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I GF.NfRAL I:JTRODTJCTIOt~ 

For Dlll.ny years after the discovery of isotopes,. it was generally 

believed that the isotopes of an element possess identical chemical 

properties. Soon ofter the discovery of deuterium,. it was f'o~nd that 

the reactivity of this isotope is markedly different from that of 

ordinary hydrog;en. Using the methods of statistical mechanics. and 

spectral data, Urey wr:.e able to me.ke theoretical calculati.ons of the 

equilibrium constants to be expected in equilibrium reactions in­

volving hydrogen and de~.·teriu!ll. The extension of those :nethods to 

_equilibria in which isotopes of heavier eleMents were involved showed 

that chemical separation of isotoyes should be possible in rrwny oases. 

Chemical oxchange methods were then developed for the separation of 

the stable isotopes of carbon,. nitrogen. oxygen,. e.nd sulphur. in 

partic~lar. L~ter, evidence that fractionation processes occur in 

nature was found by ce.reful mass spe ctromotric studies of the ~rela­

tive abundance of isotopes in samples or natural msterinls obtained 

from different sources. 

Although the originnl view of the ohemic6l identity of isotopes 

had thus undergone modification, the first observations of ell. and 

c14 isotope effects in unidirectional reactions were somewhat sur­

prising bocfluse of tr: e mHc.nitude of the ef'fects found. In 1948, 

Beeok r•nd co-workers discovered t"-lP.t the dissociation prootJ.bilities 

of the cl2 - cl2 and the c12 - c13 bonds of the mol00ule-ions 

formed from propene - 1 - c1~ b;y electron i~·-1pn~t differed by about 

20 per cent. Subsequently. they found that an 8 per cent greuter 
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frequency of rupture of cl2 - cl2 than ot c12 - c13 bonds occurred 

c13when pr.opane • 1 • was subjected to thermal cracking. The first c14 

isotope effect was reported shortly after by Yankwioh and Calvin who 

found that the c12 - c12 bond in c14-carboxyl malonic acid ruptured 

about 12 per cent more frequently than the c12 - cl4 bond when this 

compound was thermally deoarhoxyleted. Vfuen the corresponding bromo­

malonic ecid was thermally decarboxylated. the bond rupture rates 

differed by 40 per cent. 

These large isotope ef.teota seemed to be of immediate importance 

in any research using c13 or c14 as tracers which attempted to obtain 

quantitative results. For thia reason. a program of work .was begun in 

the laboratories of the Atomic Energy Project. National Research Council, 

to dete~ine the c14 isotope effect in a aeries o~ organic reactions ao 

that chemists using t~is isotope might have knowledge of the occurrence 

and magnitude or the c:14 isotope effect 1n.un!directional processes. 

Four reactions. alkaline hydrolysis or ethyl benzoate, the benz11io aoid 

rearrangement, the benzoin condensation, and the Cannizzaro reaction 

were studied with this objective. Only the first of these is described 

in detail in the body of the thesis. 

The original research plan was broadened. however, during the 

course of this work mainly e.s a result of the theory of relative reaction 

velocities or isotopic molecules which was developed by Bigeleisen. 

Firstly, this theory brought a clearer understandi.ng or the 

oause ot isotope effects. of when they should ooour. and of the magnitude 

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

iso~ope effects. it seemed obvious that the occurrence. or lack of an 

http:understandi.ng
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isotope effect, and perhaps even the mHgnitude of the effect, should be 

useful in determining reaction mechanisms in certain cases. Deuterium 

isotope effects • which can be very lurt;e, hf~d already been used for such 

purposes by Reitz. for exa~ple, in studying the enolization of acetone. 

One principle arising f'rom the theory is that o large isotope effect 

should occur in bond oleavag;e only if an isotopic atom is at one end or 

the other of the bond being broken. It seamed that & study of the cl4 

isotope effect in alkaline and acid hydrolysis of cl~oarboxyl labeled 

tertiary butyl benzoate would be an interesting application, since the 

available chemical evidence indicates that the alkyl oxygen bond is 

brokan in acid hydrolysis of tertiary esters whereas alkaline hydrolysis 

gives the normr.l acyl oxygen bond fission. A further exa~ple of the 

application of this basic principle in the elucidation of a reaction 

mechanism was found accidentally during a study of the c13 isotope 

effeot in the decarboxylation of anthranilic acid. Both of" these 

applications are rlesoribed in this thesis. 

Secondly. the theory of unidirectional isotope effects developed 

by Bigeleisen created on ano~lous situation. The ~agnitude of the 

C14 isotope effect to be expected in the decarboxylation of malonic and 

bromo~.UBlonio ucids r;;.s calculated by 0ieeleisen was in sharp disagreement 

with the experimental values reported by Yankwio.h and Calvin. The 40 

per cent effect observed i.n tho bromoma lonic t~cid case could be dis­

counted because, as the authors stated~ the msterisl was i!npure. But 

the cl4 effect in the 1rd-llonic £1Cid cs.se still we.s high by a factor of 

about three. F'xperimontal values of the c13 isotope effect in the same 

reaction obtained by Bigeleisen end Friedman, end by Lindsay, Bourns, 
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and Thode agreed with theory. The inforenae was that the large cl4 

isotope effects observed vrere either due-to poor technique or that 

large errors were inherent in the methods of measuring the cl4 isotope 

effects. The work in this laboratory. as well as independent work by 

Brown and Holland. showed c14 isotope effects of the order of 10 to 14 

per cent. These results appeared. to discount the possibility of poor 

technique • and suggested that any errors i11..~erent in measuring the cl4 

effects were at least fairly consistent•. If the latter were true. it 

could be expected.thst the rooasured magnitude or.cl4 isotope effects 

would be the same. more or less independent ol.' the experimenter. .A 

more recent study of the c14 isotope effect in the decarboxylation of 

malonic eaid - 1 - cl4 by P.oe &nd I!ellm.a.n casts some doubt on this 

assumption, however. These authors reported a value of 1.06 ! .02 

for the ratio of the decarboxylation rs.tes which is to be compared with 

the values 1.12 :! .03 gi.ven by Yenkwich and Calvin, and 1.04 calculated 

by Bigeleisen. 

The general problem of cl4 isotope effects was thus seen to be 

in a very unsati.sfactory state. Only wnen theory explains experiment 

e.nd experiment c::mfirms theory can real progress in scientific know• 

ledge, as opposed to enpiriclll knowledge. be made. Fxperimental values 

for cl4 isotope effects which could be trusted as true values should be 

able to make a considerable contribution to the theory of isotope 

ef.fects .. and to the closely related theory or (Jbsolute reaction rates. 

Present theory could either be oonfinood. or the need for modification 

would be shown. For this reason a new approvch to the me&surement of 

c14 isotope effects wes taken. 
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Measurements made with mass spectrometers normally have much 

higher precision than measurements of radio&otivity. It thereforE:) seemed 

logical to measure a c14 isotope effect using the more precise method; 

mass spectrometry. }.ccording to present theory. the cl4 isotope effect 

in a given reacti.on should be very nearly twice the cl3 isotope effect. 

\Vlth a mass spectrometer. both cl3 and c14 effects could b~ measured at 

the same time using the same samples. Fven in a reaction where theoretical 

calculation of the isotope. effects would be diff'ioult. if not irnpossible_ 

mea.surement·of both the c13 and .cl4 effects should yield valuable in• 

The deoarboxyl~tion of mesitoic acid was chosen for such e study. 

The carboxyl carbon composition of the mesitoic eoid used was app~oximately 

1 13 12one per cent C 4• one per cent C and the rest C • This reaction was 

chosen both bec&use the oarbon d1oxide produced in the reaction would be 

ideal for mass spectrometer analysis. end because Bigeleisen and'Bothner­

By had ~iust completed a study of the· c13 isotope ef'feot occurring in this 

reaction. 

To S\lm!Jlfirize. this thesis presents several studies of different 

aspeots of the general problem of cl3 and c14 isotope c.f.fects. A study 

o( the cl4 isotope effect in alkaline .hydrolysis of c14-carboxyl ethyl 

benzoate was undertaken to determine if a c14 isotope effect occurred in 

a typical ester hydrolysis. A study of the cl4 isotope effects in acid 

and alkaline hydrolysis o:f ·tertiary butyl benzoate was ro1Bde both to con• 

firm the usefulness of the theory of isotope effects in mechanism studies, 

and to confirm the accepted mechanism for ecid hydrolysis of this tertiary 

ester. A study of the c13 isotope effect in the thermal decarboxylation 

http:reacti.on
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of anthranilic a.oid was made to obtain information which might be used 

in the elucidation of the mechanism of this reaction. In order to provide 

a more exact value of e c14 isotope effect for comparison with the c13 

isotope effect in the eame reraction, .. both the c13 and c14 isot~pe effects 

in the decarboxylation of mesitoic acid were measured using a mass 

spectrometer. 



II HISTORICAl. nJTRODUCT!Oll 

1. Discovery of Isotopes 

The concept .of the homogeneous., indivisible atom of the eig~1teen-

nineties was shattered by the discovery of radioactivity snd the atten­

dant research which followed in the first decade of the twentieth cen­

tury. During the early studies of the radioactive group of elements. it 
.. 

. was found that.. there were several instances where certain members of the 

group had identical.chemioal properties and. if mixed. could not be 

sepe.rated from one another by any known chemical reactions. although 

they were easily distinguishable by their differing radioactivities. 

Thus • thorium x. actinium X and radium rormed one such group s.nd ionium., 

radiothorium. radioactinium and thorium foTJ.ned anothor. To ~xpross the 

idea that there were types of matter which were uniform in chemical be­

havior, but which could dirfer in other properties such as atomic weight 

end radioactivity. Soddy (69) introduced the word "isotope". 

Sir J. J. Thomson's (81~ investigations o~ the positive rays 

produced in X-ray tubes. and the work of Aston (1) with the 1ruass spect• 

rograph which followed. established the faot that isotopy was a feature 

of many of the stable elements, also. 

The more recent development of the production of new atomic 

species by- bombarding existing nuclei with simple particles 'such as 

neutrons., protonf) and deuterons ht:.s increased the number of known 

isotopes o:f most ~le.ments and has even added new elements to th.e Periodic 

Table. Today, there is a vast arra:1 of nuclear species and many of these 

are aveileble for individual study. 
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2. Separation of Isotopes 

a. Physical Processes 

The original concept of isotopes. as already notod and as implied 

in the Greek derivation of the word,. was that they were members of a 

group having identical cher-:~cal properties. The nw.as spectrograph, in 

the very· aot of identifyinr; stable isotopes. sepE1rates thetn by a physical 

process which depends on :muss differences. Separation of weighable 

amounts of isotopes using the mass S?ectrot;reph principle was not achieved • 

however, until 1934 when the two isotopes of lithium,. Li6 and Li7 , were 

separe.ted 1n·r1icrograro quantities by Oliphant,. Shire,. and Crov.rther (49). 

Other physical processes such as diffusion (2,34), thormnl diffusion (19), 

fractional distillation (67),. centrifugation (3),. electrolysis (76). and 

adsorption (54) have been suggested end used with varying degrees of 

success to concentrate certain isotopes. Some of these physical processes 

have recently been developed tq high degrees of efficiency in connection 

with atomic enercy research. ~.1s is quite well known (68). 

b. Chemical Processes 

Chemical methods for sepuratio:1, or concentration of isotopes were 

attempted as early as 1907 when Hoffman and VV8lfl (36) claimed to have 

obtained a measurable separation of lead and radium Dusing the reactjon: 

This claim was not substantiate'd by later workers (70.15.57). however,. 
~ 

end the orir;inal concept of the chc::'tical identity of the isotopes of' an 

element was preserved until the discovery of e hydro;:,en isotope of mllss 

two by Urey, Breokwedde. and. \~urphy (83) • in 1932. As was expected in 

http:70.15.57
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this unique case where one isotope is tvdce us heavy as another. even 

chemical properties were found to differ significantly. For this reason. 

it "fvas n~:..tural to give the new isotope the sepvrate name, deuterium. By 

the end of 1934, Farkt)S (28) was able to include a chapter on the chemis­

try of deuterium in his book uLight and Heavy Hydrogenu. P~quilibrium 

constants greater than three have been observed for exchanf:e reactions 

involving hydrogen and deuterium. In rate studies, hydrof.;en hts been 

found to react up to fifteen times as rapidly as deuterium. The chemical 

differences of the much more recently discovered radioactive hydrogen 

isotope 9 tritium, are even more pronounced. 

