
was allowed to stand for twelve days. (Preliminary experiments ﬁé@
shown that hydrolysis wsas complefe i; seven to eight days under these
conditions). The solution wes then rinsed into a separatory funnél \

containing 100 ml. of wster and 50 ml. of ether. The aqueous solutioﬂT

was acidified by sthe addition of 6 ml. of 6 N sulphuric acid and. the )
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benzoic acid liberated was then iéolated, titrsted, &nd made up into s
sodium benzoate solution for counting es previousl;-described.
The extent of partial hydrolysis wes determined &8s follows:
Two 5 wl. samples of the hydrolyzing solution were teken aﬁ the seme time
a8 the 50 ml. semple, i.e. seven hours after the start of hydrolysis,
and were titrated directly with approximately 0.1 ¥ sulphuric sacid
using phenol red indicator. The fraction of ester hydrolyzed was
then obtained from the normelity of these samples, the normelity of

the original slkaline hydreolysis solution, and the calculated weight

of the 500 N sample of ester used.

6. Acid Hydrolysis of Tertisry Butyl Benzoate-Carboxyl-Gl4

A BOO N sample of tertiary butyl benzoate-carboxyl-cl4 was placed
in a 100 ml; volumetric flaske The volume was maede up to 100 ml. with
a solutioh 55 per cent by volume ethyl alcohol and 1.6 N with respect
to sulphuric acid. The mixture was sllowed to hydrolyze for 28 hours,
et which time it wes known thet ebout 10 per cent of the ester would be
hydrolyzedes A 50 ml. sam?le was then removed and pi?etted into a
separatory funnel containing 54 ml. of 1.6 ¥ sodium hydroxide solution,
46 ml. of water and 50 ml. of ether. The benzoic acid produced by hy-
drolysis was then isolsted and mede up into & sodium bemzoste solution
for céunting as previously described.

To obtain & sample of benzoic acid from completely hydrolyzed
ester, the procedure used for the totel alkeline hydrolysis was
adopteds A 5 ml. sample of the acid hydrolysis mixture was pipetted

into a 50 ml. Frlenmeyer flssk a&nd 5 ml. of 6 sodium hydroxide

solution end 5 ml. of absolute slcohocl were added. This mixture wes
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allowed to stend for thirteem deys. It wes then riumsed into & separa~-
tory funnel conﬁaining 100 ml. of wster and 50 ml. of ether. Fxtraction
of the benzoic acid and preperstion of a sodium benzoate solution for

counting followed the usuel procedure. Duplicate runs were made.

7« Acid Hydrolyeis of Fthyl Bénzoatézcarboxyl-clf

Acid hydrolysis of ethyl benzoate was found to be very slow under
the conditions used for acid hydrolysis of the tertiary butyl ester.
The hydrolysis weas theraforg done at en slevated temperature, instead
of &t room tempersture. 4 500 ml. sample of ethyl benzoate was plpetted
into e 100 ml. volumetric flesk end mede up to 100 ml. with the dilute
elcoholic sulphurie acid sclution used previcusly. The solution wes
then trensferred to a pressure flask, snd the flask was stoppered and
placed in & water beth at 58.5 2 0.5°C. After thirteen and ome half
hours, et which time approximately 10 per cent of the ester was hyd-
rolyzed, the flask wes removed from the water bath and ccoled. A
50 ml. semple weas withdraﬁn ead the benzoic acid isolated in the usual
mAnners

To obtain & bengoic acid sample from totally hydrolyzed ester,
5 mle of the acid hydrolysis solution was pipetted into a 50 ml.
Erlenmeyer flask and 5 ml. of 6 W sodium hydroxide wes add;d. After
a week, the benzoic acid wes isolated and the ‘uaual scdium benzoate

solution prepared for counting. Duplicate runs were made.

8. Mess Spectrometry
“ ae Apperatus

The mase spectrometer used in this investigation wes & S0°%-



deflection instrument whioh,except for several modifications, was similar
to one previously deseribed by Grahem, Harkness, and Thode (32). 1In the
preq?nt instrument, the tube pumping syaﬁem employed & two-stage frace
tionaeting oil diffusion pump, (Distillation Products Type GF=20W),
operating on octoil-S and backed by a Welch Type 1405H forepump. This
pumping system was used in conjunction with an eutometic liquid eir
controller (43) which kept the masa,specﬁromster tube free of &ll oil
vapour peaks and ellowed &' pressure of lower then 1 x 10~7 mm, Hge to
be maintained conzistently in the tube, as indicated by &n ion gauge
(Distillation Products Type DPA=-38),

The positive lon source was of the type recently described by
Nier (46). The gas to be analyzed was introduced at 2.5 cms. Hge.
pressure through a capillary leak into the lonization chumber of the
source, and ionized by collision with an intense beam of electrong of
B0 electron-volts energy. The positive ions were collimated into &n ion
beenm of 2000 electron-volts energy by the collimating plates of the
source, end directed normelly into & aguare-shaped magnetic field of
2000 gauss. This magnetic field resolved the ion beam into its verious
mass components and deflected the central beam through & mean redius
of curvature of 15 cms. The centrsl bean, of one mass component, was
focussed through the collector slit onto the collector plate. The
collector plate was surrounded by an electrostatic field of =45 volts
(from & dry B~battery) so that secondary electrons formed by positive
ion bombardment of the collector plate were repelled back to the plate.
The ion current waes applied to the grid of e 954 electrometer tube

(with a grid leak resistor of 1011 ohme) feeding a stebilized linear-



feedback direct-current emplifier. Hass spectra were obtained by
automatic megnetic scanning and were recorded by & Leeds and WHorthrup

Type G Speedomax,

be Analyses

Feoh enelysis of a carbon dioxide zes sample consisted of six
to ten pairs of gpectrograms, & palr of spectrogrsms being obteined by
scenning from mess 44 to 46, and then in the reverse direction from
46 to 44. The srithmetic mean of the two values of esach ion current
peak in each spectrogram was determined, and from these wean values,
the retio of ion ourrents was calculated.

The Gls/blz ratio for each sample was obtained from the mass
spectrometer ratio of mass 45 ion current peek to mass 44 ion current

12,16,17

peek, by correcting for the contribution of C to the mass 45

peak as follows:

(2%) 012016016 012 016016
cl® _ (a5) _ o'%?7

012 (44) G16016

Since all of the €0, samples were equilibrated with water from the
game source before anelysis, the ratio 016017/b16016 waé the seme for
all samples, and this correction was determined to be 0.000802 from
the measured oxygen abundances of the equilibrution water.

The CM/'G12 ratio was obtained similerly from the mass spect-

‘rometer ratio of mass 46 peal to mess 44 peak, correcting for unwented
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contributions to the mess 46 peek as follows:

(46) _ cl40l6016 | (1316017 |, 12316018 |, 12717417
(a4) 012,716,186

I e o S o
clz © GIZ T Gl6pi8 T GI6pl6 © olBglé

;TE (a4) cl2 016016 016016 0lEql6

The oxygen ratio correctiones were the same for £ll esnalyses and were

" 18417 16,518
as follows: O 0 . o,000802, 29 . 0.00425
0l6pl6 016gl6
17,17 '
00 -7 , 13 /pl2 s
and = le6 x 10 ' The particular C /b ratio correction
OTGOTG .

was obtained from the corresponding (45)/(44) ratio which was determined
a8 described above. |

Although individual values of the isotopic ratios may very over
a period of time, they cen be determined with a preeision of £ 0.1
per cent by comparing esch sample with a standard. In this work, tenk
COp, purified by repeated distillation, was used as a standerd, and

each of the C0p semples was compered with it.

ce Reliability

Various factors effecting the reliebility of the mass spectro=-
meter results were given careful consideration and & discussion of
these factors follaw;z

(i) Mess Resolution: = The familiar equation which gives the radius
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of curvature of an ion moving in & magnetic field mmy be expressed &s
nfe = 4.82 x 10~°m22N4
where m is the mass of the ion in stomic mess units, e the numﬁer of
electronic charges on fhe ioq, H the megnetic field intensity in gsuss,
r the redius of curvature of the ion path in cms., and V the energy of
the ion in veolts. From the above equation‘it ocan be shown that the
resolution of the msss spectrometer, zhmyﬁ, is equel to 2 Ar/r. The
quantity 2ar may be evaluated from the sum of the widths of the
.entrancé end exit slits of the analyzer tube. In the instrument used,
Am/m = (0,025 + 0.050)/15.0 = 1/200. Hence, because the mass
resolution was one mess unit in 200, the ion peaks were completely
resclved, and no corrections hed to be made for incomplete resolutione

(i1) Mess Discrimination: = From the sbove equation, it may be seen

that either H or V may be changed to bring the ion beem of desired

mess to focus on the collector. When H is changed, megnetic scemning

is obteined, end ﬁben V is changed, eolectrostatic scenning is obtained.
It has been shown (42) that mass discrimination in the 90° mass spectro-
meter secompanies electrostatic scanning, but is very much less with
magnetic scanning.  In this work, mass spectrs were scenned megnetically
to reduce 4his ‘mass discrimination.

" (iii) Ton Current Discriminetion: = The direct current amplifier was

& linear amplifier, end the linearity of the recording system has beéen
established by Lossing, Shields, and Thode (41). The fact that con=-
sistent and sccepted valucs of any given isstopic ratios have been obe-
tained whether Bigh or low ion currents were méasured indicated that

there was no non-chmic response of the input grid leak resistor in the
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| voltage range in which it wes usede Any non linearity of thile kind
would largely cencel out enywey, when measuring small differences be=
tween samples.

(iv) Secondary Flectron Fmission: - Bombardment of the collector plate

by positive ions results in the emission of secondary slectrons from
the plste, and this emission, unless supressed, ma. account for es much
" @8 one third of the measured peek height. A voltege of -25 volts on the
suppressor plete, however, is sufficient to suppress this emission.
Since =45 volts was epplied to the suppressor, it was concluded that

the secondary electron contribution to the measured ion currents was
negligible.