Equilibrium reactions involving hydrogen and deuterium were first 

treated theoretically by Urey and Rittenberg (85} in 1933 using the methods 

of statistical mechanics end spectral data. Theory and experi.ment were . 

found to be in very good agreement (86), for example, in the reaction: 

2DI + rr2 ~ D2 + 2HI • 

'fh~ extension 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 heavier elements using equilibrium 

reactions. Very shortly., ~·rebater. ~¥ahl, and Urey (88) found that in the 

equilibrium exchange re&ction between water ~nd oarbori dioxide. the 

carbon dioxide was 3.5 per cent enriched in o18 at 25°C, confirming the 

theoretical prediction. Equilibrium exchange reactions were later de­

c13 35veloped for the concentration of N15 (80). (58). and s (7~), 

in particular. In n recent paper, Urey {82) has tabulated a large 

number of the Jsotopio exchange constants which have been oalculvted. 

Although only a few of these constants have been verified experimentally 
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because of the difficulties in establishing the proper equilibrium 

reactions. the results which have been obtained leave no doubt es to the 

validity of the cnlculetions. 

Careful study of isotopic abundances of some of the lighter elements 

in naturally occurring muteriels from various sources has shown that con­

sidereble isotopic seperation can occur in nature due to equilibrium, 

and probably unidirectional processes. Nier and Gulbransen (47). and 

:Murphey and ~Uer {45), for exa:nple. found thut the c12jc13 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) have found variations of up to 

3.5 per cent in the ~bundance of the boron isotopes a10 and B11 and also 

32 34variations of up to 5 per cent in the sulphur isotopes S and S • 

3. Isotope Fffects in Unidirectional Processes 

a. Discovery. 

Despite the gradual modification of the original view that 

isotopes of an element possess identical ohemical properties. chemists 

using radioactive and stable isotopes as tracers Eenerally considered 

the chemical differences to be insignificant for all practical purposes. 

except for hydrogen. deuterium and tritium.· The f'irst few reports of 

rather large carbon isotope effects in unidireq.ti onal processes were thus 

quite surprising. 

The 	first carbon isotope effect to be observed in a unidirectional 

' 13 
process occurred in a mass spectrometer &nalysis of C labeled propane. 

Beeck and co-workers (4) di'Soovered that the dissociation of the C~2 - cl2 

bond in propane - 1 - c13 molecules. caused by electron bombardment in 

http:unidireq.ti
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the mass spectromuter. hl~d & 17 per cent greater probability of occurrence 

c12and the dissoci6tion of the - c13 bond had ll 12 per cent lesser 

c12probability o~ occurrence than the dissooiati~n of a - c12 bond in a 
12normal propane molecule. The overall effect gave a c - cl2 to cl3 • 

c12 bond rupture rDtio of 1.22. Beeck and co-workers (73) followed this 

observ~tion with a study of the isotope effect in the thermal cracking of 

13propane - 1 - c at 500°C. The interpretation of the results is diffi• 

.cult because the mechanism of the rebction is not well understood. but 

c12the overall effect gave 0 - c12 to c12 - cl3 bond rupture ratio or 

1.08 at 10 p~roent cracking. or 1.14 at ii~initesimal cracking es cal­

cul~ted l~ter by Bigeleisen (5). 

Very,shortly. Yankwioh s.nd Calvin {92) reported the first cl4 

isotope effect to be observed in a unidirectional process. They obtained 

13a value of 1.12 for the cl2 - cl2 to c - cl4 bond rupture ratio in the 

decarboxylation of c14-carboxyl labeled malonic acid. The similar bond 

rupture ratio in the decarboxylation of c14-oerboxyl labeled bromomalonic 

acid was founq to be 1.41, but the bromo acid was not pure and some 

doubt was attached to this very high value. 

b. Further Fxperimental Determinations of c13 and c14 Isotope Effects 

Very shortly after these c13 and c14 isotope effects were reported, 

a study of c14 isotope effects was begun in the Laboratories of the Atomic 

Energy Project. National Fesearoh Council. The first reaction studied 

was the alkaline hydrolysis of c14-oerboxyl labeled ethyl benzoate. 

Stevens and Attree {71) found that the ratio of the retes of hydrolysis 

for the c12-carboxyl and the c14-carboxyl ester was about 1.16. the c12 
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ester hydrolyzing more rapidly than the cl4 ester. This work is des• 

oribed in the experimental section ot this thesis. 

Stevens and Attree (72) then studied the benzilic acid rearrange­

ment of c14-carbonyl ben.zil and found that the phenyl group joined to 

the cl4 had 8 lower migration probability than the phenyl group joined 

to the c12• 'The ratio or the amounts of banzilio acid - 2 - c14 and 

benzilic acid - l • cl4 formed in tho rearrangement was found to be about 

1.11. They also reported that no appreciable cl4 isotope e£tect was 

observed in either the benzoin condensation or Cannizzaro reaction of 

cl4-carbonyl labeled benzaldehyde. 

While this work was in progress. reports of several cl3 and cl4 

isotope effects which had been observed in diff'erent laboratories 

appeared in the literatu're. Daniela and !.~erson (21) f'ound that a cl4 

isotope effect oeourrt;}d when labeled urea was hydrolyzed with the enzyme 

urease. the carbon. dioxide produced toward the end of the reaction being 

depleted in c14• The effect here ~~s opposite to whet Hdght have been 

expected, but the reBction is complex. Another bioohemio&lly produoed 

c14 isotope effect was reported by Weigl &nd Calvin (89) who f'ound that 

photosynthesizing barley seedlings utilized c12og faster than c14o2. 

Lindsey. MoEloheran and Thode (40) studied the c13 isotope ef.fect 

in the decomposition of ordinary oxalic acid in concentrated sulphuric 

acid. The two effects found were expressed quantitatively in terms ot 

the three speci.fio rate constants for the tollowing equations a 
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c. Disagreement Between Theory and Experiment 

About this time, Bige lei sen- (6). presented theoretical calculations 

for the isotope effects to be expected in the thermal cracking of propane 

and ·the decarboxylation of malonic acid. The mechanism for the pyrolysis 

of propane, which is probably a chain reaction. is obscure. Sinoe the 

isotope effect for only one possible elementary reaction was calculated 

by Bigeleise11, no ·correlation with experiment was possible for the propane 

reaction. The theoretical isotope e!'tect for the malonio acid decarboxy­

lation was in sharp disagreement with the axpe rimental effect found by 

13Yankwioh and Calvin. Bi5eleisen and Friedman (8) then studied the c

isotope effect in the malonic eoid' decomposition using 8 mass spectro­

meter•. >'Two isotope effects were disce~ble which were expressed 

quantitatively in terms of the specii:"ic. rate constants for the following 

equation: 

c12o H/ 2 kl 
CH2 ~ CHacl2o2H + cl2o2 

' cl2o2H 

cl20aH 
k2 CHz • c12o H + c13o2 2CB/ 
~ 

2 
k3

'ciso2a CH3 • clso2H + cl2o
2~ 
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The values found were: k1/2k2 =1.037 and k3/k =1.020. Their cal­2 

culated values vmre: k1/2k =- 1.021 and ks/k2 = 1.0198. Good agree­
2 

ment with thoory we:as thus obtained for the ratio ks/k2 which expresses 

the intramoleculnr isotope effect. This was the effect :nt.H~sured by 

Yankwioh and Calvin. Agreerrent with theory for the ratio .-k1/2k • which2 

expresses the intermolecular isotope effect, Wt\S very poor. 

Pitzer (55) • using the SS.E!e basic theory as Bigo leisen. but 8 

different molecular model, also calculated the c14 isotope effect to 

be expected in the malonic &cid reaction and found good a~reement with 

the experimental '\l"'"alue of Yankwich end Calvin. Presumably his model 

would lead to poor agreement with the experimental value obtained for 

the cl3 isotope effect by Bigeleisen end Fried:nan 11 since theory would 

predict that the c14 effect would be twice the c13 effect. 

A,more thorough study of the c13 isotope effect in the decar­

boxylation of ordinary malonic acid was made by Lindsay, Bourns and 

Thode (39). Substantial agreement with tht"3 effects found by Bigele.isen 

and Friedman was obtained. 

Several other cl4 isotope effects were then reported which 

seemed to be rather larger then would be expected on the basis of the 

theory developed by Rigeleisen. Fvans and !Iuston (26) reported ob­

serving a large. but not $OCurately determined, c14 isotope effect in 

wet oxidation of acetic acid - 1 - c14• They pointed out th~t acetic 

acid is somewhat resistant to oxidation by wet combustion and that 

quantitative results based on a wet combustion of labeled acetic could 

be in error if oxidation were not complete. 

1Veigl, Warrington, and Calvin (90) found that photosynthesizing 
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barley seed1hlgs took up c14o2 17 per cent more slowly than c12o2. 

Several consecutive reactions, each having an isotope effect. are possibly 

invol '-'ed here. Brown end n:olland (18) measured the ratio of tha rates 

14of form&tion of the p-nitro-phenyl hydrazones of ordinary and c ­

carbonyl-benzophenone and obtsined a value of about 1.10. 

d. )!ore Recent Experimental fetHrmin[itions of c13 and c14 Isotope Fffects. 

An experimental value for a cl4 isotope effect which does approach 

the theoretical vah~e cLlculated by Bigeleisen w&s obtained by Roe and 

riellmart (59). These Duthors mude a new study of the c14 isotope effect 

in the decarboxylation of rna Ionic acid - 1 - c14 e.nd reported a value 

of 1.06 .t .02 for t;'le rutio of the two rate constbnts o.f the labeled 

:nolecule. This comperes with the values 1.12 ! .03 found by Yankwich 

and Calvin end 1.04 calculated by Bigeleisen for the intramolecular 

er.reot. 

Bothner-By and Digeleisen (13) studied the relative rates of 

decomposition of carboxyl - c12 and carboxyl - c13 - mesitoic soide in 

sulphur:tc aci.d solution. The ratios of the rnte constants at 61°C 

and 92°C werd found to be 1.037 ! .003 and 1.0~2 ! .OOl.respectively. 

Bigeleisen nnd Allen (7) determined the relative rates of decompositic,n 

of car-boxyl - c12 and carboxyl - c13 - trichloracetic b.Oids. The ratio 

of the rr~te c onstaQ.ts obtained at 70°C was 1.03:38 + .0007.-
The results of a 	 study of the c14 isotope eff'ect in the de­

_hydration of fQrmic acid cl4 in 95 per cent sul:->huric acid have been 

published since the cumpletion of the experimental work contained in 

12this thesis. Ropp. Weinberger. tind Neville (60) found thot c - formic 

acid decomposed 11.11 per cent faster than cl4 - formic &Oid t:.t 0°C 

http:onstaQ.ts
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and 8.59 per cent fester at 250 c. 	 Frcm these values it was calculated 

thet a difference of 189 ! 53 calories per mole existed between the 

Arrherdus ~;;;ctivotion energies for the dehydration of the two &cids. 

Also sinee completion of the experi'!lental work for this thesis, 

Fry and Calvin (30) he.ve pu'tilis!1od 	results of further isotope effect 

13 14studies in their luboratorJ• The C and C isotope effects occurring 

in the decomposition of oxalic ncid in concentrated sulphuric acid were 

measured using a muss spectrometer to mansure the c13 e.ffect end sn 

ionization chamber to measure the c14 effect. The intramolecular cl3 

isotope 	effect observed was in good fiR:;reement with the results obtained 

earlier 	by Lindsay. Mcf:'loher&n. and Thode. The ratio between the cl3 

and c14, isotope effects was found to be very close to the theoretical 

iJ
value, two. These euthors mode some theoreti.cel csloul&t:i.ons and con• 

c luded thet the obsorvod effects \'iere larger than would be expected 

from theory. A study of the c14 isotope effects in the decarboxylation 

of c14~oarboxyl labeled a-napthylmelonio and phenylmelonio ~cids was 

also made by Fry end -Calvin (29). The rntio of the intramolecular 

decarboxylation rates was found to be 1.097 0: .008 for c-napthyl!I18lonic 

acid - 1 .;. c14 at about 80°C. and 1.1~2 Z .015 for phenylmalonic acid ­

c141 - at €.bout 73°C. Both of these values were considered to be lar-­

ger than present theory would ?redict. 