{(v) Isotopic Fractionation at the Capillary Leak: - Gas flow through

the capillary leak is viscous, £#nd no isotopic fractionetion is to be
expecteds In this investigetion, it was found that there wee no chunge
in the measured isotopic abundances even after the gas had been pessing
through the leak for seventy-two hours.

{(vi) Purity of Semples: = The sumples were purified by repested vatuum

distilletions. The elmost complete absence of masses, other than those
arising from COp, in the spectrograms wes evidence of the purity of the
samples,

(vii) Conteminetion by Residuelss - Fxcept for mass 18 (Hy0) &nd

mess 28 (Np), there were no residual foreign iomns in the spectrometer
tube in the mess range 10 to 100. Thus there was no evidence of con-

taminetion of the samples- by residual geses in the mess speotrométer.
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9« The Lecarboxylation of Anthranilic Acid

‘The method used to determine the €18 isotope effect in the
decarboxylation of enthranilic scid was the same, in prineiple, &8 that
used to determine the cl4 isotope effect in ester hydrolysis. Fssentially,
the 613 concentration in the carbon dioxide produced during pertial
dacarboxylation of a sample of anthranilic zcid was compared with the
013 concentration in the carbon dioxide produced by complete decerbox-

ylation of & sample of the acide A mass spectrome%er was used to messure

the relative abundences of ClZ and €13 in the carbon dioxide samples.

as Thermal Decarboxylation
Pawlewski (53) found thet anthrenilic soid decarboxylated on
being heated above its melting point to give uniline and cafbon dioxide.
Since anthrenilic acid sublimes Qery readily, and since the car=-
bon dioxide produced in the decarboxylation was required for mass
spectrometer anelysis, the method adopted for thermal decomposition
rwas as follows: In a typical runm, 60 to 150 mg. of acid was placed
in tube A, approximately 40 mle in volume. The tube was fhen attached
to e high=vacuum line es shown in Figure 2. Stopcock a wes provided
with a pressure fitting end the éround joint wes fitted with springs.
(Dow-dorning silicone,high-vacuum_grease was used in éhe stopcock and
the ground joint, since the apparatus wes to be hested in an oven).
The tube was evacuated to e pressure of 10™° cm.’ of Hé, stopcock &
vas closed, end the assembly was then removed from the vacuum line
Aand placed for a predetermined time in an oven ragulated at a desired

temperature. After removel from the oven and cooling, the assembly
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was returned to the vaecuum line and the connection above stopcock &
evacuated. Then, with a cellosolve=-dry ice bath around A to retain
the aniline produced, the carbon dioxide was transferred to tube C
by cooling the latter in liquid nitrogen. Further purifiéation of
the carbon dioxide was effected by distilling it from C at cellosolve=
dry ice temperature into either B or D at liquid nitrogen temperature.
In the experiments in which time and temperature éonditions for
approximately 10 per cent decomposition and for complete de;omposition
were being determined, the carbon dioxide was frozen in B. This tube
waa then transferred to another apparatus where the carbon dioxide was
slowly awept through a semi-micro combustion type absorption tube
filled with aescarite, using cerbon dioxide=free hydrogen as sweep gas.
In the experiments where the carbon dioxide was desired for
mass speotrometer asnalysis, it was frozem in tube De This tube, and
e section of the line connecting it to a capillary bore manometer, were
previously calibrated so that pressures could be converted into mge of
carbon dioxide. The carbon dioxide was allowed to warm to room tempera=-
ture and the temperature and menometer reading were noted. The carbon
dioxide wes then frozem in an evecuated 50 ml. flask containing 5 ml.
of frozen, degassed, carbon dioxidé~free distilled water. The flask
was isolated from the vacuum line &and the carbon dioxide and water
were allowed to equilibrate overnight st room temperature to ensure
thet ell samples of carbon diexide had the same oxygen isotopic content.
The carbon dioxide was then distilled between cellosolve~dry ieé and
liquid nitrogen temperatures, dried over phosPhorus pentoxide, and then

condensed into semple tubes for mess spectrometer analysis.
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be Aqueous Lecerboxylation

Hciaster and Shriner (44) found thet anthraniiic acid decer=-
bexylated in boiling water. TUnder the conditions of gheir experimsnts,
in which e solution of the acid wes zllowed to boil in an open flask, the
decomposition wes found to be first order by thasg authors.

The spparatus used to investisate the kinetics of the aquecus
decarboxyletion under the conditions used here is shown schemetically
in Figure &. A one grem saauple of snthranilic scid was pleced in the
flesr and 70 ml. of carbon dioxide-{ree water were sddeds The system
was swept with hydrogen until carbon dioxide-free. 'The flask and con=
tents were then heated to hoiling end kept at & gentle boil while,a‘slow{

stream of hydr.zen swept out the carbon dioxide produecde The sulphuric

5
scid trap removed any sniline wﬁich passed the condenser, and the acid
trap and caiciunm chloride U=tube removed weter. The absérption tuces
were weighed alternately efter verious time intervals to determine the
carbon dicxide produced.

For the runs in which the carbon dioxide was required for mass
spectrometer analysis, the sbeorption tubes were replaced by tube B,
shown in Figure 2, which was su~-ounded by liquid nitrogen. Tube B,
thus cool:d, was shown to be efficient for condensing swell guantities
of ~arbon dioxide from & hydrogen stream by slowly generafing known
quantities of carbon dioxide in the line at the flesk position and
measuring the emount collected in tube D either in the calibrated
volume of the vacuum line or Ly &bsorption in asesrites. The carbon

dioxide samples collscted fronm the runs for mess spectrometer analyses

ware measured in the calibrated volume of the vacuum line und then



treatsd in the seme way vs samples obtained from the thermal decarboxye
lations.  Ouly samnples of carbon dioxide from pertisl decarboxylstions
vere required and obtained from the aqueous runs for mess spectrometer

analyscs.

c. Acid=lstelyzed fqueous Tecarbhoxylation
" It wes found that the decarboxylation of aathranilic scid was

catalyzed by the addition of smull emounts of mineral wecide The kinstics

of this reaction were studied over & range of mineral scid concentration
and & ssuple of carbon diozide produced during partiael decarboxylation

of anthranilic escid in sulphuric acid was snalyzed with the mess syece
trometer. The methods used were the suzme 3 those desorihed lor the sgueous
experiments excepl thal various concentrations of sulphuric scid from 0.25 W

Go & 'l were used instead of distillied watere

de Dodium Anthranilafe

An equivalent amount of 0.1 ¥ sodium hydroxide solution wes sadded
to & one pram sample of anthranilic acid, end the volume wes made up to
70 mle with distilled weter. This solution was placed in the flask used
for the other ag.eous runs. Thé aéppuratus was modified by the addition
of a pround=-glauss Y comnection between the condenser cvnd the flask. 4
separatory funnel was pleced in one erm of the Y connection and the con-
denser in the other erms After two hours of boiling, the solution wes
cooled and dilute sulphuric acid was adted through the sepsratory funael,
Sufficient time was slliowed for any carbon dicxide produced to be swept
through the system and the ascarite tuhe wes then weighed. Ho incresse

in weizht was found.



Figure h. Apparatus for decarboxylation
of mesitoic acid
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10. The Decarboxyletion of Mesitoic Acid-Carboxyl-Gla.014

The cecarboxylztion of mesitoic acid in concentrated solutions of
sulphuric acid waes recently studisd by Schubert (65) for the purpose of

determining the reection mechenisme Bothner-By end Bigeleisen (12) more

- recently measured the ¢18 isotope effect in the same reaction.

e. 'Pertial Pecarboxylation

The &pp&raius used for decerboxylation of the mesitoic scid is
shown in Figures 4 and 2, The 100 ml. reaction flask, E in Figure 4,
wes fitted with ¢ thrée-wny étd;cock,‘g} to :which wes attached a delivery
funnel, Ge Stopcock F was stteched to a leagth of rubber pressure tuﬂing
through e ground glass joint, He The other ond of the pressure tubing
wes attached to & cold trap, Jeo The trep wes atteched to the high=-
vacuum.maﬂﬁfold, shown in Figure 2, through the ground glass joint, K,
and was placed in the position occupied by tube Ae The trap was surrounded
by a cellosolve=dry ice bath. Turing reaction, the resction flask was
held in a Burrell "frist Action Sheker", so arranged that the flssk could
bézcontinuously shaken in a hot water bath. ‘The beth was mechanically
stirred and was heated by a Fisher "Automerse" heater. The flask joint
and stopcock F were lubricated with Tow~Corrning high vacuum silicone
greasey since hydrocarbon greéses were attaoked by the cogcéntrated
sulphuric aéid used. ’

4 semple of mesitoic eceoid, weighing epproximetely 200 mg., was
sccurately seighed into the reaction fleske The f{lask, stopcock F,
and funnel C were evacuetzd to 1073 mm. pressure, &nd stopcock F was

closed., Cluring this evacuation, the flask was not placed in the hot
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water bath because the mesitoic scid tended to sublime. After evacuation,
the flesk was pisced in the bath which was meinteined st 60 ¥ 0.5%. &
52 ml. sauple of 52.2 par cent sulphuric acid was pluced in a flask gimi-
lar to F and was counected to & vecuum pump through e ground gless joint,
& length of rubher prussure tuhing, and & cold trap. The flask, cone
teining the sulphuric ecid, wes placed in the hot waber hath and was
rently shaken while it was cerefully evecusted and pumped on for about
10 mianutes. If the sulphuric acid was not treated in this wa», & smull
vblume of nui=conuensable zos was produced during the decsrboxyletion of
the mwesitoic acid. <hen the sulphuric scid h.d resched the buth ten-
perature, the stop=-cock &ttached to the cap on funzel E_was opened &nd the
cap was removed., The sulphuric acid wss transferred to the funuel and
was cerefully run into the reesction flesk leaving 2 ml. of sulphuric acid
in the fumnel., The sheker was sturted and the time noteds The system
to the rizht of stopcock T was evacuatod to 1078 mns &nd was then isoleted
from the pumps befors stopcock F wes opened.