4. Use 	 of Isotope Fffects in Mechanism Studies 

a. 	 General Discussion 

Although theoretical calculations and experimontal values of 

isotope effects ere not es yet in good agreement. nevertheless the basic 
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cause or chemical isotope effects seems to be understood. One. con­

elusion which can be reached from ,the general theory is that e sig­

nifioant isotope effect should occur in bond cleavage only if the isotopic 

atoms are directly involved in the bond being broken. The presence of 

an isotopic atom in e molecule, in a position npt involved in the bond 

cleavage•. should have only a small, second order eff'ect on the reaction 

.	rate. Thus the presence • or absence, of an isotore effect in a reaati on 

may yield information as to whether a certain bond cleavage occurs or 

not, or whether it is rate determining. 

b. 	 Use of Deuterium Isotope F!'fects 


The bssio principles of isotope effects. as &~plied to deuterium 


reac~i.:)na, were appreciated almost immediately after the discovery o_f 

this isotope•. {75.87). The determination of the detailed mechanism of 

the enolization of ~ceto:ne by Reitz (56) by the use of heavy water end 

deuteroaoetone is a $Ood example of the use of a deuterit.un. isotope 

· etfec·t in a rneohanisui study. Quite recently Westheimer and Tiicolaides (91) 

were able to show t~at the rate controlling step in the oxidation of 

isopropyl alcohol by chromic aoid is the removal of the hydrogen on the 

secondary carbon atom. since 2- deuteropropanol -.2 was found to be 
. 

oxidized about one-sixth as fast as ordinary isopropyl alcohol in chromic 


acid solution. 


b. 	 Use of Other Light Element Isotope Effects 

S.inoe the discovery of large uni.directional isotope effects for 

.cl3 llnd.cl4, and the devel~pment of the theory of relative reaction 

velooitia_s of isotopic rnolacu.los by Bigeleisen, carbon. oxygen and ni• 

http:deuterit.un
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trogezi isotope effects heve been used. for the determinution of' reaction 

mechanisms in several cases. 

· Bothner•By, Bit~e leisen, and Friednien (13) studied the pyrolysis 

of ordinary bt1:riura bdipate to form cyolopent&nona end found that the cl3 

isotopic fraotionfltion in this process was only ebout 0.1 per cent. 

They suggested that the very s~ll effect could be exp1alned if the 

direction of cyolization was dictated by the preliminary remov-al of a 

proton from one of the ~ carbons, a process ~thich would be subject to 

.<>nly s very ·slight isotope effect as f'e.r ee the cerboxyl groups are 

oo.ncerned. 

Bigeleisen and Friedman .;(9) used the res·ults of their study. of 

N15 and alB isotope ef.fscta in the decomposition of aru.:nanium nitrate to 

f'urther the knowledge of the Iu:~chanism of• this reaction. Bourns • Stacey • 

and Lindsay (14) ·used the rf.>sults of their stu(ly of the Nl5 isotope 

effect in the deamination of phthalGmide to phthe.limide .as the basis 

for e. mechards~n whioh they proposod for this ree.ction. Fry a.1iC: CE:.lvin 

{30) ·were able to· suggest u. mechanism for the deoompositi:jn of oxalic 

acid from a consideration of -the rf:sults of their atudy or ;the cl3 and 

14C isotope effects which occurred in that reaction. 

5. Theory of Chemical Isotope Fffe.ots 

a. Ge'~'lOral I::iscussion 

The mQtion of the electrons about an assemblage of' nuclei in 

a molecule depends only on tho el\7otric field of the nuclei. The fields 

about isotopic atoms, and hence about isotopic molecules. are almost 

.certainly so nearly tho svme th£~t they may be considered identical. 
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The· electronic states and thG potential field in which the nuclei are 

moving wi.ll thus reme<in the same i£ isoto?ic substitution is made in a 

molecule. The forco constants between atoms therefore depends on their 

atomic numbers end not on their r=.tomic mt.sses und the cher.nical potentiul 

of molecules is independent of their isotopic composition. 

On the basis of cll~ssical statistical mechanics. where kinetic 

energy follows the equipartition law and the distribution of· the mole­

cules in space is given by the Boltzmann equation. there should be no 

chemical isotope ef'fect in equilibrium reactions. Classical theory 

would allow a very small isotope effect in unidirectional reactions of 

higher order than the first. beol,u:::e the collision numbers for mole .. 

oules is a function of their masses. Chemical isotope effects of con­

siderable m&gnitude ~ occur. both in equilibrium and unidirectional 

processes. however. These isotope effects are quantum phenomena. 

The energy• E, of a molecule may be c ~ns id ered to be the sum of 

two independent terms • the translational energy, Etr• and the internal 

energy, Eint• The latter term rney be further expressed E.S a sum of 

electronic energy, Ee• rotational energy, Er• and vibrational energy, 

Fv• Thus, 

.All of these enert:ies aro quantized in quantum mechanics. However, 

the energy levels for tronslational energy arti so olo~el;y" spbced that 

the distribution ca.n be oonsi.-:ered as continuous and henoe. oluss~cal. 

For most chemical reactions. the electrons ~re all :in their ground 

states and only for a very f~ew polyatomic molacuios end various r~ee 
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radicals • v.:hich have a multiplet ground stated • does the e lectronio 

enerey have to be oons:t.dered. Corresponding electronic states for 
i 

'-'r',· ::.' 
isoto~ie ,rndlecules are in eny case almost· identioa·l. es stated earlier. 

If theprpduct of absolute temperature,. T. and the Boltzmann constant. 
•':.'\·:}· " 

k. is·large compared with the separation of rotational energy levels. 

as it generally is • except at very low temperatures, or for compounds 

of hydrogen, the rotational energ)r level· distribution oan also be can• 

sidered to be elHssical. The vibreti onal energy levels, however. are 

relatively far apart and higher levels than _the ground s~ate may be 

occupied at moderate temperatures. The vibrational energy is the only 

type of internal enorgy to be affected by quantum. considartd:.ions. nor• 

ma.lly. end· it is the so\;rce of chemical isotope effects. 

The vibrational energy of & diatomic molecule. assuming that it 

behaves as n harmonic oscillator, which is very nearly true, is (ri + 1/2) 

bV. according to quantum mechanics. In this oxpression. n is the 

quantum number and may be zero or any integer, h is Planck's constant. 

and v is the fundamental vibration frequency of the molecule in its 

ground state. The frequency of suoh a harmonic oscillator is e function 

of' the masses. m1 and m2, of the two adjacent atoms and is given by the 

formula: 

1v = ­2tr 

where f is the force ooustant between the atoms and p is the reduced 

1 1 1mass, defined as c - + - • The vibrational energy situation is 
Jl ml ;nz 

more CG:nplioa.ted for polyatomio rmolaoules., but the ene·rgy levels of 

each normal mode of vibrati.on oan be oalcul&ted in a similar way. 

http:vibrati.on
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The vibrational anergy ot a molecule. being dependent on 

frequency, is therefore a function ot the masses 'Of the atoms which 

constitute the molecule. In the lowest energy level. where the quantum 

number is zero, there will be an internal energy difference between two 

,_sotopio 	diatomic molecules or 112 h < v, - vz.>• where v, and vl. are the 

vibrational frequencies for the light a~d hea~ molecules raspeotively. 

This energy difference is known as the zero-point energy difference. 

The situation for polyatomic molecules, though more ooraple~. is 

essentially the same. 

Molecular vibrations are not strictly harmonie, and the anh6r­

monicity increases t:ts the quantum number increases. At high temperatures. 

the corresponding energy levels or itotoplc molecules approach the 

same values. The internal energy difference between two isotopic 

molecules will thus • in general. be some large fraction of the_ zero• 

point· energy d'i.t'terence. 

b. 	 F4uilibrium Processes. 

Chemical equilibrium obtains \ihen, the energy of a reaottng 

·chemical 	system is at a minimum. When isotopic molecules are involved 

in an equilibrium process, the final distribution of isotopic atoms· 

amongat the molecules will be governed by energy considerations. Since 

there are differences in the internal energies of isotopic molecules. and 

since the differences related to particular isotopic atoms ere not 

oonstent from one moleoul.ar species to another. it is to be expected 

that the distribution of isotopic ato~ will not be statistical, as 

to number, amongst the Vliir'ioua moleoulnr species. Chemical isotope 

http:moleoul.ar


af:fects in equilibrium are thus due to diff•erenoes in the vibrational 

energies of isotopic molecules. 

o. t.nidirectionnl Processes 

In isotopic molecules, the force oonste.:.1ts ere practically 

identical a.s stated earlier. The absolute energy level at which two 

ohem:i.cally bound atoms may be separated should therefore be independent 

of their isotopic structure. However. since e light molecule contains 

more vibrational energy than a correspond:tng heavy isotopic molecule. 

the light molecule will require less additional energy for bond rupture 

than the heavy molecule. The difforenoe in energy will be. e.a hes 

been shown. some large fraction of the zero-point energy differen-ce, 

if the molecules are at some ordinarily encountered temperature. 

Most chemical reactions have a temperature dependence given by 

the Arrhenius equation. 

where k is the recction rate~ A is a oonstent over a reasonably large 

temperature range and E, the so-called "activation energy". is e. 

measure or the energy which a molecule must acquire. over and above its 

ground state energy. in order to react. The ratio of reaction rates 

of two isotopic molecules should thus bea 

-(El - Fz )/RTk1/k2 =e 

where (E1 - -E2) is, to a first approximationb equal. to the zero-point 

energy difference between the two isotopic molecules. l/2h( \)1 - \) ).1 

Chemical isotope effects in unidirectional processes are thus elso. to 
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a large extent at least. tre.ceable to differences in the vribrational 
I 

energies of the i.sotoj_Jic molecules. 

d. The Vibrational F.:nergy Partition Function 

The probability that a molecule will have enorr;y €i. in any 

quantum state that is g1•fold det~enerate is proportional to the 

quantity g1e· €JkT • where k is the· Boltzmann constant and T is the 

absolute temperature. This is the Maxwell-Boltzmann distribution law 

and may be used unless the tt?mperature is ve_ry low or the pressure very 

high. The total probability of occurrence of' s. molecular species in 

any energy state. whioh is then the probability of' its existence. is 

" - €JkTpropo1~ionnl to ~igie • The total number of molecules. N. in 

· ..:;:- • f/kTn given volume is thus also proport:l onel to £c_5ie l and this 

summation. often designated by "cJ:, is known as the ''partition funo.tion" 

or "state sum". All thermodynamic quantities such as equilibrium 

constants. free energies and entropies may be expressed in te~ms of 

the partition functions of tho molecules or atoms involved. 

It will be realized from the earlier discuss ion ths.t the partition 

function of most interest here is the vibrational energy partition 

function, 

where €t. vib i.s the di.fference between the vibrational energy in any 

level and the lowest level. The vibre.ti onal energy for diatomic mole­

oules is given by 

When n = o, the zero-point vibrational ener~y. 'o• is 

http:vibre.ti
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We thus obtain 

and the vibrational p6rtition function is 

Qv = t 8 -nhY/kT = (l _ 8 -hV/kT)-1 
., =o 

For polyatomio molooules having x atoms, the vibrational partition 

function is normally 

the product being taken over all 3x- 6 (or 3x- 5, for linear mole­

cules) modes of vibration. 

If the minimum of the potential energy curve of the vibrational 

energy of & molecule rather than the zero point energy is chosen &8 the 

reference zero. the two partition functions become 

l-e-h\)/kT 

and 

e. Calculation of Isotope Pffect in Fxchange F.quilibria 

Wi:­ erey (82) • in his recent peoer on the thermodynamic properties 

of isotopic molecules. has discussed the detailed mnthe~tioal cal­

culation of equilibrium constants for isotopic exche,nge reactions. 