In preliminery duany runs, liquid nitrogen was placed around tube
I, shown in Figure 2. Stopcock F wes clcsed et verious time intervels,
&nd the cerhon dioxide which had collected in tube D was &llowed to expand
into the cualibreted vclume of the vacw m system for messurement. The gas
was then re-frozen into T, end stopcock F end the iselating stopcock on
the menifold were‘upened aguine Hore cerbon dioxide was allowed to collect
and the messurement was repsated, These runs gave the desired informstion
on the resction rate.

In the runs in which the cerbon dioxide produced was anslyzed in

the mess spectromster, licuid nitrogen was placed around tube C, shown in
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Figure 2. After six minutes shaking tiwme, the sheker was.stopped, stopcock
F end the stopcock 6n tha cutlet side of trup J were closed. The carbon
dioxide which had collected in tube E_w&s slqwly sublimed into tube Zlby
plecing & cellosclve-dry ice bath wround C and a liquid nitrogen bath around
Te The isolating stopcock on the vecuum manifold hetwsen C &nd D was closed
and the carbon dioxide was sllowed to expand into the calibratcd volume.
The menomebter reading and temperature were noted and the gas was then re;
frozen into Ds  The caerbon dioxide was then sublimed intc & 50 ml.
equilibration flesk which now replaced tube E, using cellosolve=dry ice

and liquid nitrozen heths. The evacuated equilibration flask contained

5 mle of f;oéen, degessed, carbon dicvxide-free weter. The carbon dioxide
aad weter were sllowed to équilibraﬁe overnighte A 100 ml., flask con=
taining phosshorus pentoxide spread on the bottom, and which had & simall
inverted L=-shaped side srm, was connected to the vecuum m&nifold.;nd »
evecusted. The water in the equilibration flesk was then frozen using

& cellosslve~dry icae bath, &nd the cerbon dioxide was condensed into the
side erm of the drying flask by cooling the cide urm with liquid nitrogen.
The equilibration flrsk was isoleted by turning its stop-cock, the water
was allowed to thaw end was then re-frozen. Any carbon dioxide released

in this pro~ess wus then frozen into the drying flask. The stop=-cock on
the drying flask was closed &ﬁd the carbon dioxide was sllowed to expand.
The carbon dioxide wus &llowed to stend over the phosphorus pentoxide for

about one helf hour and was then condensed into & sample tube for mess

spectrometer analysis.

be Complete Tecsrboxylaticn

Attempte to completely decarboxylete samples of mesitoic acid
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at 60°C yielded only 89 to 93 per cent of the expected carbon dioxide in

dummy runs. Runs made at 99 2 0.59C gave more complete decarboxylation,

8o that this higher temperature was used to obtain carbon dioxide ssmples
corresponding to almost total decarboxylstion.

The procedure followed was the same as for the partial‘decar-
boxyletion runs at 60°C except for the following modifications: A smaller
sample of mesitoic mcid, &pproximately lOO‘mg., was used. The sulphuric
acid was not prewarmed to the water beth temperature, which wés 99 & 0.5°C,
but only to sbout 60°C in an auxiliary bath, while being sheken nd ex-
hausted. The reaction flssk was not slaced in the hot water bath until
after the sulphuric scid hed been added.

The reection was over 90 per eent complete in thirty minutes and
ceased after sbout three hours, by which time 58 to 99 per cent of the
theoretical yield of carbon dioxide hed been produceds The carbon
dioxide obtained was then purified, equilibrated, and put into sample'
tubss f'or mass spectrometer analysis as described for the partial

decarboxylation runs.



IV RESULTS AND DISCUSSION

‘1. Reletive Reaction Pate Fquetion

H

In & study of the effect which substitution of C1° and ¢4
for 012 has on the reection rate of a compound, one may consider the
613 compound. or Cl4 compound, end the normal 012 compouﬁd es two
séparate substances reacting simultaneously, in the same reaction vessel
: and under the same conditions, at slightly different retes.

Consider a general unidirectional reaction
G+B+D+....-£->_?5+N+....
Cle B 4D 4 sees -.kjy U P
where ¢ is the 012 compound in which substitution of a hsavy carbon
‘is to be studied end ¢! is the ¢1% or cl4 compound. The rate constunts
for the two reactions are k and ki,
Let ¢ and ¢l te the initial concentrations of the 012 aend 013
_or el compounds, respectively, in moles per litre.

Let b, d, ete. be the ianitisl éoncentrationg of the cther resctants.

Let x and x! be the moles per litre of C and ¢! which heve rescted
in time t.

Let y, 2, etc. be the moles per litre of B, D, etec. which have
"reacted in time t.

" The concentretions of the various species &t time € ares

(e = x), (el - x1), (b -y), (d - 2), etc. moles per litre.

Then, 9% = k(c = x)(b = y)(d = 2) 660 s o o « o « « o o «{17)
dt 3 r

1 ' | |
end .d..x.... = kl (01~x1)(b - y) (d - 2) etCs ¢ 4 o ¢ o 0 s s s (18)
dt



<
[2a]

Dividing equation (17) by equation (18),

dx/dt . ke = x)(b - y)(d = 3) 4ae
dxt/at ket = k)b - )8 = 2) see

kic = x) .
"‘1"—”"1‘—“"_‘3."'” ¢ ®» 8 © © © ® 6 e & P & ¢ & 0 O e (19}
K (e” = x

)

Integrating equation (19),

C=X
ﬁwouooooooanooeca-;-(gg)

1l
le n S _
(elexl)

hJH‘

It is seen that the seme egquation results, whatever the overall
kinetic order of the reaction, provided it is first order with respect
to compound C.

Let cl/e = a and zl/& =al, and let al/a = r

1

Then ¢* = ac, and xl = alx = arx

If the reaction considercd is ellowed to proceed until x/c = F,

1

then substituting cf for x, aref for xl, and sc for ¢ in equation (20),

[

k=1 ok 1
n (6c = wcrl) LIT=FF)

1n(l - f)
1n(l - rf)

in ° in
ET (¢ = cf) - (1 t)

[

L] L ) o o e o (<] o @ o e o o o (-4 L] o L] a o c (21)

As defined, f is not readily determined experimentally. In the

ester hydrolyses, the concentration of clé

used was cxtremely small so that
(x + x1)/(c + el), which was actually measured, is almost the same &s
x/c, and £ ie thus very closely aproximsted by the value for the fraction

of ester hydrolvzed.
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In the anthranilic ecid and nesitoic aeid decarboxylations, the

15 14

C concentration, and in the latter acid, the C concentretion, was
close to 1 per cent. Ho%ever, even in thsese experiments, the uncertainty
in the measu}ement of (x + x1)/(c + el), tge fraction of compound reected,
was certainly grester than any error which would be introduced by con-
sidering f to be egual to (x + xl)/(c + cl), insteed of x/c. The ratio
k/kl, Y] determiged by equetion (21) is, in any case, not very sensitive
to small erroréji; f, provided f is not much greater than 0.5. In Ehese
experiments, f‘was never greater than 0.2.

The radioactivity meesurements give values which are directly

proportional’ to x%/(x + x1) and el/Kc + ¢l), and in the ratio

1
( x 1) //( ¢ T, * the prorortionslity constant cencels out.
X + X e +ce) :

Since x1¢¢ x and el { e, the errors introduced if x1/(x + x1) end
el/(c + 1) are consiéared to be equal to x1/x and el/c, are negligible.
Fence r cen bhe considered to be the retio of the specific ectivity of

a reacted fraction of & semple of compound to the specific aetivity of
the initiel sterting meterisl, both being expressed as counts per
microméleg ’

The mess spectrometer snalyses givevvalues for x'/x and et/c
directly, and r is thus the retio of the respective relative abundances
of hesvy to light carbon ctoms in & reacted {raction and in the initiul
materisl.

Fquation (21) may thus be used to express the cld or cl4 isotope
effect in terms of relative reaction rates, where g is the fraction
of the compound reacted, and r is either the ratio of the relative

sbundances of the isotopes in the reacted fraction and the initial
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materiai, or the ratic of the specific sctivities of the rescted fraction

and the initisl materisl.

2. #Alksline lydrolysis of Tthyl Benzoute-CHrboxyl-cl4
The alkeline hyérolysis of ethyl benzoste is ulmost certainly
& bimolecular, Sa, replacemeht resction. Tewar, in his book "The
Flectronic Theory of Crgzanic Chemistry" (Oxford University Press,

Lnen fouse, London Y.Ce 4, Fnglend, 1949) formulstes such hydrolyses es:

[}
(o]
(o}

M~ 4+ C = OR —>» HO::.C::;0R—>»10 = C + OR
l, I, !,
R P R

. .
In this perticular hydrolysis, R and R cre phenyl end cthyl groups,

respeoctively. 1In the trensition stete, the alkoxyl and hydroxyl groups
sre linked tpfthe central carbon by pertisal double bonds. Otherwise,

e reactioﬁ resembles & normal Sp replecement reection. The resction
rate is givcr by the equation v s k{ester) x (01" ). TFquation (21) may
therafuré he used to culculete the 614 isotope effecﬁ ox the roeection
rates of the hydrolyeis, using the exjerimentslly determined véluss of the
ffaﬁﬁion of cater hydrolyzed snd the retio of the specific activities

for [ snad.r, resnmcetively.

The enalytical deta for the slkeline hydrolysis of ethyl benzoate=
carboxyl-éléare siven in Teble T. The two experiments 1 F.Bs and 2 F.Be
wers done shout two yveaers epart, end with different lebeled ester, The
technique used te determine the extent of hydrolysis, imposed by the
rapidity of the hydrolysis, could hardly be expected to give very

accurszte resulis. The velues for per:zentage hydrolysis may therefore
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be in error by & considerable smount. Fortunately, the equetion for the
reletive resction rate ratic is not very sensitive to relatively larpge
errors in the value for the extent of resction. If the actual extent of
reaction were less than the experimentel velue, the celculated isotope

effect would be smaller, and vice verssa.

TABLE X

AALYTTCAL DATA = ALRALINF TYLROLYSIS
OF FTHYI, BENZOATR=CARBOXYL-C14
(Room Temperature,~22°C)

Hydrolysis |imount of Benzole fcid pA
Fxperiment Time Produced (p moles/ml.) | Hydrolyvsis
Total hydrolysis, 1 F.T. 1 week 98.0 100
Partial hydrolysis, 1 FeBe 2 nine 9.9 | 1001
Totel hydrolysis, 2 T.B. 1 week 3540 100
Partisl hydrolysis, 2 FebBe 1.5 min, Sa4 o7

The observetions and caloulations for a typical radiocectivity

measurement are shown in Table IY..
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TABLE II

TYPICAL RADIOACTIVITY MEASURFMENT

Tertiary butyl benzoate-carboxyl-cl4
Total hydrolysis, alkaline
Volumetric flask Ho. 83

72

PR

- 1360 4+ 5

Titre: 3.27 mls of 0.0408 N NaOH = 133.6 p moles/25 mle
= 0.0651 mge/100A = 0.534¢ p moles/100 A
Counting Sample Counting Scaler Counts
- Disc Volume (A) Time (min. ) (Scale of 64) per 10 min.
Background 2 3 + 12 1020
Standard 2 122 + 40
83=1 100 10 125 + 0 8000
83=2 100 10 128 + 22 8214
83=3 100 10 129 + © 8256
83=4 100 10 131 + 12 8396
Background 2 3+ 5 985
83=~5 100 10 129 + 21 8277
836 100 10 126 « © 8064
83=7 100 10 129 + 12 8268
83-1 100 10 127 + 57 8185
83-8 100 10 131 + 23 8407
Stendard 2 123 « 12
Background 2 3+ 7 995
Counting Counts Devietion Deviation?
Disc per 10 min.
83~1 (Respread) 8,185 -77 5,929
83-2 8,214 =48 2,304
83=3 8,256 ] 36
83=4 8,396 +134 17,956
83=5 8,277 +15 225
- 83«6 (average) 8,236 =26 678
83=7 8,268 +6 36
Total 57,882 27,162
Average 8,262
Stendard deviation of mean value :7’122 = 4+
x
Background 1,000 counts/10 min. (higher than usual)
- 8262 = 1000 1360
. » 10 x 0.534 ~ 7262



- The 014 isotope effect results for alkaline hydrolysis of ethyi
henzoate--oarboxyl-cl4 are giveb in Table IIT. The two values obtained
for klZ/klé are not in particularly good agreement, but do overiap.
Bigeleisen snd Allen (7) give & formula for the fractional error in
the reaction raté raetio as & function of [ and r, end the errors in

£ and r:

[a/e-] [E/Q-r)] fa-r) + a-r) J[(/ ““fﬁﬂ; I

[k1/ke-4 In [1 + (=r)e/(-r)] (1-)1n(1-r)

The symbol dr refers to an error in the term which follows. As these
authors have pointed out, an error of 2 per cent in the relative specific
activities leads to a 30 per cent error in ﬁhe reaction rate ratio.
It is unfortunate that the specific sctivities of clé sompounds can
not be more accurately determined, but the fact remsins thet as accuracy
of about % 2 per cent is the best that can be expected at present.

The lower of the two values for the reaction rate ratio found
for thi; ester hydrolysis does not seem to be out of line with the
majority of the 814 iSOtOpe effects which have been measured. The
first velue found seoms to be somewhet highe However, Fry and Calvin's
(29) velues for the intramolecular cl4 isctope effect in the decar-
boxylation of phenyl—malonic scid are 1,097 at 163°C and 1.132 at
72.89C. The isotope effect st 20° to 25°C would presumably be

larger.



TABLE III

¢1% 1SOTOPE EFFECT IN ALKALINE HYDROLYSIS OF ETHYL BENZOATE=CARBOXYL-C14

S

Fraction of Ester Conocentration of Counts/100 A| Counts Retio of
Experiment | Hydrolyzed = f Bengoic Acid (p moles/100)) /min. /p mole/min. | Activities = r k12/kl4
1 FoBe 1.0 0.708 807 1 4 1141 2 6
1 F.B. 1.0 1,405 1611 3 8 1145 3 6
1 EeB. 0.101 0.594 595 3 3 1002 + 6 | 0878 2 0,016 11,146 & 0.017
1 E.B. 0,101 1.185 1192 4 6 1008 3 6 |
- 2 E.Be 1.0 0.490 5,326 3 54 | 10,870 3 80
2 EuB. 0,097 0,491 4.810 347 | 9,820 3 95| 0090 # 0,02  11.114 4 0.021

17



¢ icid und Alkeline Hydrolysis of Tertiery Butyl
Benzoate—Carboxyl-Cl4
The mechénism,fogracid hydrolysis of primary snd secondary esters
is not quite so clearly defined as is the mechenism for alkeline hydrolysis
of these esters. However, all availeble evidence indicatés thet acyl
oxygen bond rupture occurs when these esters hydrolyze in acid solution.
Final proof of this fact was obtained by Datta, Day, and Ingcold (22)
who found that ecidecatelyzed hydrolysis of methyl hydrogen succinete
in water enriched in 018 gives methanol free from excess 018, siace
the qpyl oxygen bond rupture is considered to be the rate controlling
step in the reaction, the mechanism for acid-catalyzed hydrolysis of
primary and seéondary estors is basically very similar to the mechanism
for elkeline hydrolysis of these esters. Cchen end Schaeider (20) have
obtained cvidence thet the mechanism of acid=cetalyzed hydrolysis of
tertiary butyl benzoaste is different, however, &nd involves elkyl
oxyzen bond rupture. Alkeline hydrolysis of this ester, on the other
hend, was found to be normal and to involve szcyl oxygen boad rupbure.
The same bond ruptures in both acid-catalyzed and alkaline.

hydrelysis of en ester such as ethyl bénzoate end, in esch case, the
cleavage appears to be rate controllings Since a 014'isotope effect

we s found.in alkaline hydrolysis of ethyl benzoate-carboxyl—cl4, it

was reasonable to expect that an isotope effect would be found in scid
‘hydrolysis of thé samsiester. feid hycrolysis of ethyl-benzoste-car-
boxyl-cl4‘was investigated, neverthéless, to moke certein that san
isotope effect did occur in the reaction, as expected. On the basis

of the work done by Cohen asnd Schneider, it could be expected that no
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isotope effect woi:1d oceur during acid hydrolysis of

tertiary hutyl benzoate~cle, since the isotopic atoms would not be

dibectly involved in the resction. On the other hand, a ¢l isotope

eff'ect would be expected to occur in e lkaline hydrolysis of the same

material, since the isotopic atoms would be directly involved in the

reaction.

The results obtained for the CIQisotupe effects in acid and

alkeline hydrolysis of tertiary butyl benzoate-&arbokyl~cl4, and in

acid hydrolysis of ethyl benzoaté-carboxyl~cl4. were very nearly &s

expected. The analytical informetion for the three different hydrolyses

is given in Tehbles IV, ¥, and V1.

The radioactivity meesursements snd

caloulated c1% isotope effects ere given in Tables VII, VIII and IX.

TABLE IV

ANALYTICAL DATA = ACID HYDROLYSIS
OF BTHYL BEYZOATE-CARBOXYL~C14
(58.5° % 0.5°C)

I

o — —
—_— = —

Hydrolysis |Amount of Benzoic Acid %
Fxperiment Time Produced (p moles/ml.)|Hdydrolysis
Totel hydrolysis, 3 FeBe 8 days 34.8 100
Partial hydrolysis, 5 FeBe| 135 hrs. 2.86 11.1
Totel hydrolysis, & F.Be 8 days 34.0 1c0
Partial|hydrolysis, 4 FaB«| 13.5 hra. 3,98 11.7
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TABLE V

AVALYTICAL DATA ~ ALKALIYE HYDROLYSIS
OF TERTIARY BUTYL BENZOATE~CARBOXYL=-Cl4
(Room Tempersture, ~~ 22°C)

— ——

|

Hydrolysis | Amount of Benszoic Acid %
Experiment Time Produced (p moles/ml.) | Hydrolysis
Total hydrolysis, 1 TeBeBe 12 deys 28.1 100 -
Partial hydrolysis, 1 TeBeBe 7 hrs. de12 1l.1
Total hydrolysis, 2 T.B.Be 11 deys 28.1 100
Partiel hydrolyeis, 2 TeBeB. 7 hrs. 2.75 9.8
TABLE VI
ABALYTICAL DATA - ACID HYPROLYSIS
OF TPRTTARY BUTYL BFNZOATE-CARBOXYL-Cl4
(Room Temperature,~22°C)
Hydrolysis Amount of Benzoic Acid
Fxperiment Time Produced (p moles/ml,) | fAydrolysis
Total hydrolysis, 3 T.RB.H. 13 days(alkeline) 2841 ( 100
Partisl hydrolysis, 3 TeHeBe 28 hra, 2.50 T 8.8
Total hydrolysis, 4 Te3eBe | 11 deys(slkaline) . 22,3 100
28 hrs. 1.83 ’8'2

Partial hydrolysis, 4 TeB.Be

Ld



TABLE VII

cl4 15070PE EFFECT IN ACID MYDROLYSIS OF ETHYL BENZOATE-CARBIXYL-C14

Fraction of Ester

Concentration of Benzoic

Counts,/100 A

Counts

Experiment | Wydrolvzed = f Acid (p moles/ml.) /min. /p mole/mine |Activities = r ¥12/%14
3 EoB. 1.0 0.581 6,221 4 55 | 10,710 g 95
3 F.R. 0.111 0,642 6,455 3 61 | 10,050 3 95 |0+988 20,017 |1.07 1 0.018
4 E.B. 1.0 0,599 6,382 3 48 | 10,630 3 80
4 Fofle 0.117 0.702 7,078 & 70 10,100 3 100 0.947 4 0,017 11,06 2 0.018