Bi~eleisen and Mnyer (10) also published a paper about the same time 

giving substantially the same theoretical treatment. The latter ~)aper 

is valuable because it presents SQ~e ~atherrwtical short-cuts in the 

oalculo.tions. 
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A typical exohenge reaction may be written 

where A end B are molecules which have some element in common and the 

subscripts 1 and 2 indicate that molecule 1 has a light isotope and 

molecule 2 has a heavy isotope. The equilibrium constant for this 

reaction is given by 

• • • • • • • • • • • (1) 

where the square brackets indicate concentrations. The number of 

molecules of any species contained in a given volume is, as has been 

stated, proportional to the complete partition function or that species 

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

. . . . • • • (2) 

•••••••••• (3) 

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

isotopic molecules, is given rigorously by the equation 

~(J;, 
"'~I-~()·· 

(4) 

where q-1 and Cf2 are the symmetry numbers for the two isotopic 

mole~les, M1 and M are their molecular weights and € 1 and € 2 are2 

corresponding energy states for the two molecules. The summations 
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extend over all energy states and are calculated from the minim~ of 

the potential energy curves of the molecules, i.e. the hypothetical 

vibrationless state. If the temperature is sufficiently high so that 

the rotational energy can be considered clnssioel, and if the vibrs.tions 

are sufficiently close to hanaonic. equation (4) may be replaced by 

• • • • • (f)) 

for diatomic molecules, and 

1/2 3/2 
7A-C. •uai/2Q2 M2 r (1 • e -u 1i)Jdl (A2B2C2) (6)=­ - n -ul]2Ql <12 AlBlCl Ml l-: 1 e 1 (1 - e-u2i) 

"·tt """""r.;, . !,/,·, t,. "''' 

for polyatomic moleol;.les. The I's are -the m.-)ments of inertia for 
"' 

the diatomic molecules end the A's, B's and C's are the principle 

mornents of i.nertia of the polyatomic molecules. For convenience, u 

replaces h\l/kT. 

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

2 

considered in the reaction &tid n is the number of isotopic atoms being 

exchanged. 

Hence, if equation (5} is multiplied on both sides·by 

where m1 f•nd m are the c. t;.;mic we:lghts of the isotopic atoms being 
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(ml/m~)Z/2n. and if the right side is multiplied by and divided by 

ul/u2 • a simplification results and we obtain 

e·u2/2 
( r.·l)• • • • • • • OJ

e-ul/2 • 

If equation (6) is multiplied on both sides by (m1/m2)3/ 2n. and if 

the right side is multiplied by and divided by IIi u /u a similar11 21 

simplification resul-:;s &ud we ob·ta in 

?he e ;uilibrium constant. K. is t'1e:r: f~iven by 

and can thus be calculated from the fundamental vibration frequencies 

of' the two isotopic molecules provided these have been observed in 

Farnan or infra-r~d spectra studies. or ha.ve been calculated. 

For isotopic exchange reactio~ ·~·•here the differenoes in the 

vibrc..tiuna.l frequencies of the isotopic :nolucules is suoh that 

(hV1/kT) • (hV;i/kT} = u1 • u -~u is small. Bit~oleisen and Mayer (10)
2 

have shown that the equilibrium constant may be calculated frorn the 

formula 

• • (7) 
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1 1
where G (u1 )- (1/2 + u--l ). and they have tabulated valuos•of 

e 1 

G(u1 )from u • o to u = 25. 

It must be realized, of course, t~:t(!t, the equations given above 

have been developed for perfect ge.s reactions a...to}d include assumptions 

such ns that the vibrations are harmonic end the rotational energy may 

be considered as clr.ssical. Various corrections have to be made to 

apply the theory to condensed phase reactions end to hycrogen &nd deuterium 

exchange reactions. The aim or this discussion has been merely to out­

line the general roBthod by which theoretical calculations for equili ­

brium constants of isotopic ~xohange reactions can be made. 

f. Calculation of Isotope Effects in Unidirectional Processes. 

Provided that the rate determining step in a chemical process, 

A+B+C+••••• --.,.~ Products, is the surmountin_g of an onergy 

barrier, the rate constant, according to the Eyring (27,~1) method, is 

given·by the formula 

(A)l/2 
 • • • • (1)k = K 
1 

• • • • 
J2nm 

K is the transmis~ion coefficient, CA' CB, CC ••• are the concentrations 


of reectants A, B, C •••• C ~ is the concentration of the activated 


·complex lying in the length,[; of the decomposition coordinate, and 

k is the Boltzmann constant. The effective mass, m~, of the complex 

in the direction of the decomposition coordinate, is normally ta~en as 

the reduced mass of the two atoms between which a chemical bond is 

being formed or broken. 
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For two isotopic moleo-:;les A1 and A • where the subscripts in­
2

dicate th1:1t' molc1oule 1 hE:ts the lighter isotopic atom snd 2 the heavier, 

two rate equations may be written os 

ct
1 l • • • • • (2)I_kl • Kl 

dlCAlCBCc••• 

c~ 
2 

Ik2 = K2 
CA CBCc•••

2 

The potential energy surf&oes for isotopic molecules are. prBoticslly 

identical, ~s stated previously. so that = {2 for our purposes11 

here. It would be desirable to be able to calculate K1 and x2 • but 

failing that. it appears (35) that K1 will be equal to Ka to e first 
;,­

I 


approximation. 

The ratio of the reaction rates for two isotopic molecules is thus 

1 

/2 

• • • • • • • • {4) 

The ratios of concentrations mey be replaced by corres:-.;onding ratios 

of partjtion functions • tre6ting the activated complex as an ordine.ry 

molecule. The reaction rate ratio is then 

. . . . . . . . . . . (5) 


where the Q 's are the oomple·t;e partition functi.Jns. It is most 

convenient to take the minimum of the potential energy curve for the 

molecules as the zero of the energy scale for the molecules. The 

http:ordine.ry
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minimum in the saddle of the potential energy"'surfaoe of the activated 

complex may be taken as the zero for calculation or the partition 

function for the activated complexes. 

Bigeleisen t;nd :!.eyer (10) have defined a function f as 

(6) 

where the M1 's are the m~sses of the isotopic atoms in the isotopic 

molecules. The function. r. has been evaluated by them and is a 

function of the molecular vibrations only. They obtain 

1 - e-{ui + Aui) ... 
f cr1 e 

~u1/2 • • (7) .= •r2 1 - e·ui 

The cf"ts are the -symmetry numbers. u1 ,= h'Ji/kT and 4 ui =h (\l11-Yi2 )/kT. 

as in the equilibrium equations given earlier. A similor· relation 

holds for ft • the correspond.: ng function for the _activated c cmplexes. 

The ratio of the react:i.on rates. in terms of the !'unction r. from (5) 

and (6) 1 becomes 
1/2 

(:~:) •••••••••• (8) 

When 6 u1 is small, as it is f'or ordinary temperatures and ell 

molecules except compounds of hydrogen and its isotopes. 

*' . * 1/2 Jn-:" 

crz (mz } [ ~ G(u1)Auii'f mli 1 + 

where G(u) • (1/2 - 1/u + 1/(eu-1)) • as before. It might be not~d that 

both Lc(u1 )Au1 ~nd '£G(u1')Llu1•have positive values, or are zero, 
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in the general case. 

According to quantum mechanics. there is a definite probability 

that some molecules will succeed in getting from the initial to the 

final state without havlng to surmount the energy barrier. This effect .. 

knotvn. HS "tunneling" • depends on the sl1ape of the energy barrier end 

c&n be ce.lculeted. It is usually nerl~~ct'ld s:i nee tht.7re cCY2lS not yet 

appear to be a single chemical reaction where the importance of the 

"tunnel eff'eetn has been demonstrated with certainty. 

The chief difficulty in employing formulae (7) ~nd (8). or 

formula (9). is that the properties of tho activated conplex are extremely 

difficult .. if not impossible. to determine. However. the equations 

should yield qualitative inforr!JtJtion. If the vibration frequencies 

of the isotopic molecules in quest:i.on are knm.-\rn. or can be calculatldd 

with some accurucy. the r:1quations should Gi·Je i;in upper limit to an 

isotope effect. also. 

In equation (9)., (11'2*/~lt) is always unity or (:reater than unity. 

In bond clesva;;e roactions. where the isotopic atoms are directly in­
:J It-' ~· ,_ " 

volved.o L, G(u1 )~ui vrrill normally be greeter than L. G{ul'")6u:. 

In t~is type of reaction. the rate constant for the li~ht molecule \'!rill 

be r,rea.ter than the rate cons t&~lt fo:r the heavy :rmlocule. In bond 

formation reaoti.ons. where the isotopic atoms are directly involved. 
,,_, 1~'-'1~'-1.L G(u1t")4ufcan be greater ·than L G(u1 ) t)u • If L c; (u1*)Auf1

.3'~-' 

is ereater than L f'!{u1 >~ui .. 112 ln <~*;m11l.). the rate constant for 

the heavy molecule vii 11 be greater then that for the litht mclccule. 
_,n- " . 

In the case of reactions of isotopic ~. 1fi,'hereLn{u1 )~u1 is zero 

sinoe there are no vibrntions initially. the rate constant for the 
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heavy 8tom !TlfiY be ~::reater th~n that for thn li;;:ht atom, becLuse. althour;h 
"J~'-' 

(l~:i/m1•) >1, La(u1t) Auf may be suf'f'lciently large to nullif'y the 

first effect. This c oncii tion occla·s in reactions of the hydro,cen 

isotopes and kT ") kD ) kH. 

The larc;est vulues for 1:.he rote ratios vfill occur when the isotopic 

et0'1lS are e&-se!l.tiell:' tree • or v:lbretj on loss, in the uctiveted corn.plex~),,_, 
Iu this case, L :1(ul:)Auf nppl~ovchos zero Ilnd the reaction rai;e ratio 

5s t.iven by 



III EXPFRIM~NTAL PROCErURES 

1. General Precautions 

All voll.ltile cl4 compounds were handled in a hood he.vin.g good 

ventilation. The ve.ouum lines and racks used were in enclosed hoods. 

Powders were ustwlly handled in a "dry box". Surgical rubber gloves 

were worn when working with active 'compounds. A special effort was made 

at all times to avoid spills. spattering of liquid droplets. or creation 

o£ dusts containing active material. Vessels. trays, blotting paper and 

Kleenex were arranged f'or each operation so that any ac::!idental spills. 

large or smell. could be controlled and would not result in contamination 

of the laboratory or other experimental ~terials. Used glassware was 

always given a preliminary wash in the hood with an appropriate solution. 

solvent. or detergent. A more thorough washing u&ing a detergent and 

careful rinsing followed. For crit~cal experiments. glassware which 

had never been used for any radiochemical work was used. 

l1o radiE~ti on hazard existed because c14 has a very soft ~ 

emission. 154 k.e.v•• which is nearly all absorbed by a few oenti­

metres of air. or by an ordinory thickness of glass. 

Although the recognized 'maximum tolarance level for cl4 in the 

q o-2 · 1 ·air was v x 1 microcuriee per cub o metre when ·this work was begun. 

this has s:lnoe been put as high as one microcurie per cubic metre for 

continuous exposure. The health hazard was thus not very great and 

control of contamination was more important for experimental than 

for health reasons. 



2o Preparation of Materials 

~. Benzoic Acid-Carboxyl-cl4 

Various techniques for preparing cs.rboxyl labeled acids by 

carbonation of the appropriate Grignard reagent with labeled carbon 

difference from an ordinary Grignard carbon~tion ia that in making a 

oarboxyl labeled acid. ~~e carbon dioxide is usually the more valuabie 

ohemioal. .An excess of Grignard is used therefore. rather than the 

reverseg, and the carbon dioxide is handled in a vacuum system. of one 

kind or another. Benzoic acid-oarboxyl-c14 has been prepared by 

Dauben. Reid and Yankwich (24). 