TABLE VIII

Clé ISOTOPE EFFECT IN ALKALINE HYDROLYSIS OF TERTIARY BUTYL BENZOATE-CARBOXYL-Cl4

Fraction of Ester |Concentration of Benzoic | Counts/100A Counits Ratio of
Experiment | 7lydrolyzed = £ Acid (p moles/ml.) /mine /}1 mole/min. - |Activities = r k12/k14
1 TeBeRe 1.0 0534 7’262 * 26 1,360 b d 3 0,938 + 0,008 1,072 + 0,007
1 ToaBeZe 0.111 0.5886 7,461 2 24 1.275 3 5 he -
2 TQB.BQ 1.0 00532 7,320 i- 31 1.378 _t é 0°909 0.007 1.106 0.008
2 TeReRs 0.098 0518 6,481 % 25 | 1,252 3 6 : s

8L



TABLE IX

¢4 1SOTOPE EFFRCT I ACID HYTCROLYSIS OF TERTIARY RUTYL BENZOATE=CARBOXYL-C14

Frection of Ester | Concentration c¢f Benzoic Counﬁs/iOOA Counts
Experiment Hydrolyxed = f Acid (p moles/ml.) /10 min. |/p mole/min.
& TeBeBe 0.088 06473 7,512 + 29 1,876 2 6
4 TePeBo 1.0 0.418 5,678 1+ 24 1,361 + 6
4 T.%eBe 0.082 0.353 4,776 + 23 1,355 + 6

64
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The k12/k14 ratios for acid hydrolysis of ethyl henzoatee-car-
onyl-cl4 are in fair agiaement. The ¢l4 isotope effect found in this
reaction is only slightly grester than one-half that found in the
alkeline hydrolysis of the same ester. fcid hydrolysia‘is reversible
to some extent, however, which may explein part of the dilference.

Some of the benzoic acid produced during partial hydrolysis mipght be
esterifried by the ethyl alcohol in the hydrolysis solution. In the
esterification, slthough it is possible that heavy benzoic acid could
have the greater rate conshant, it is more probasble that light benzoic
acid hes the greater rate constant. ¥Fsterilication would thus tend to
increase the amount of benzoio‘acid-carboxyl-cl4 present in the partially
hydrolyzed soluticn. The apparent C14 isotope effect in the hydrolysis
would then be smaller than the sctual isotopé effect. The other factor
which tends to make the C} isotope effect smsller in this scid hydroly=
ﬁis is thet the temperature was 58.5%¢, compared to room temperature

for the alkaline hydrolysis. Isotope effects in unidirectionel processes
become smeller es the temperature incresses. (29, 20, 60).

The agresment for the k12/k14 ratios obtained for slkaline
hydrolysis of tertiery hutyl benzoate-carbaxyl-cl4 is not goode. This
1s'somewhat surprising since the indicated precision of the specific
activity memsurements is rather bettsr then usual. However, there is
no doubt that an apprecieble cl4 isotope effect does occur in the
alkaline hydrolysis.

The agreement beﬁween the specific activities of the benzole
acid samples obtained from the acid hydrolys{e of tertiary butyl benzoate=-

earboxyl-cl4 experiments is quite good. From these specific activities,
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it i1s obvious that no appreciable 614 isoctope effect occurs in acid
hydrolysis of the tertiary butyl estere It is conceivable that the
esterification isotope effect discussed ahove could operate in this
reaction to such an eitent a8 to almost completely nullify’the hydrolysis
isotope effect. This possibility is not considered very likely, however,
since a significanﬁ isotope effect was observed in the acid-catalyzed
hydrolysis of ethyl benzoate-earboxyl-014 when it wés hydrolyzed to
approximately the same extent as the tertiary butyl ester.

The 014 isotope effects found in the acid and alkeline hydrolysis
of the two esters, taken together, are subatantiai evidence that the
mschanism for acid hydrolysis of tertiary butyl beﬁzoate involves an
alkyl oxygen bond clea#age as sugprested by Cohen and Schneidere. These
results may also be considered as evidence for the concept that sig-‘.
nificant isotope effecta occur when isotopic molecules react only if

" isotopic atoms sre directly invelved in the reactions
4. The Teoarboxylation of Anthranilie Acid

&. Thermal Decarboxylation

Some information on the rate of decarboxylation at three
different temperatures was obtained and is shown in Table X. . The
results agree ressonably well with thoseof Pawlewski (53). Although
the values lack precision, they indica?e that t%e reaction is first order
as shown in Figure 56, where ldg of per cent anthranilic ecid remeining
is plotted against time. Complete decarboxylation was never obtained

at the temperatures studied. Decarboxyletion does not appear to occur
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at temperatures below the melting point of the soid as is seen from Rﬁn

17.

bs Agueous Decarboxylation

The resulis of a stﬁdy of the kiﬁetics of the_aquéoua decar-
boxylation are glven in Tabio XI. A plot of log of per cent enthra= |
nilic acid remaining against time, giveﬂ in Figure 6,'shows that the
reaction is first order inifially. The reaction rate thqn deorgaseé
too repidly for the reaction to remsin first order. In view of the
results of the acid cétnlyzod and bage inhibited runs done later, it
is obvious tﬁat the build up of eniline in the reaction flask inhibits
the decerboxylation. Aniline build up probably accounts for the in-
completeness of thermal decarboxylation also. The rate oonétant,
calculated from the straight line portion of the curve, is close to

~ that reported by Mclaster and Shriner (4).

¢. Aqueous Acid-Catalyzed Decarboxyletion

The results of the acid catalyzed decarboxylations are given
in Teble XII. The reaction, in each case, is first order up to the
point where the experiment was stopped. The results for 1%, 2% and
oN sﬁlphuric acid solutions are plotted in Figﬁre 6s The values fog'
0.25, 0.5 and 0.75 ¥ lie so close to the values for 1 N that they

have no%t been shown in Figure 6.
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TABLE X

THFRMAL DRCARBOXYLATION OF ANTHRANILIC ACID

Run Temperature °C | Time in Yinutes | ¥ Decomposition
17 140 t & 80 0
32 20 70
33 156 *a 25 10.0
31 < 12.8
30 60 229
26 10 10.8
22 10 13.0
14 15 41.5
12 45 . 82.2

7 187 * 3 60 8945

8 60 9245

9 120 96.5

10 - 120 9445

11 150 95.5
Pewlewslki |. 150 60 2349
" 160 €0 4747

i 190 60 88,3

" 200 €60 06.2

TABLE X1

AQUEOﬁS DFCARBOXYLATION OF ANTYRAWILIC ACID

Rate Constant in hours L

Time in hours % Decomposition Present tork Mo¥Master & Shriner

2 5e2 0.0268 0.029
3 743 . 0.0257 0.025
4 Te6 0.0250 0.031
7 1544 0.0240 0.025
12 18.1 0.0165 ~

15 22.7 0.0172
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d. Mess Spectrometer Analyses

The reletive shundance of C1? end €% in the carboxyl group
of the anthr&nili? woid wees determined from mass spectrometer anelyses
of the CO, obtained from two thermel decarboxylations which were 96 end
98 per cent complete, respéetively‘ If an isotope effect occurred, this
value would leave some doubt s to the actual relative abundance of
013 and 012 in the carboxyl group, because of the incomplete decare
boxylaetion. This uncerteinty would leud to & smsll error in the
celoulation of the relative reaction rates of the €12 and ¢l%-car-
boxyl anthranilic scids. Thig difficulty did not erise, however, since
no significent isotope effect was observed in the reamctione. Samples of
gas from partiel thermml, partiel agueous, and partiel ascid-cetalyzed
decarboxylations were anelyzed to determine the Cl3 isotope effect.
The mege spectrometer results are given in Table XIIl. Sinoce there is
& probeble error of sbout 0.1 per cent in the individuel mass spesctrometer
enalyeses, the meximum difference of 0.5 per cent observed in the 013/012
retios indicates that eny isotope effect in this resction is &n order

of megnitude smaller than the effect found in ell decerboxyletions so

far reported, except the decerboxylation of barium adipate (13).



ACTID CATALYZED AQUEOUS DFCARBOXYLATION

TABLE XII

OF ANTHRANILIC ACID

5

Precision expressed in term of the standard deviation of the mean

Sulphuriec

Aeid % Decomposition at time Rate Constant
HOM11t‘y 1 hre 2 0nre 2,5 hre 3 hre 3¢5 hre 4 hre 4.5 hre 5 hre 6 hr. |in hran‘lﬂoz

0.25 12,32 | 22,62 37.34 45,76 55418 13,5

0.50 12.21 | 23.42 35.16 45,564 13,7

0.75 13.81 | 25.41 35.05 43,03 49,85 | 56446 14,1

1.0 12,93 | 84.27 35410 55,10 13.9

2.0 10.15 ] 19.82 28,63 37,63 : 11.6

3.0 8.45 19.82 25.80 344+65 8.8

TABLE XIII
¢1% 1SOTOPE EFFECT IN THE DECARBOXYLATION OF ANTHRANILIC ACID
.‘—————_—-—T—— » —— —_—
Decarboxylation Wt. Anthrenilic | Wt. CO, % ‘ : %
Expte No. Method Tenp.°C Acid (ge) (mge)“ | Decerboxylation 01502/31202 x 104

1A Thermal 197 + 4 0.05849 17.1 96 116.56 & 0.05
3a on 197 + 4 0.05000 15.7 o8 116433 3 0.05
BA " 156 5 4 0.15555 5446 69 1168465 2 0,05
24 " 156 2 4 0415976 646 13 117.14 g 0.056
64 _ " 156 + 4 0.15115 4.8 10 116,26 g 0,06
74 Aqueous 100 050141 16.2 10 116,256 2 0406
84 Acid=-Catalyzed '

, Aquwuﬁz 100 0.50584 1644 10 116471  0.04

Standerd ' 120456



e. Discussion of the Mechanism of Anthranilic Acid Decarboxylation
Froﬁ the discussion of the theofy of isotope effects in uni=

directional reactions, it will be apprecieted that if a certain bond
rupture is the reate determining step in & reaction and if isotopic
atoms are directly involved in the bond rupturing, then an isotope
 effect is expected to occur in the reaction. On this basis, when an
ecid decarboxylstes by glunimolacular mechanism, there shﬁuld be an
isctope effect. For example, an isotope effect hes been ébeerved in
the decarboxylation of trichloracetic acid (7) which ia-known‘to de~
compose by 8 unimolecular process., The fact that there is no observed
isotope effect in the decarbogylation of anthranilic acid is evidence
that the mechanism is not unimoléculér.

) In 1948, Schenkel and Schenkel-Rudin (63) suggested thet saome
organic acids are decarboxylated by a bimolecular electrophilic
substitution mechanism (332). Since then, several examples of Sp2
mechaniems have been found (17; 37, 88)e The moid catalysis and

bage inhibition ob&erved in the decarboxylation of anthranilic secid
indioate that the reaction requires hydrogen ions end is bimolecular,
However, an isotope effect has been observed in the decompositidn of
mesitoic acid (12) which has been shown to decompose by a bimolecular
prcdeas (65)s In the mﬁgitoie decarboxylation, the carbonwocarbon bond
cleavage must be the rate controlling step to account for the isotope

effect, The mechanism proposed by Schubert (65),

CHJ . CHs OH w1,
CH, CH,
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oH
/ +
H ,c=0. CHy ,OH
s ~ +
C"a" H —> K “H + €+ H.0
s Pl \

—— C Hy (), + Hlo + co,

‘does satisfy this condition. It is assumed that the formetion of the
protoneted acid, or the solveted ion, is reversible, with & low actie
vation energy, and that the carbonecarbon bond cleavage is rate con-
trolling.
For the anthranilic acid decarboxylations, two possible points
of stteck by the proton should he considered. The attack may be on a
cerboxyl oxygen, as proposed for mesitoic acid, or the sttack may be
on the a carbon as hes been sugrested by Brown eand co-workers for the
vdecgrboxylation of o~hydroxybenzoic acid (17). Also, several spscies
of anthranilic acid must be considered. Bjerrum (11) hes shown that
un~ionized WHpCgHyCOpH molecules exist in solution to a considerable
extent as weli as the zwitterions HH5*CGR4002'5 Two ionic forms,
- HHyz*CgH4COpMl and NHpCgHCO2™, also exist, their amounts depending on
the hydrogen ion concentration.
| .There are four equilibria, mutually dependent:
(1) HHp+ReCO,H 5 Ny ReCO,"+ E*

(11) FHg*eReCOpH %5 WHp+ReCO,H + H*

(111) HHg*sReCOpH <5 NHz-ReCO,™ + H*

(iv) WHy  RCO,*H <= NHg *RCO,”

(where R = CgHy)

87
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If we use square brackets te indicete concentrations, then [HHé-E-COéi]

x [Hf] = Ky [ﬁﬂé*ﬁ-caaé]. Because WHpCgHuCOoH is a weak acid,

[:Nﬂa.p.cozﬁ} will be very nearly constant, and [%agacozf] X

[-H* E?K;. The decarboxylation rate will be given by the expression,

rate = K [A*] [organic acid species]. Thus, if the ion NHRCO;™ 1s the

reactant, the resction rate should remsin prectically constant ss the

mineral acid concentration is changede Since the rate inereases as

the sulphurie acid concentration increases up to about one normsl,

this species is not likely the reactamt. From (i1), [Wiiy*Re0,H] = i,

[;Ef]., The reaction rate should thus vary elmost directly as the square

of the sulghurie acid concentration, and certainly never decrease, if

mﬁs4ﬁcoza is the remctent. Since the reaction rate deecrcases when

the sulphurie aclid concentration increases sbove 1 i, this species

is also almost ecertsinly elimineted as the reactant.

With eithar the neutral molecule or the zwitterion us reactent,
the acidwcatalyzed runms sro explicable. At low mineral scid concen=
trations, the inerease im hydrogen ion concentration, ccused by en
addition of mineral acid, is relstively greuter then the decrease in
either zwitterion or neutrzl molscule concentretion resulting from the
addition of the minsrel eeides The reection rete is thus increased by
smell additions of mineral acid. However, when the hydrogen ion coun=-
centration approsches that of the anthranilic scid, reaction (iii)
becomes important. NHz*sReCOgH is & reletively strong acid due to the
inductive effect of the Kﬂa* groups The concentration of magla.coza,
therefore, will become appreciable only at high hydroéen fon concen-

trations, where the concentration of the zwitterion m53+~ﬁ-coz' » and
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cénsequently of the WHp*ReCOpH 1in equilibrium with it, sre both de--
creased Bj reaction (iii). At the sane time, hydrogen ions are with-
drawn from the solution by resction (iii). It is thus quite conceivable
that due to removel of Wiz*sReCOp™ and HHp*ReCOpH and & corresponding
number of\hydrogen ions by the seme reaction, the resction raﬁe could
decrease with increasing mineral acid addition at some high mineral acid
concentration. Hence the'reaotion rate first increasea, énd then de=
creases, &8 the sulphuric acid concentretion is increased. The acid~
catalyzed runs are of no help, however, in deciding between the neutral
molecule and the switterion, eince the raetic of their concentrations
should be practically insensitive to hydrogen ion eoncentrations

| The possible resction mechanisms to be‘considered then, arei
(a) proton attack on the éxygan of the neutral molecule, (b) proton
attack on the a carbcn_of the neutral molecule, (c) proton attack on
the oxygen of the zwitterion,‘(d) proton attack on the a carbon of the
gwitterion. Obviously, single proton atteck on the oxygen of the
sﬁitterion would not leed to deéarhoxylation, 80 path (g) is elininated.

It is dirfioult to decide in favour of (a), (b), or (d), as

the deteiled mechsnisme If the reaction goes by mechenism (a) or (b),
inﬁolving the neutral molecule, one might expect p-aminobenzoic acid to
react faster than enthranilic, since the retio of neutral molecules to
zwitterions 1s greater in p-eaminobenzoic than in anthranilic acid solu-
tions (11). However, the rate for p-aminobenzoic is only ebout one half
_the rate for anthranilic acid (44). Thue, on this besis, (d) would Seem

to be the preferred mechanism.
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In en attack by & proton on the oxygen, mechenism (a),

0 + OH on
ct c/ ¢/
/ “oH ' 7/ od 7 “ox

+ gt = [::] ) Smmmar d
\ N\, N
iy i Ty

the bond between the ring carbon and cafboxyl carbon would tend to
increése in double bond cheracter, and hence in bond strength, through
the elsctromeric effect of the o-amino group cs shown. A high
activation energy should then be required for the carbonecarbon bond
rupbure end the cleavage could reasonably be expected to be rate
controlling. Mechanism (&) would therefore be likely to show &n
isotope effects In the mesitoic aecid case, steric hindrance tends to
prevent the nlanar configuration necessary {'or resonsnce interaction of
the protonated carboxyl group and the ring, thus lowering the sctivation
encrgy for bond rupture and fevouring this mechanisme. UHut even therc,
the activation energy must be sufficicatly high so that the.carbonw
carbon bond ruture is rate controlling snd sn isotope effect resulis.
Thus mechanism (&) is discounted because no isotope effect is obtained
with snthranilic acide

In the neutral moleeule, thér@ is & high electron density
eveilable at the ¢ carbon because of the mesomeric effect of the ortho
amino proups This is not true in the zwitterion where the inductive
effects of the NHS* and cog' groups probebly belence each other fairly
closely, end no mesomsric effect is present. Thus the atiteck of a

proton on the ¢ carbon of the zwitterion, mechanism (d), should regquire



a‘higher activation energy then a similer attack on the neutral molecule.

It is Inown that many acids decarboxylate ss zwitterions by & unimolecular

proceés (16, 25, 62, 64)., The actifation energy for carbon-carbon bond

_ rupture in the zwitterion is thus normally less than thet required in

the neutral moleculé. Mechanism (b) would be mﬁch more likely to show

an isotope effect than (d) on this basis, since (b) would require a

lower activation energy for proton attack end e higher a?tivation energy

for carbon=carbon bond rupture than (d). |
If it is postuleted that the mechanisﬁ f;r the decaerboxylaticn

is (d), that is, a frontside etteck of a proton on the c carbon of

the gwitterion, requiring e high sctivation energy and being rate

eéntrolling, followed by rapid cerbon-carbon bond rupture requiring

a lower activation energy, the lock of an isotope effect is under-

standable. Such a two step wechanism is more complex than & normal

bimoleculer (SEE) mechanisme It‘envisiogs a hypothetical carbonium

ion which is stable relative to the activated state through which

it passed in its formetion, snd g&lthough unstable to switterion for-

mation, relatively more unstable towerds decarboxylation. The carbonium

ion can be thought of as being.in a shellow energy valley betwﬁen

two energy peaks, the higher representing the sotivation energy for

formation of the carbonium ion, the lower representing the activation

energy for decarboxylation. No significant isotope effect, zs far

aé‘decarboxylation is concerned, should ocour in the proton sttack

on the ¢ carbon because the dependence §f the activation energy for

this step on the mass of the carboxyl carbon can cnly be very slight.