· Several di~ferent ~reparations of benzoic aoid-c14 having 

var1ous activities were made at differunt times. The source of the 

cl4 wa.s either dry barium oarbonate-cl4 or. more frequently. a solu• 

tion of sodium oarbonv.te-cl4 with excess sodium hydroxide present. 

Dry barium carbonate is very sensitive to electrostatic charge and 

U; is quite di.fficul t to transfer the powder without ore~ting a 

dust. Sodium carbonate solution ie quite oonvenient.since aliquots may 

be readily teken and .trllnst·erred with a plpette. The water may be 

readily rernoved from the solution in the following .manner: An aliquot 

of solution is pi.petted. using !\ rubber bulb 8 or a pipatte f'itted with 

a ground glass syringe, into a tube ebout 17 mm., in diameter ~nd 

This tube is attached to a v~cuum line by means of 
'; 

a ground glass joint and the solution is frozen using a dry ice-cello­

solve blith. The tube is then evacuated and tho vacuum line isolated 
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from the puraps by turning a stop-cock. By placing a liquid nitrogen 

bath around & second evacuated tube attached to the vecuum line und 

carefully wurming the tube containing the solution with an infra-red 

lamp. the water is di.etilled without the solution melting and is oon­

densed in the cold tube. The sodium aerbonate. which contains some 

sodium hydroxide, is finally dried by being'heated to about 150°C 

while still under high vacuum. 

A typical preparation of benzoic aoid-c14 was as follows: Lead 

chloride (2 to 3 g~) was &dded to the tube containing the dry sodium 

cerbonete-c14 {3 millimoles) obtained us described above, or to dry 

barium carbonate weighed into a simiiar tube. The tube was attached 

-3to the vacuum line and evacuated to 10 mm., or less. The vacuum 

line was isolated from the pumps and the lead chloride-sodium oar­

bonate mixture was heated to about 350°C. at which temperature the 

mixture melts and evolves dry carbon dioxide at a moderate rate. The 

carbon dioxide was oo,-ldensed into a snw.ll liquid nitrog~n cooled. 

storage bulb attached to the vacuum lt"ne. When gas evolution was 

complete. the bulb was isolated from the vacuum line by turning e stop­

cock. Phenylmagnesium bromide (10 millimole&) was prepared in a 50 ml. 

round bottomed flask. This flask was then attached to the veouum line 

by means of a ~round glass joint. the Grignard reagent frozen by sur­

rounding the fl~sk with s liquid nitrogen bath. and the flask evacuated. 

The flask was isolated fro.-n the vacuum line by turning a stop-cock and 

the Grignard was allowed to melt. The Grignsrd wes then refrozen in 

liquid nitrogen end the flask re-evaounted to a pressure less than 

10-3 ·mm. The veouum line was isolated from the pumps and the carbon 



dioxide storage bulb wa.s opened to the line. The carbon dioxide was 

allowed to thaw li.nd was then frozen in the Grignard flask. The Grignard 

was allowed to tha.w wi,th the f'll:.sk open to the vacuum line. end was 

stirred with a msgnetio stirrer. When the temperature of the reaction 

mixture he:d risen to about 10°C, the flask was age.in immersed in liquid 

nitrogen to freeze the ether and carbon dioxide. The Grignard flask 

VIas then isolated from the_ vacuum line by turning a stop-cock. The 

mixture was allowed to thaw e..nd was then stirred .for about one half 

hour with the flask immersed in a dry iee-cellosolve bath kept et 

about -l0°C. The flask was then removed from the vacuum line and the 

Grignard addition product decomposed by adding chipped ioe and dilute 

sulphurio acid. The reaction mixture was then rinsed into a separatory 

.funnel and extra.cted with ether*. The ether extract was washed with 

water and then extracted with excess l N sodium hydroxide solution•. 
The benzoic acid was precipitated from this solution by the addition 

of 6 Ii hydrochloric EJ.oid. The product. almost pure white. was removed 

by filtration using a sintered glass filter funnel. This material was 

diluted with a desired amount of pure benzoic acid fj.nd the Whole amount 

was then twice recrystallized from hot water. using a small quantity 

of bone oharcoel in the first recrystallization. The acid was dried 

*Dow-Corning silicone stop-cock grease wns found to be ideal 
for lubricating the stop-cock and the stopper of funnels used 
for active solutions. A sm,dl amount of the grea$e was also 
placed on the outside of the tip of the funnel ta prevent 
solution creep. The separatory funnel used here, enq others 
used throughout the vvork. was & modified type having the 
original one-way stop-cock reple.ced by e three-Ymy stop­
cook. This modification allowed the liquid layers to be 
cleanly separated without the top layer having to be 
poured through the top of the funnel. 
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and stored in a vacuum desiccator over silica gel.. Yields in dummy 

runs were 80 to 85 per cent. based on the carbon dipxide; m.p. 120.5 ­

. 0
121.5 c. 

b. Fthyl Benzoate•Carboxyl-cl4 

Ethyl benzoate-carbo~yl-c14 was prepared through the acid chloride., 

Benzoic acid (10 millimoles) was heated with an excess cf thionyl 

chloride (25 millimoles) in a 25 ml. flask. lfiben the evolution of 

hydrogen chloride ceased. the excess thiouyl chloride was removed at 

siightly reduced pressure. using & small fractionating column. An 

excess of absolute alcohol (40 millimoles) w&s added and the mixture 

WfHil refluxed for two hours. The excess alcohol was removed at atmos­

pheric pressure. Pure inactive ethyl benzoate (5 ml.) was added e.nd ·the 

product was subjec·ted to .fractional distillation at reduced pressure. 

25
A large middle fraction. ~ = 1.5057• WftS collected and used in the 

isotope erteot experiments. 

o. Tertiary Butyl Benzoete-Carbo~yl-cl4 • 

This ester was made eooording to the method given by Norris and 

Rigby (48) and .-later used by Cohen and Schneider (20). Benzoic aoid­

oarboxyl•Cl4 (50 m.illimoles) end thibnyl chloride (60 millimoles) 

were heated under reflux in a 25 ml. flask for an hour. The excess 

thionyl chloride was removed-by hosting the mixture s.t 100°C for a 

half hour. Pyridine (60 millimoles) and tertiary butyl alcohol 

(45 millimoles) were added end _the mixture was allowed to stand for 

24 hours with the flask stoppered. Water (10 ml.) was added ·to dissolve 

the pyridine hydrochloride and the contents of the flask were washed 
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into a separatory funnel with a little ether. l'he other le.yer was 

washed once vd th five per cent sodium oarbone:te solution. twice with 

small portions of wai;er, and, tina lly dri()d over anhydrous sodium sul• 

phate. The ether was then rt.~oved and tho residue distilled through 

a small column to give an 80 per cent yield of ester. b.p. 112°C at 

18 mm.; n~5 a 1.4897. 

de Anthranilic ftcid 

E',astrnan Kodak Co.'s i1 EnstnJan" grade anthranilic acid was re­

c~stallized twice from hot water using a little bone charcoal in the 

first reorysta llizati on..- ·The acid m:ts dried and stored in a vacuum 

desiccator over silica ·gal; m.p. 146-l47°c. 

e. Jromomesitylane 

Bro:aomesitylene was prepared according to,the directions given 

in 11 0rganio Synthesesn (52) using one-tenth the qufilntities given thez:e. 

A colourless product was obtained; b.p. 106•l08°C at 18-20 mm. Yield 
'· 

was 66 per cent of the theoretical amount. 

t. ~esitoio Aoid-Carboxyl•Cl3.cl4 

A modification of the TilHthod described in "Organic Synthesesn (51) 11 

carbonetion of the Grignnrd obtained from bromomesitylene. was used 

to prepare mesitoic aoid-carboxyl-cl3, cl4. 

In making the Grignard from bromomesitylene, better results 

were obta:i ned with an ectiva.t~::d ~~.gndsiu:no A solution of 0.5 ml. of 

methyl iodide in one ml. of' other was poured over rragnesium (40 millimoles) 

in a 50 ml. flesk. Jls soon ~s reaction started, the methyl iodide 
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soluti._•n was pc..ured off and the rnut:;nesium was washed with two 10 nll. 

portions of dry ether. Bromomesitylene (40 millimoles) was diluted 

with 10 ml. of dry ether and a small portion of this solution was added 

to the magnesium. Reaction was started by fse~1tly warmin;S the flask. 

The rest of the bromomesitylene solution wes slowly add,ed to the 

magnesium while the flE~sk was wormed with a Glass-col mantle to keep 

the reaction mixture refluxing gently. After nbout four hours. the 

magnesium had nearly Hll disappeared a-nd the reaction ·Nas considered 

to bA complete. The carbon dioxide-c13.cl4 for this preperation was 

obtained in essent:Ially the same wey as described for the benzDic acid 

;.;reparation. The water was remo1red from a sodium carbonate solution 

containing about eight.millicuries of c14 and in~ctive enhyarous sodium 

carbonate was added to m&.ke a total amount of ten millimoles. Lead 

chloride (6g.) was added and the carbon dioxide w~s ~enerated ~nd frozen 

in h storage bulb on the vacuum line. The carbonation of the Grignard 

was carried out as described previously in the benzoic aoid preparation. 

The carbon&tod Grignard reegent w&s rinsed into a separatory funnel 

containing about 50 g. of cracked ice and 6 ml. of concentrated 

hydrochloric acid, using 25 ml. or ether. After the Grignard had 

decomposed. the aqueous layer was run into a second StOJparatory funnel 

f.:lnd was extracted a second tine with 25 ml. of ether. The O•Jmbined 

ether extra.cts were washed with water nnd then extracted with excess 

1 ~J sodium hydroxide solution. · The s.lkaline solution wes warmed to 

remove ether. The solution WLB """then acidified with concentrated hydro­

chloric noid and the masitoic acid precipitated ~s pale yellow crystals. 

The mother liquor was removed by fj ltration using a small sintered glass 
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filter stick. The mesitoic acid was then tWice recrystallized from 

dilute aqueous· alcohol. 'fhe dUll1ln'J inactive run gave a yield of 1.3 g. 

of acid. or 79 per oent of' the theoretical yield. based on carbon 

dioxideJ m.p. 15l-l52°C. In the active run. 0.5 g. of pure inactive 

mesi toic acid vJe.s added to the aotive acid before the seoond reorystal­

lizntion. The yield of ac-tive v.cid WbS 1.8 g. The acid was vacuum 

dried anci stored in a vacuum desiccator over silica gel. 

3. Measurement of cl4 Radioactivity 

a. Generel Consideretions 

The determint.tion of.' the c14 isotope effect in a reaction re­

quires a know!edce of the ohant:e in the conoentratiQn o:f the molecules 

contuininf~ cl4 which occurs as a rB sult of the reaction. Since only 

the p'arcentage chanse in concentration need he known. a. parameter 

14directly proportional to the concentration of c m.ay be used instead 

of the absolute concentration. 
~ 

If a defined uree of B la;>rer of rr> teriul containini~ cl4 is 

placed near a Gei;:~er or a proportion&.! counter~ so that the ~-particles 

produced by disintegration can enter the &ctive volume of the counter. 

the recorded disintegration rate will be directly proportional to the 

amount of c14 oonta ined in the material. within a known probable error 

r£nce ~ which depends on the number of' o oun:bs re·corded. 'fhia measure­

ment. which r.;an be 13xp:ressed in some such form es 11 counts por minute 

per Millimole"• w:ill ·thus s0rve es & suitable parametor. )rovided that 

the proportionality constant can be -~node the same for all samples. 

In practice. it is impossiblu to fulfill this latter requirement strictly. 
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for two main reasons. If the samples to be compared aro not identical 

as to mass thickness, density. nnd surface characteristics. the pr.opor• 

tionality constants will be different because the cl4 .P·partioles have 

a low en.ergy and are self-absorbed to a considerable extent in the 

material hei.ng counted. The oounti.ng rate also v11ries with time due 

to changes in the background count and to changes in the characteristics 

of the counting device being used. 

The first difficulty n1ay be largely overcome in thre.e different 

ways. If sufficiently thick layers. i.e. layers of 25 mgm. pe:r em~. 

or thicker. ere used. self-absorption reaches a maximwn and bocomes con­

stant. For thinner lE1yors. counting retes may be determined for various 

thicknesses of material and the self-~bsorption determined. The·counting 

rete for r,ll samples may then be corrected to some standard thickness. 

Tf sufficiently thin lflyers are used. self-absorption becomes negligible. 

The second dif'fict;lty is l&rgel~: overcome by takin~ frequent background 

counts 1;.nd by frequently counting a standard sample. ;~ background 

count is subtracted from the' observed count for all samples and all 

sample counts are corrected for any drift wh:ich is shown by the stan• 

de.rd sample. Furthermore.• s.amplcs may be recounted in any order and 

on different days. 

b. Sample Preparation 

Thin samples require the least amount of radioactive material 

and. when th<.:y can be used. provide the most direct v.-ny of obtaining 

·the desired :oousurement of re.di~&ctivity. The :nethod of thin sample 

preparation was ·therero~e ohosen for the radioactivity measurements 

http:oounti.ng
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made for the work described in this thesis. The materiel which had to 

be counted was ·benzoic acid. It was obtained from the various experi­

ments. finally. as a solution conteinine known amounts of soditi$ be~zoate 

per millilitre. It was found that the sodium·aalt could .not be plated 

in thin layers sufficiently uniform to give the desired reprodU.cibili_ty. 

in tho counting results •. ·The ammonium salt was known to give more 

uniform samples and this fact suggested the use or the hydrazine salt. 

This salt appeared to give very uniform layors. but the counting re­

sults were erratic. The difficulty was traced to·deoompositio~ of the 

salt end sublimation of the benzoic acid under the drying lo.·:1p.; How­

ever. it W&S found that the Svdium Sf:llt could be plated to give quite 

reproducible counting results if a little hydrazine hydrate w&s present 

in the solution. Apparently. the addition of this material lowered the 

surface tension of the solution slightly end increased the solubility of 

the sodium sGlt sufficiently. so that solid material did not pr$cipitate 

out until the solution volume wes very small. and when precipitation 

did occur. the solid did not tend to go to the,outer edge and form a 

ring. 

The method of' sainple preparation finally adopted was as follows 1 

One tenth ml. of hyf:razine hydrate soluti·~n {80 percent by volume) was 

added to the sodium benzoate solutions before they were finally diluted 

to 25 ml. in volumetric flasks. Samples o£ 50 ~. 100). or 200 ~ of 

these solutions were pipetted with11Misoo"'* pipettes onto stainless 

steel diecs. -The discs were 2.5 om•. in diarrater. having an area of 

* Made by "-Microchemical Specialty Co".~ Berkeley. California. 
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3.45 em. 
2 

defined by a thin. 2 mm. wide. ring of "Tygon" paint primer 

around the outside rim. Since the samples were counted using a counter 

which wAs :i.nsens:i.tive to relatively large changes in area -of the sample. 

the semples did not have to be spread over ·the entire area of the disc. 

but an effort vwa r.wde to have t!"te sol·uti on sprot.d over at least half 

of the area fr.vsilable. The important factor was to obtn in uniform 

thickness und avoid rin[~S and ridges. The sa-mples vtere dried under an 

infra-red lamp. with a.gentle stream of sir directed toward the diso. 

Just befo're the semples were dry• the discs were picked up with forceps 

and the solution was gently swirled. If the latter operation was done 

at the appropriate mo1nent. the solution than flash drifJd a.fter being 

replaced under the lamp for a few moments. 

Samples wn~ch e.ppearrad to be ~nevenly spread generti lly gave 

counts which, in extreme oa.ses, were low by as muoh as 10 per cent. 
! 

compared to well spread sa?nples. Those poorly spread samples could be 

brought into solution with a few drops
I 

of: one•half per cent aqueous
I ; 

hydrazine solution t·nd then redried. The count on such respread samples 

generally rose to the value obtained for the wel~ spread samples. Six 

or more samples for counting were ~(de from each sodium benzoate eolution. 

Sample thicknesses ranged from 0.05 to 0.2 mgm. per cm. 2 , the 

aotuel thickness depending on the solution sa:npled, the sample volume 
/' 

and the nrea cover3d. Self-absorption 1\r&.s considered to be negligible 
:! 

at these thicknesses si nco a oonatr1nt counting rate per milligram of 

material v;as obtained when the sample thiokneas was varied by a factor 

of four,. in this ra11ge. for any part~cular solution sampled. 

·. 
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Figure 1. Counter assembly 
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c. Counting Apparatus 

The s&~ples were counted in a Simpson (€6) type. methane filled. 

proportional counter designed und built at the Ptumio Fnergy Project. 

National Research Council. The counter tub& is shown in section in 

Figure 1. The counter is essentially a stainlHss steel tube,. 4 om. x 

18 em.,. having two removable end plutes whioh support a tungsten vdre. 

The two thousandths, or one thousandth. inch dismeter wir-e is insulated 

from the end plates by polystyrene plugs and carries the positive high 

potential. The tube itself is grounded. Sfl'Wll inlet und outlet pipes 

at the top ere provided for tho methane supply. The sample holder con­

sists of a horizontal sliding platform having a vertical sliding solid 

cylinder with a oiroular indentation for the steel sample disc. 

The power unit !'or the counter. designated as "Power Unit, Type 

200" • was manu£actured by Dynatron Re.dio. Limited. ~~eidenhead. England. 

as wes the scaler which wss designated as "Soaling Unit. Type 200". 

A linear amplif'ier "Model 204-C" a~d a head amplifier "Model 204-A" 

.manufactured by Atomic Instrument Company. Boston. Massachusetts. 

were run in series between the counter and scaler. The line voltage vtas 

stabilized w:ith a Sola transformer. ~iathason commercial me·thane. 

96 per cent methane. was used·as the counter filling. 

The main advantages of this type o£ counter over the standard. 

thin. end-window type of Geiger tube for c14 counting are as follows.: 

The large absorpti?n of the sort tl-part:i oles by the mice. window and by 

the air between tho sample and ;the window is absent since the sample 

is inside the tube. The sample is very close to the wire and the· 

geometry is euoh that practioa~ly all !i-pa.rticles emerging from the 
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top of the sample are counted regardless of their initial emjssion 

direction. The counter is therefore eff'ectively a 2rr ooWlter and the 

countin~ efficiently is very nearly 50 per cent. Since the samples are 

mounted on steel;, back-scattering o£ the t~-particles increases the 

counting effioiendy to slightly creater than 50 per cent. A counter 

having a high counting efficiency allows low activities to be counted 

more accurately and more rapidly than a counter having s. low counting 

efficiency. Whett the Simpson ty?e of counter is used in the proportional 

range with proper linear amplifier. gain. f'eed beck and pulse disc~imi­

nati·Jn, the plateau, which extends over 250 volta or more, is longer, 

and generally has a flatter slope, than the pleteau of the usual 

Geiger tube. This feature makes the counting rete less sensitive to 

line voltage fltrotuations. Since th~ fil1~ng of the tube in con­

tinually being renewed. the plateau does not continuously deteriorate 

as does the plateau of a sealed Geiger tube.· Since the tube has a 

complete rootallic envelope. it does not become light sensitive as do 

many end-window Geiger tubos. 

There are a few disadvantages, however. The tungsten wire. being 

under oonside~able tension, is liable to break. Since the samples are 

placed inside, the tube is rather easily contaminated. Eeplaoement of 

the wire and decontamin2t1on of the tube are relatively simple. but 

time-consuming operations. The tube requires & voltage of about 3.000 

volts for a two thousandths inch diameter wire. which voltage is more 

difficult to sup:;ly than the usual 1.000 to 1,200 ·volts required for 

an argon-alcohol .filled Geiger tube. The operation of the Simp$on type 

tube requires a linear amplifier which the Gaiger tube operation does not. 
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d. Counting Procedure 

~ample discs were placed in the circular depression in the sample 

holder cylinder. the sample :-tolder W&S Slid horizontally into position. 

end the cylinder was slid vertiee.lly up against a rubber gasket and 

locked into a fixed position. A small amount of air entered the tube 

during this operation. but it was sufficiently well flushed out in 

fifteen to twenty seoond·s by the methane flow that counting could be 

started. Samples were normally counted long enough to give a total 

number or counts close to 10.000. so that the standard error in the 

individual counting rate for any particular sample was approxjznately 

100 -v 10.000 +r • ! 1 per cent1o.ooo . ­
Many sample discs were counted more than once. The average 

counting rate was then taken as the activity value for the sample disc. 

The radioactivity ot a particular fraction ot benzoic acid was taken as 

the average activity of the six or more individual samples of that 

fraction counted. The error fo~ula applied was that for the standard 

error of the mean value ot e series of observations. 

r • 

where r is the standard error of the mean. d is the deviation of e 

single observation from the mean. and n is the number of observations. 

Background was counted for two or three minutes several times 

during any series of sample counts. The background normally range~ 

from 50 to 60 counts per minute for the unshielded counter. ·but. could 

be brought down to about 20 counts per minute by 2 inches of lead 
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shielding. The backr;round in the counting room was continuously re­

corded with an Fsterline-Angus Graphic Ammeter so the~ any wide or 

sudden vari$tions were always known. 
•· 

4. Alkaline IIydrolysis of Fthyl Benzortte-Carboxyl-cl4 

The experimental ~rooedure used to determ:ine the cl4 isotope 

effect in the alkaline hydrolysis of ethyl benzoate-carboxyl-cl4 at 

room temperature wes. in brief. as follows: A sample of the ester w&a 

allowed to undergo hydrolysis. in dilute aqueous alcohol containing 

excess sodium hydroxide until about 10 per cent of the ester was hy• 

drolyzed. The reaction mixture was then divided into two equal portions 

and a sample o:f the benzoic eoid which had been produced during the 

partial hydrolysis was isolated from one half of the solution. The 

hydrolysis was allowed to go to completion in the seoond hal~ and a 

sample of the benzoic aoid produced by complete hydrolysis was iso• 

lated. The specific activities of these two benzoic aoids ·were de• 

termined by counting samples es already described. The values ror 

these s~:;ecif'io activities, &nd the value for the .fraction of the ester 

which had hydrolyzed in the pe.rtial hydrolysis. supplied the necessary 

information for calculation of the ratio of the rates of hydrolysis 

for the normal ester molecules and the molecules containing c14• 

The detailed procedure was as follows, A 1.3 ml. sample of ethyl 

benzoate-oarboxyl-cl4 was pipetted into a 100 ml.volumatric flask 

and sufficient 0.5 n aqueous-ethanol (50% by volume} sodium hydroxide 

solution was added to m&ke a total volume of 100 ml. The contents of 

the flask were well mixed. Pfter about two minutes~ at which time it 

was known that about 10 per cent of the ester would be hydrolyzed. a 
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50 ml. sample of the solution w&s withdrawn and pipetted into a 500 ml. 

seps.ratory funnel contaL1ing 200 ml. of distllled water E.nd 75 ml. of 

ether. {The ether used f'or extraction in this and in subsequent •"~~ork 

was washed with dilute. Etcidifiod ferrous su.lphate solutivn and then with 

distilled water just prior to use, to remove peroxides). The eeparatory 

funnel was gently shBken o.nd the two layers were allowed to sepsrate. 

The aqueous layer, containing the scdium benzoate produced ::in the 

hydrolysis • was run into a second sepa.ra tory funnel containing 75 ml. 

of' ether, and a second extraction w~ts performed. The etbor layer in 

the first funnel, containing the unhydrolyzed ester, wa.s run into a 

storage flask. The nquaous layer fro~ the second extraction was run 

into a third separatory funnel and extracted a third time with 50 ml. 

of ether. Ample time lTaa ·,allowed for good seporation of the aqueous 

and ether leyers to occur in all extractions. The aqueous layer was 

then run into a fourth separlitory funnel and was acidified by the 

dropwiae addi'i::ion of 6 ml. of 6 N sulphuric acid. 'rha beazoic acid 

liberated was extracted with 75 ml. of ether and the aqueous luyer was 

then discarded. The ether extract containing the benzoic acid was 

washed with two 20 ml. portions of water. allowing ample time for 

separation of t:tte layers. The ether solution was finally '"run through 

! r !~he unused side of the two-way stopcock on the separatory fun.."lel 

into a 250 ml. Frlenmeyer flas,k. This flask was fitted with fi stopper 

having an inlet s.nd sn outlet tube. A stream of dry nitrogen was 

allowed to enter the inlet tube, and the outlet tuhe was connected to 

a :water pump. by means of which a slight vacuum was maintained. The 

tia'ak was placed .in a warm water bath to aid in the evaporation of the 
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ether. When th8 ether had been removed, the benzoic acid was dis­

solved in 15 ml. of alcohol. Two stimples of this solution. of· about 5 

and 10 ml. respectively, v~ere ;)ipetted into 25 ml. volumetric flasks 

and were titrated wtth 0.05 ~J sodium hydroxide using phenol red indicator. 