It follows that if there is no isotope effect in the rate controlling



E etep, thoro will be no iaotope affect in the overall reaction.
|
1

Thus,.while mechanisms (a) end . (b) cannot be completely ex—l

i oluded, mechenism (d), uhich best explains the lack of iaotope effect.

| is considered as being aost probable.' At tho very 1east, one conoludesa
1
\

L
' from the experimantal avidence that the decarboxylatiou is bimolecular,
\

iwith the attaok of a proton somehow being the rate controlling step.}

1 S Although the meohanism proposod mignt appear to apply only;to the
\acid-oatslyaed raaction, it is equally applicable to the uncatalyzed
‘aquaous and the thermal decarboxylstions. In solution, with no added

mineral #cid, the enthranilic acid itself, by lonization, auppliea

\the orotone for the reaction- Thermal decerboxylation only ooeurs ¥
iwhen the anthranilic acid is in the molten stete where agein the
%aoid can supply the necessary prdtons.
E 5. The Decarboxylation of Mesitoio Acid-Carboxyl-Cla. cld’
} , RPN :
The mesitoic ucid is labeled with C3% in the carboxyl pésitioﬁ;3
bnly._'The 013, however, occurs in all.poaitions in the natural abun=
éanée of about 1 per cent.
. The reactions which occur when mesitolc aoid-carboxyl-cls, 014'

|
|
%ecarboxylated may be represented as:

| . Yo,
| ¢ CH CHy ki2

\‘ (1) —— € 0, +

\ CH;



c'o,H

(i1) o ¢H kn cl2g + C%@C%
——-—-’ 2
C‘b CHJ '
| c"o_H .
| CH(” N\ CHy CH CH;
I 13 + K4
| (111) K13 o o,
‘ c“o n
c CH CH
) i " s clto, + “* i
| | —— 2
% CH, CH,y
; ' L)
| C oH y
| (v) s Jem ¢, "
o — ik
i CH3 CH.?
CliOLf* |
CH, CHy CH CH,
13 v
(vi) k1o, €0y ¥
| CH; CH,

The numbers inside the benzene rings refer Lo the composition of the

.
mesityl groupe The rumber 12 indicates that all carbon atoms in the

1 ‘
mesﬁtyl group are 032 and the number 13 means thet one of the carbon

| _ ,
atmjras is 013._ Since there are nine carbon atoms in the mesityl group,

/



equations (11), (v), and (vi) each‘represent nins similar equationn.-

‘ ’ﬂi«
Of these twenty-seven equations, only the three whioh have the 013

the rinL and directly sttached to the oarboxyl group will be subject

te aqy appreciable isotope effecte. The fracticn of the molecules Which:

cld

will have e Cls-cerboxyl carbon ettached to & carbon in the ring, or

a Clﬁ-carboxyl carbon attached to a 013 oarbon in the rlng, will be of the?

|
orden of one ten-thouaendth, 8o that. reactiOﬂs (v) and (vi) can be ibnored.

The ﬁoleoules which have a 013 carbon in the ring attached to & Clz-oarn

boxyl‘carbon‘whioh react accordinv to aquation (1i), heve & reacti;n’;ate
approxinatinb kl3. Since this reactlon produces clzoz the major product
of thp nmixed react*ons, the iaouope effect changes the 61202 concentration‘
so0 sl ghtly thet the reaction mey be neglecteds The neglect of equation
(i1) %111 reéult in making the observed valuo'for the k12/k13 ratio only
vory blivhtly smaller then it actually is. The‘reactions which are of:
interest then, are (i), (1ii) and (iv), for which the rate constants are‘

|
kl2, kl&, end kl4.

The analyticel results for the mesitoic &cid-carhoxyl-cls cl¢
dacarboxvlation experiments ere given in Tanle XIVe A typlcal mass Spect-
rorraw pair obtained in a mass swectrom@trlc analysis of the carbon di-
oxideiproduced by a decarboxyl&tion is shown in Figure 7., -The measure@snta
and célculations for this particular s?ecﬁfogrém pair are given in Table(ib.
| The 013/b12 and 014/@12 ratios in>the vérious'éﬁmplés of carbon -
dioxide, which were obteined, afe given in Teble XVI. These ratioﬁ were
calcufated from the‘measured 01302/b1302 and 01402/b1202 ratios as

described in the experimental section on mess spectrometry. The re=- B g

sction rate ratios, k12/k13 and ¥12/k14 were caloulated using equation




85

(21), kAL = 1n(1=£)/1n(1=rf), end sre given in Table XVII.

TABLF X1V

; DECARBOXYLATION NF YRSITOIC ACID

: ‘
Expt. Wo Temps OC | Wte Mesitoic Acid | Wt. COz | # Decerboxylation

14 M |60 0.5 0.3158 0.0118 13.7
15 ¥ |60 2 0.5 0.2947 0.0139 17.5
16 ¥ |99 2 0.5 0.0925 - 0.0246 95

17 u 99 & 0.5 0.0991 0.0265 99




MU UL

Figure 7. Typical mass Sspectrogram pair



(Sample. 16 e, Mesitoio Acidncarboxyl-cls,cl4. Co

TABLE Xv

MEASUREMENTS AND CALCULATIONS FOR TYPICAL HA35S SPECTROGRAM PAIR

mplete Deoerboxyletion at 100°C)

Standard cog

tPrecisibn expressed in terms of the standard devietion of the mean.

c13/c12 = 112,84 x 1074

w
Peak Heights Average Shunt Relative 31352/31203 01402/31203
Pair No,|{Mess | A B | Peak Height | Factor |Mass Abundance x 10% x 10%
44 | 15.32 15,23 15.28 290,44 4437,31 '
7 45 | 16,81 16.34 16.33 3,251 53,0808 119,64
: 46 | 17.51 17.58 17.55 3,251 57 40551 128,58
TABLE VI
. ¢1® awp c* ISOTOPE EFFFCTS IN THE DECARBOXYLATION OF MESITOIC ACID
Expt. Wo. | Temp.°¢C | Decarboxyletion x 104 x 10% x 104 x 10%
16 ¥ 994045 99 119,6630.05 | 128.7040.0¢ | 111.64 86.12
17 M 993045 99 - 120.2940.04 | 128,4530.05 | 112,27 85487
Average : 111.96 86400
14 ¥ | 6030.5 18,7 116.3550,05 | 120.7440.08 | 108,83 | 78.16
15 ¥ 804045 17.5 115,9040,06 | 121.8130.07 | 107,97 79,23

98
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TABLE XVIIX

DECARBOXYLATION OF MESITOIC ACID - RFACTION RATE RATION

Fxpte. Wo k12/%13 K12/k14
14 M 1.037 & 0.001 1.101 2 0.004
15 M 1.089 2 0.001 1.0%4 2 0.004
Average 1.03§ 1.101
Bigeleisén
Bothner=By |

The ratio obtained for k12/k13 is in good egreement with the velus

obtained for this ratio by Bigeleisen and Bothner=By (12). The sig=

nificant observation is that the clé

13

isotope effect is considerably

greater than twWice the €™ isobtope effect, wheress present theory

13

predicts that the Cl1% effect should be just twice the C'° effect.

Using the stendard formuls, (A 2 a)/(B 2b) =4A/B 2 Va2/a2 . ve/B2,
the retio of the C1% and €13 isotope effects found in this work is

2.56 ¥ 0.09.

13 and 614 isotope effects

clé

The only other reaction in which the C
_ have been determined, using the sume saﬁples of product for both
‘and c14 analyses, is the decarboxylation of oxslic scid. Fry and Calvin
(30) determined the ratio kp/kz in thP reactions

?*oaﬁ kp C%0, + €O + HpO

Gﬂzﬁ
c*o, B ky  CO, + C*0 4 Hy0
| —

COzH
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where C¥ indicates ¢'° or c}4, For 013, 100(kp/ky~1) was found to be
2.7 # 0.22 at 108°C and 3.25 2 0.15 at 80.1°, from mass spectrometer
analyses. For_clé, 100 (ka/ks-l) wes found to be 5.5 * 0.80 at 103%
and 6.7 2 0.35 at 80.1°C, from rediouctivity measurements, using an |
ionizetion chember and & vibrating reed electirometer. Their G15

isotope effect value is scmewhat smeller them thet obteained by Lindsay,
McFlcheran and Thode (40) which was 3.2 at 1000, when expressed in the
same form &s Fry and Celvin's results. The clé isotope effect is seen

to be very close to twice the ctd

isotope effect, w6 theory predicts.
Fry end Calvin considered thet both the ¢1® ana cl4 isotope effects
found were larger then theory would predict.

The cl4 isotope effect found in the mesitoic acid decarboxylation
appears to be at varience both'wiﬁh theory and with the cl4 isotope
effect found in the oxelic acid decerboxylation by Fry and Calvina
Yo reasonable explsnetion for this apparent diﬁcrep&ncy has been found
as yet. It might be noted, however, thet the €18 and 14 isotope
effects measured in the oxalic seid decomposition are intramolecular
ef'fects, vherees the isctope effects measured in the mesitoic acid
decarboxylation are intermoclecular. The mslonic ecid decomposition re-
sults obtained by Bigele{sen and Friedman (8) and by Lindsay, Bourns,

and Thode (39) égreed with theory for the intramolecular 013 isotope

effect but disagreed with theory for the intermolecular cld isotope

effpct.
8. Genersl Discussion

About ome half of the work presented in this thesis is concerned

with the use of €% and Cl4 isotope effect measurements in the elucidetion
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%]

o’ resction mechanismse Informetion as to which bond ruptures in acid
ﬁydrolysis of tertiery butyl benzoate ooculd presumsbly &lso be obtained
by the use of 018, in experiments similur to those of Detta, Lay, and
Ingold (22). If the alkoxyl oxygen of the tertiary ester were labeled
with 618,.then it would be expected that the benzoic acid produced

by hydrolysis would contain the ol labol, whereas the tertiary butyl
aleohol produced would note The use of the 13 isotope effect measure=
ments in the determination of the mechanism by which enthranilic acid
decarboxylates 1s rather more unique. It is difficult to conceive

of any other experimentally obtuineble evidence which would indicate

gso clearly that the carbon-carbon bond rupture is not rate controlling
in this resctions ¥From the number of reactions studied to date, in
which the measurement of iéotope effects hes been useful in the eluci=-
detion of the reaction mschanism, it seems likely that this teclinique
will prove to be of use in many [uture mechanism studies. It would

be gquite useful for this purpose to have more e#perimental values for
isotope effects, perticularly values for isotope effecfa-in bond fore
mation reactions.

The other h&if of the work presented in this thesis is concarned
with the messuremont of ¢l ang 014 isotope effects, per se, and an
attempt to obtain an accurate velue for a cl4 isotope effect which could
be used to test the Bigeleisen theoreticel equation. Actuully, the
only good axpérimﬁnt&l evidence for the correctness of the Bigeleisen
equation is the value which has been obtsined for the intramolecular
cld isoﬁope effeot in the decarboxylation of melonic acid. The ratio

of the two rate constants, ké/ka, for the reactions
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ky 13 12
S C 0, + CHgC

12 X 12 13
05H ¢ cl20, + cHgoldo,nm

- c1¥o,m

CH@\\G

O H

is given by Bigeleisen as:

“é

kﬁ my
.Por these two reactions, since the substrate molecules ere identical,
In-6 -
all the Aui's are zero end ZG(“i)A“‘i = 0. Bigeleisen then
3’6

assumes that Z G(u;) Aut is negligible, which is to say that the

activated states for the two reactions are practieelly identioal, and

that both carboxyl carbon atoms are egsentially free in the esctiveted

k ¥yl
state. Hence, _% _ m3 /2 . The experimental value for k%/ks
| B | mE

100

k ﬁﬁ 1/3 . n-6 kX
2 a(.._'?f) [1 + z f}(ui)Aui - ZG(u:)Aug

is in accord with this theoretical predictiocn when msk and méﬁ are taken

88 the reduced mess of two G128 atoms, and of a ¢12 and a c1® atom,

respectively. Theory gives lq/ks = 1.0198, at all tempemtureé, and the

experimentel velue is 1.02, with no eppsrent temperature dependence.
If it is not essumed that the carboxyl earbons are essentially free
-6
e E H au?
in the sctiveted stete, then the factor 1 = Z G(u:1 aug may not
be considered as being unity, but will be greater than unity. (It
should be noted that Auy, as defined, is normally positive, but in -

o&leulating the intremolecular isotope effect in the melonie acid

decarboxylation, it is negative). If the carboxyl carbons &re not

assumed to be essentially free, then any celculated isotope effect will

376
be larger then the experimentel velue, since 1 = Z G(u;f) Auf


http:identioa.l1

101

will huve & value greater than one.

The reduced mass retio in the equotion lor the ratile of the
reaction rates originetes from the fector (kT/Eumt)l/é in the Fyring
absolute reasction rate theorye. This quaentity is the average rate of
pessage of activated complexes over the energy barrier along the coore
dinate of decompositione Thus the intremolecular isotope effect in
the decerhoxyletion of malonic acid is all due, according ta theory,
to the difference in rate of passage of activated complexes over the
energy barrier.

Theory and experiment should now be compared for the intermole=

cular isotope effect. The retio of the two rate cmstents, ki/ks, for

the reactions

ci2¢,. 5
-~ 2 k 12 12
CH 1 C*%0, + CHLG 0,1
2 — 2 3v Uy
cléo,u
c13p,1
/ -
CH, 2 kg 048y, 4+ onycl20,m
~ci2o,n

is piven by Bigeleisen as:

ky  [mg® 1/2 37-6 . sl L,
. —_— ,(__) [1 + Z 6(u; ) au; - Z G(ui)Aui]

2ky nqt

7x’- 6
. ¥,
The lergest isotope effect will occur when E G(ui) Auf is zsro.

Since it hes already been sssumed that the carboxyl carbons are

essentially free in the sctiveted state for the intramolecular reaction,
an'=k

G(uf)au: can be asssumed to be megligible here, also.

Bigeleisen caleulated that the upner limit for the ratio klfé k3 is 1.021,



102

but obtained the efperimental value 1.055 for the seme retio. The

calceulation of ?i_: G(ui) au,, would not be expected to be in error by

#n order of magnitude, yet &n error of this gize must be &ssumed to
3n'-

reconcile theory with experiment. If z G(u;) Au;: is not taken as

zero, the agreement between theory snd experiment is worse.

The Bigeleisen theory predicts that the nlé isotope efflect in
any resction will be very nearly twice the cld isotope effecte Hony of
the 14 isotope effects, which have becn observed, have been considersbly
lorgzor then expected on this basis, and «ll but a very few 014 isotope
effects have been roughly of the same msgnitude. Since errors of 30
per cent, or greater, are essily possible when reciozetivity measure=
ments are used to determine the isotope effect, it is difficult to con=-
demm the Bigeleisen theory on the besis of such meeasuremsnts. The
meszsurement of the ¢lé isotope effect in the decarboxylation of mesiteic
scid, using mess spectromstric measuremsuts, is more certein evidence
that something is wrong with the Bigeleisen equation, however.

It is diffinult to see where the equation might be in errof.
Twen if caleulations of tlleaif(;(ui)aui factors are in error in any
exanple, the clé isotope effect should still be twice the corresponding
gld isotope effect. In developing the thgoretical equation, Bigeleiéem
assumes thet the transmission coefiicients for the activated nomplexes
acrosg the energy barrier ere equal. Thiz seams to be & very logical
conclusion since the potential energy surfroes [or isotopic activated
complexes should be very similar. The sexe Z?gﬁment holds for “he

length of the top of the ensrgy barrier, which is assumed %o be the

same for both isotopic moleculess These assumptions might not be quite
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correct, but would scsrcely account for the present disorepancy between
theory and experiments The ratio of the veloecities with which the
activeted complexes pess over the ensrgy berrier is teken as the ratio
of the reduced masces of‘the two peirs of atoms involved in the bond
cleavage, or bond formastions This approximation for the effective mass
of the complex in the direction of decomposition may noit be sufficiently
accurates It also may not be correc¢t to &pply the Teller-Redlich
product rule to isotopic molscules when these are in an activa£ed state,
It would seem that more, accurate c1® ana 4 isotope effect
measurements are neededs This implies that both effects ghould be
meagured using a mass spectrometer. Reactions of compounds whose
partition functions could fairly readily be determined would Eé the
most desirable types for atuﬁy. Simple, unimoleculer bond cleavage

reactions would sesm to be the best reactions for further testing of

the present theory, or any modiflied theory.’



104

SUMMARY
le The relative rates of alkaline hydrolysis of ethyl benzoate~
carboxyl-clz and ethyl benzoate-carboxyl-Cl% were messured, and it
wag found thet the carboxyl-Cl4 ester hydrolyzed about 14 percent

‘more slowly than the carboxyl-cla ester.

2. A significant cl4 isotope effect was found toc ceecur in acid
hydrolysis of ethyl benzoete-carboxyl-cl4 and in alkeline hydrolysis
of tertiary butyl benzoate-carbcxy1~014. but not im acid hydrolysis
of tertiary butyl benzoate-carboxyl=Cl4, These cbservetions indicate
thet the mechanism for 223§.hydrolysis of tertiary butyl benzoate

involves alkyl oxygen bond rubture rather than alkoxyl carbon bond

rupture, and thus supports the mechanism suggested by Cohen and

Schneider for this reasction.

e It was found that no significant cld isotops effect ocourrsd in
the decarboxylation of anthranilic acid, from which it is concluded

thet earbon carbon bond rupture is not the rate determining step in

this reaction. The decarboxylation was found to be acid-catalyzed,
The mechanism iz therefore bimolecular and the attack of the solvated

. proton must be the rate determining step.

4. The 6;5 and 14 1§@tope effects in the decarboxylation of mesitoic
acid were measurad.using a mass spectrometer. The cld isétope effeoct
found 1stin agreement with the value obtained previously by Bothner-By
and Bigeleisen. The clé isotope effect is approximatély two and one
half times the C13 effect, whereas theory predicts it should be twice

the €13 jgotope effect.



éLAIHS TO ORIGINAL RESEARCH
1. The Cl% isotope effects in the four reactions, ecid and alkaline
hydrolysis of ethyl hanaoate-carboxyl-clé,and acid and alkaline
hydrolysis of t?rtiary butyl b'enzoate-carboxyl-cl4 were measured for

‘the first time.

‘2. The results of the C1¢ isotope effect studies in the ester
hydrolyses provide additional evidence for the validity of the
mechanism of hydrolysis for tertiary butyl benzoate suggested by

Cohen and Schneider.

3. The ¢l3 isotope effect in the decarboxylation of anthraniliec

eoid was measured for the first time.

4. The decarboxylation of anthranilic acid was found to be acid~

ecatalyzed.

-Be A detailed mechanism for the decarboxylation of anthranilic acid

has been suggested.

6. The C1% and 014 ysotope effects in the decarboxylation of mesitoic
acid were measured together, using & manss spesctrometer. This is the
first time that C13 and C14 isotope effeote have been determined in

the same resction using the same measuring technique for bothe
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The 34 immgw effect in seid scd siksline hydrolysis of both
ethyl and tertiery butyl b@ms&%ﬁ%r&ﬁl@ﬁ"&%l been mensureds
Significant. isn‘tﬁéﬁ afi‘ea%sz wers found i.n ell t:hﬁj}z@ﬁmlyu?& sxceph

seid %yﬁralgam of thﬁ mr& SRTY !:mw** asters Those ms’xslﬁs‘ are
edditionsl evidence for the Bugg&ﬁﬁi@ﬁ of Cohen ami m&miﬁnr that
alkyl smmeﬁ rether than normsl ﬁﬂ&l @xs&@n bond- alaasmgu ooours when
tartiary hutyl b&nwata is %yﬁr’hl}z&eﬁ in asi& wlutien; o &ppraciable
gl {sotope effect wes foand to oseur m»ytﬁtgm‘l, B4UBOUS, OF BCide
catalyzed decerboxyletion of &x@tﬁmﬁm ‘apids ' From this .éhasmtim
and other experimental evidence, ﬁti is osnecluded that anthranilio seld
dawbcxyiﬁ%gaﬁ by & bizolesulsr process iu which the ‘wtiack of the
hydrogen fon le rate controllings It s furthor suggested et the
.h}ﬂﬁ?ﬁgﬁi fon attack is on the switterion et the ¢ earbon position.
Both the 615 acd the 0M imotope effsct in the decarboxylation of
msgitoie agid 'ﬁ’ém maaﬁixmd»uai\ing a mags spectrometor. The glé
isotope offect wee found to be two und ome halfl times the megnitude

of the 1% igotope affect instesd of twics ss present theory predicts.
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