The alcohol used had a negligible bl&nk, one drop of the base being 

sufficient to change the colour of the indicator. Hydrezine hydrate 

was added to each flask as described under sam~le preparation, and the 

solutions wero made up to 25 ml. with distilled water• 

..~t the sa:ne t irne that the 50 ml. of solution was withdrawn from 

the main solution, a 5 ml. sample was wjthdrawn by a co•worker. This 

sample was pipetted into ·a separatory funnel, contain-ing 20 m1. of water 

and 20 ml. of ether, simultaneously s.s the 50 nl. sample WflB pipetted 

into the larger separatory funnel~ .. · ··rhe cqueous le.yer wes run into a 

flask and the ether layer was washed with 10 ml. of water. which was · 

then added to the aqueous layer in the flask. This solution was imme­

diately titrated with approximately 0.1 N sulphuric acid using phenol 

red indicator. From the normality of this aliquot, the nol"D'lB.lity of 

the original sodium hydroxide solution used for hydrolysis. and the 

normality of the second half of the hydrolysis solution sfter complete 

hydrolysis • the extent or hydrolysis at _sampling time was determined. 

Although the aceureoy of this determin&tiou left s~~ething to be desired. 

the value obtained \'f&s considered to be sufficiently sccure.~.:;e for the 

purpose of the experi:nent. since the calculated r&tio of reaction rates 

does not depend very criticelly on the v&lue for tho f•raction hydrolyzed. 

The second he.lf of the hydrolysis solution we.s allowed to stand 

for a week to complete hydrolysis and a 6 ml. · se;;.ple w&e then withdrawn. 
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The benzoic acid was isolatdd from this sample by ether extraction after 

acidification with sulphuric acid. The ether solution was \vashed and 

the benzoic acid was isolated. divided, titrated, and mBde up into two 

25 ml. sodium benzoate solutions as described above for the acid. ob­

tained from partlal hydrolysis of the ester. 

In the isolation of the benzoic ecid samples. great emphasis ~...-as 

placed on obtaining pure samples and no e.tte:npt was made to obtain 

quantitative recoveries. After oountfng of ·samples was completed, each 

sodium benzoate solution was acidified with dilute sulphuric acid. 

The benzoic aoid liberated in eaoh solution was then extracted with 

50 ml. of ether. Faoh ether solution was washed twice with 20 ml. 

portions of water. and .the benzoic acid in each was isolated. titrated. 

and again made up into a sodium benzoate solution for recounting. 

This procedure provided an indication o£ the reliability of the specif'io 

activity determinations. 

At a considerably later date. alkaline hydrolysis of ethyl ben­

zoate-carboxyl-c14 was repeated in connection with tho work on acid and 

alkaline hydrolysis of ter·tlary butyl benzoate-oar_boxyl-cl4 and acid 

hydrolysis of ethyl benzoste-oarboxyl-cl4• The same general method 

was followed. A smaller sample or ester. 500 A. was used however and 

the hydrolyzing solution used was 55 percent alcohol by volume. This 

change was made because of the low solubility of the tertiary butyl 

ester. Sinoe only about 40 per cent as much benzoic aoid was produced. 

beca~se of the smaller quantity of ester used, the benzoic aoid recovered 

was not dlvided into two fractions ae before. After tota·l hydrolysis. 

a 5 rnl. sa~ple·or the main solution was taken. and again the benzoic 
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/
acid isolElted from this sample was not divided. Duolicate runs were made. 

~ I 

5. Alkaline Hydrolysis of Terti&ry Butyl Benzoate-Carboql-cl4 
I 

The experimental procedure used to determine the ¢14 isotope 

effect in alkaline hydrolysis of terti&ry butyl benzoate-car,boxyl-c14 

was practically identical to the second procedure describ~d for alkaline1 

hydrolysis of the ethyl ester. ·A 500 ~ sample of tertj~rylbutyl 

benzoete-oarboxyl-c14 was pipetted into a 100 ml. volwnatrio ..flask and 

the volume was made up to 100 ml. with a solution 55 per:oent by volume 
I 

alcohol and 0.5 N with respect to s;.;dium hydroxide. The ::ester \'tlas. 

allowed to hydrolyze at room temperature for seven hours; at whi:oh time 

it was known that about 10 per cent of the ester would be hydrolfzed. 

The procedure follovred for isolt.ting the benzoic ac-id p~oducod a~d t~r 

prepMring ·a~aolution for counting was then the same as describe~ in the \ 

last section. 
r 

To obtain a sample or benzoic acid from completely hy{tlrolyzed <,., 

ester. the following method was edopted. 

zing solution was pipetted i-nto a 50 ml. Erlenmeyer flnsk and 5 ml.( of 

6 N sodium hydroxide solution and 5 ml. of absolute alcohol were a~d$d• 
.I 

It was found necesscry to use the more ovncentrated sotiium hydro~i~e \ 

solution~ s·ince hydrolyaie in 0.5 N alkali was very slow. This m~.xture\ 

was allowed to etand for tw-elve days. (Preliminary experi.me.uts ll~\(l ' ·. 

shown th~. t hydrolysis \Yes complete in seven to oight clays under th/lae 

conditions). The solu.tion was then rinsed into a separatory funnel 

containing 100 ml. ot water and 50 ml. of ether. The aqueous so1utiori, 

waa &cidified by ~he addition of 6 ml. oi.,. 6 N sulphuric acid and; the 

I 
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benzoic seid liberated was then isolsted., titrated,. e.nd made up into a 

sodium benzoate solution for counti.ng EB previously described. 

The extent of partial hydrolysis wss deterrn:!ned r.s follows: 

Two 5 !nl. samples of the }~.ydroly.zing so~ution were taken at the se.me time 

as the 50 ml. sample, i.e. seven ho·,~rs Rfter the start of hydroiysis, 

and were titrated directly with approximately 0.1 N sulphuric acid 

using phenol red indicator. The fraction of ester hydrolyzed was 

then obtained from the normality of t~ese samples, the normality of 

the original alkaline hydrolysis solution. and the calculated wei(~ht 

of the 500 A sample .of ester used. 

6. Acid Hydrolysis of Tertisry Butyl Benzoate-Carboxyl-cl4 

A 600 ~ sample of tertiary butyl benzoate-carboxyl-c14 was placed 

in a 100 ml. volumetric flask. The volume was made up to 100 ml. with 

a solution 55 per cent by volume ethyl alcohol and 1.6 !J l'lith respect 

to sulphuric acid. The mixture was allowed to hydrolyze for 28 hours, 

e.t whi.ch time it VlS.S known thut about 10 per cent of the ester would be 

hydrolyzed. A 50 ml. sa~ple was then removed and pipetted into a 

separatory funnel containing 54 ml. of"l.6 N sodium hydroxide solution., 

46 ml. or water and ~ ml. of ether. The benzoic acid produced by hy­

drolysis was then isolated and made up into a sodium bemzoate solution 

tor counting as previously described. 

To obtain e sample ot benzoic acid from completely hydrolyzed 

ester. the procedure used for the total alkaline hydrolysis was 

adopted. A 5 ml. sample of the acid hydrolysis mixture wos pipetted 
. 

into a 50 ml. Erlenmeyer flask and 5 ml. or 6 U sod~um hydroxide 

solution and 5 ml. ot absolute alcohol were added. This mdxture was 

http:counti.ng
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allowed to ste.nd .for thirteen days. It was then rinsed into a separa­

tory funnel containing 100 ml •. of water and 50· ml. of' ether. EXtraction 

of the benzoic acid and preparation of a sodi'um benzoate solution tor 

counting followed the usuel procedure. Duplicate runs were :made. 

7. Acid 	Hydrolysis of Fthyl Benzoate:carboxyl-cl4 

Acid hydrolysis of ethyl benzoate was found to be very slow under 

the oondj_tions used for acid hydrolysis of the tertifiry butyl ester. 

The l1ydrolysis was therefore done at en elevated temperature. insteflld 

of at room temperature. A 500 ml. sample or ethyl benzoate was pipetted 

into e 100 ml. volumetric flask end mode _up to 100 ml. with the dilute 

alcoho~io sulphuric acid solution used previously. The solution was 

then transferred to a pressure flask. and the flask was stoppered and 

plmoed in a water bath at 58.5 Z 0•5°c. After thirteen and one half 

hours. at which time e.pproxj_mately 10 per cent or the ester was hyd~. 

rolyzed. the flask was removed from the water bath and cooled. A 

50 ml. se.m.ple was withdraWn emd tho benzo.i.e acid isolated in the usual 

manner. 

To obtain a benzoic acid sample from totally hydrolyzed ester. 

5 ml. of the acid hydrolysis solution was pipotted into a 50 ml. 

Erlenmeyer flask and 5 ml. of 6 t~ sodium hydroxide we.s added. After 

a week. the benzoic acid was isolated and the usual sodium benzoate 

solution prepared for counting. Duplicate runs were made. 

8. Mess 	 Spectrometry 

a. 	 Apparatus 

The mass spectrometer used in this investigation was a 90°­



54 

deflection instrument mtioh.exeept for several modifications. was similar 

to one previously described by Grnhe,m. Harkness. and Thode {32). In the 

pres:nt instrument. the tube pumping system employed a two-stage frac­

tionating ·oil diffusion pump. {Distillation Produc·ts Typo GF•20W). t 

operating on ootoil-S and backed by a Welch Type 1405H forepump. This 

pumping system was used in conjunction with an automatic liquid air 

controller (43) which kept the mass spectrometer tube free of all oil 

vapour peaks and allowed a' pressure of lower then 1 x 10•7 mm. Hg. to 

be maintained consistently in the tube. as indicated by an ion gauge 

(Distillation Products Type DPA-38). 

The positive i,on source was of the t;ype recently described by 

Nier (46). The gas to· be analyzed was introduced at 2.5 ems. Hg. 

pressure through a oap:i.llary leak into the ionization chamber of the 

source. and ionized by collision with an intense beam of electrons of 

50 electron-volts energy. The positive ions were oollimo.ted into an ion 

beam of 2000 electron-volts energy by the collimating plates of the 

source .. end directed normally into a square-shaped m.gnetic f·fe.ld of 

2000 gauss. This magnetic field resolved tho ion beam into its various 

mass comp~nents and deflected the central beam through a mean redius 

of ourvature of 15 oms. The central beam. of one mass component. was 

focussed through the oolleotor alit onto the collector plate. The 

collector plate was surrounded by an electrostatic field or -45 volts 

(from s dry B•battery) so that secondary electrons formed by positive 

ion bombardment of the oolleotor plate were repelled back to the plate. 

The ion current was applied to the grid of a 954 electrometer tube 

(with a grid leak resistor ot 1011 oluns) feeding a stabilized linear­
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~eedbaok direct-current amplifier. f~ss spectra were obtained by 

automatic magnt&tic scanning and were recorded by a Leeds and northrup 

Type G Speedomax. 

b. Analyses 

Faoh analysis of a carbon dioxide gss sample consisted of six 

to ten ?Edrs or spectrograms • a paj.r. of speatrogrEms bej.ng obtained by 

scanning from IMSS 44 to 46. and then in the reverse direction from 

46 to 44. The ari.throetio mean of' the two values or each ion current 

peak in each spectrogram was determined, and from these mean values, 

the ratio or ion currents w&s calculated. 

The cl3jcl2 ratio for each sample was obtained from the mass 

spectrometer ratio of rooss 45 ion current peak to mass 44 ion current 

peak, by correcting for the contribution of c12o16o17 to the mass 45 

peak es follows: 

cl3016016 + c1201s017 013(45) 
m- +\iiT = 

01201s01s 012 

(45) 
\iiT 

Since all of the co2 samples were equilibrated with water from the 

same source before analysis • the ratio ol8o17jol6o16 was the same for 

all samples. and this correction was determined to be 0.000802 from 

the measured oxygen abundances of the equilibration water. 

The cl4jcl2 ratio was obtai ned similarly from the mass spect­

rometer ratio of mass 46 peak to mass 44 peak. correcting for unwanted 
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contributions to-the me.ss 46 peak as follows: 

(46) cl40ls016 + cl3016017 + c1201s01a + cl2ol7ol7-. 
01201a016(44) 

- 13{46) c 
•- X 

012(44) 

The oxygen ratio 9orrections were the same for ell analyses and were 

as followsz 
D 0.000802, • 0.00425 

and 

was obtained from the corresponding (45 )/(44) ratio which was determined 

as described above. 

Although individual values of the isotopic ratios ma3 vary over 

a period ot time, they oan be determined with a precision of ! 0.1 

per cent by comparing e&ch sample with a standard. In this work, tank 

C02, purified by repeated distillation, was used as a standard, and 

eaoh of the C02 samples was compared with it. 

c. Reliability 

Various rectors affecting the reliability of the mass speotro­

meter results were given careful consideration and a discussion or 

these factors follows: 

{i) Mass Resolution: - The familiar equation which gives the radius 
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of· curvature of an ion movint~ in a !118~netio field may be expressed ss 

m/e = 4.82 x 10~5!!2r2jv 

where m is the mass of the ion in atomic mass units. e the number of 

electroltic charges on the ion. H the magnetic field intensity in gauss • 

r the radius of curvature of' the ion path in oms•• and V the energy of 

the ion in volts. From the above equation it oan be shown that the 

resolution of the mass spectrometer. ~m/m. is eque.l to 2 A r/r. The 

quantity 2 Ar may be evaluated from the sum of the widths of' the 

entrance and exit slits of the analyzer tube. tn the instrument used. 

A m/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 

resolved. a."nd no corrections had to be made for inoomple·te resolution. 

(ii) Mass Discriminations - From the above equation. it may be seen 

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

mess to focus on the collector. ~ben n is changed, magnetic scanning 

is obtained. end w~~n V is changed. electrostatic scanning is obteined. 

It h&s been shown {42) that mass discrimination in the 90° mass spectro_­

meter accompanies electrostatic soamting, but is very much less with 

magnetic scanning.· In this work. mass spectra were scanned magnetically 

to reduoe ·this ·IJlBss di.scrimination. 

· (iii) Ion Current Discri.mination: - The direct ot.a~rent amplifier was 

a linear amplifier. e.nd the linenrity of the recording system has been 

established by Lossing.·Shields. and Thode (41). The fact that con­

sistent and accepted values or any given isotopic ratios have been ob• 

tained whether l~gh or low ion Ct.4rrents were measured indioated thet 

there was no non-ohmio response of the input grid leak resistor in the 



58 

voltage range in which it _wua used. Any non linearity of this kind 


would largely cancel out enywe.y, when measuring small differences be­


tween samples. 


(iv) Secondary F:leotron Emission: - Bombardment of the collector plate 

by positive ions results in the emission of secondary electrons from 

the plate, und this emission. unless supressed, ma~, account for as much 

· as one third or the measured peak height. A voltar,e of -25 volts on the 

suppressor plate. however. is sufficient to suppress this emission. 

Since -45 volts was applied 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 i.e vi.acous, e.nd no isotopic fractionation is to be 

expected. In this investigation, it was found that there was no change 

in the measured isotopic abundances even after the gas had been passing 

through the leak for seventy-two hours. 

(vi) Purity of Samples: - The samples were purified by repeated vacuum 

distillations. The almost complete absence or masses, ot}:ler than those 

arising from eo2 , in the spectrograms was evidence of the purity or the 

samples. 

(vii) Contamination by nesidualsa - Except for mass 18 (H20) and 


mass 28 (N2)• there were no residt.al foreign ions in the speotro~·ter 


tube in the mess range 10 to 100. Thus there was no evidence or con­


tamination of the samples· by residual gases in the mass spectrometer. 


http:residt.al
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Figure 2. Vacuum line 



59 

9. The 	 Decarboxylation of Anthranilic Acid 

The method used to determine the cl3 isotope effect in the 

decarboxylation of anthranilic acid was the same, in principle. us that 

use'd to determine the c14 isotope effect in ester hydrolysis. Essentially, 

the c13 concentration in the carbon dioxide produced durinr; partial 

decarboxylation of a sample of a.nt~··:ranilic acid was compared with the 

13 .C concentration in the carbon dioxide produced by complete decerbox­

ylation of a sample of the acid. A mass spectrometer was used to measure 

the relative abundances of c12 and cl! in the carbon dioxide samples. 

a. 	 Thermel Decarboxylation 

F&wlewski (53) found that anthranilic acid decerboxylated on 

being heated above its melting point to give uniline and carbon dioxide. 

Since anthranilic acid sublimes very readily. and since the car­

bon dioxide produced in the decarboxylation was required for mass 

spectrometer analysis, the t~thod adopted for thermal decomposition 

was as follows; In a typical run, 50 to 150 mg. of acid was placed 

in tube A, approximately 40 ml. in-volume. The tube was then attached 

to e high-vacuum line es shown in Figure 2. Stopcock ~ wes provided 

with a pressure fitting and the ground joint wes fitted with springs. 

(Dow-Corning silicone high-vacuum grease was used in the stopcock and 

the ground joint. since the apparatus we.s to be heated in an oven). 

The tube was evacuated to e pressure of 10-5 om.' of Hg. stopcock ~ 

was closed. and the assembly wss then removed from the vacuum line 

and placed for a predetermined time in an oven regulated at a desired 

temperature. After removal from the oven and cooling. the assembly 
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was returned to the vacuum line and the connection above stopcock ~ 

evacuated. Then. with. a cellosolve-d~ ice bath around ! to retain 

the aniline produced. the carbon dioxide was transferred to tube C 

by cooling the letter in liquid nitrogen. Further purification of 

the carbon dioxide was effected by distilling it from C at cellosolve• 

dry ice temperature into either! or £at liquid nitrogen temperature. 

In the experiments in which ttme and temperature conditions tor 

approximately 10 per c~nt decomposition and for complete decomposition 

were being determined•.the carbon dioxide was frozen in !• This tube 

was then transferred to another apparatus where the carbon dioxide was 

slowly swept through~a oemi-mdcro combustion type absorption tube 

filled with ascsrite, using carbon dioxide-free hydrogen as sweep gas. 

In the experiments where the carbon dioxide was desired for 

mass spectrometer analysis, it was frozen in tube E• This tube, and 

a section of the l:lne connecting it to a capillary bore manometer, were 

previously calibrated so that pressures could be converted into mg. of 

carbon dioxide. The carbon dioxide was allowed to warm to room tempera­

ture and the temperature and manomoter reeding were noted. The carbon 

dioxide was then frozen in en evacuated 50 ml. flask containing 5 ml. 

of frozen. degassed, carbon dioxid~·free distilled water. The flask 

was isolated from the vacuum line and the carbon dioxide and water 

were ellowed to equilibrate overnight st room temperature to ensure 

that all sam.ples·or carbon dioxide had the same oxygen isotopic content. 

The carbon dioxide was then distilled between oellosolve-dry ice and 

liquid nitrogen temperatures, .dried over phosphorus pentoxide. and then 

condensed into sa~ple tubes for mass spectrometer analysis. 
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Figure 3. Apparatus for aqueous 
decarboxylation or anthranilic acid 



61 

b. Aqueous recerboxylation 

:Aor~ster and Shriner (44) found the. t anthranilic acid decar­

boxylated in boiling water. Under the conditions of their experimrlnts, 

in which u solution of the ftCid was allov;ed to boil in an open flask, the 

deco~position was found to be rirst order by these authors. 

The apparatus used to investi:::;at;e the kinatics of the aqueous 

decarboxyle.tion under the Cl)nditions used here is show.n sohemetically 

in Figure 3. A one gram. sa·nple of S.!"l.thranilio ncid was placed in the 

flE:s·.- and 70 :nl. of carbon dioxiJe-free vm.ter were t;dded. The system. 

was swept with hydrogen until carbon dioxide-free. The flcsk and con­

tents were then boated to hoilinr; e:1d kdpt at & e;entle boil while ,fl. slow·: 

stream of hydr Jcen ~nmpt out the earbon dioxide prodtwcd. The sulphuric 

ecid trap re:noved any eniline which passed the condenser., nnd the acid 

trap and ca lciurn. chloride n-tube removed water. The absorption tu.:-;es 

were weit~hed alterr:atel;)r P.fter various tim intervals to determine the 

carbon dicxide produced. 

For the runs in w!-lich the carbon dioxide was required for mess 

spectrometer analysis • the absorption tubes were replaced by tube !• 

shovo"Y! in Figure 2., v.hich ''"as su·· ..ounded by liquid nitrogen. Tube _!2_. 

thus cool·".d• was. shown to be efficient. for condensing S'!ll&ll quantities 

of "'.arbon dioxide from a h.ydrocen stret~m by slowly generating: known 

quentities of' carbon dioxide in the line E\t the flask position a:-1d 

;~easurine; the fnr.ount collected i11 tube I! either in the calibrated 

volume of the vacuum line or by absorption in ascarita. The carbon 

dioxide a&mples collected fror:1 the runs for mass spectro.:neter analyses 

were meusured in the .-;alibrated volume of' the vncuum line ·and then 
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treatdd in the~ same we~r us samplE;s ohtainod from the therrrllil decarboxy­

lll"ti 0-:-lSo 0:-1ly sa11ples of carbon dioxide from pr.rtial decarboxyletions 

were required ~:~ nd obtained from the ,:s\q-:J.eous runs for mass spectrometer 

analyses. 

Co Acid-:r~telyzed P,queous recurboxyletion 

It wes found that the decarbo:.::;/lation of unthrtt.nilic &cid ·,·;rts 

cat1:.1lyzed by tl1e addition o.f s.m.~:~ll tmounts of mineral ~cid. The kinr:t;ics 

or this reaction -were Ftudied over s ra.ne;e of mineral acid concentration 

and t"i sample of c&rbon dioxide produoc:)d durint; partial decarboxylEtion 

of ant 1:rbnilic ectd in SLllphuric acid was analyzed with the mAss Si.)f'!C..,. 

trometer. fhe ::Jethods used wert' thn StHn.o os t11ose desori~ed J'or t'H7 e:.queous 

experiments except ti:;e.t Vbrious concent.rutio?ls of S-..llphuric b.Cid fr.xn 0.25 ?~ 

-Go ~ ~J were used instead of distilled i',;uter. 

d. Sodium Anthranilate 

An equivalent amount of 0.1 a sodium hydroxide solution was Edr.ied 

to a one p:ram sa:nple of anthranilic acid, end the volume was made up to 

70 nl. with diRtilled water. This solutlon v.rus placed in the flask used 

for the othr::'r aq ...eous runs. The Bppurv.tus was modified by the Bddition 

or a ground-class Y connection betwet-)n the condenser c nd the f'lFsk. A 

~ep9ratory ftm.nel was pleced in one arm of the Y connection and the ccn­

denser in the othc~r Brin. ltfter two hours of boilin&. ·the solution was 

cooled and dilute sulphuric e..cid was ud··;ed throur:h the separstory fun~1el. 

Sufficient time was allowed for any carbon dioxide produced to be swept 

throuch the system and the ascarite tube was then weif;hed. No increase 

in we ii~ht was found. 



Figure 4. Apparatus for decarboxylation 
of mesitoic acid 
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10. The Decarboxylation of Mositoic Acid-Carboxyl-cl3.cl4 

The ceoarboxylation of ::uesitoic acid in eoncentratecl solutions of 

sulphuric acid was ·recently ;-:tudiad by Schubert (65) for the purpose of 

determining the reaction mechanism. Bothner•By and Bigeleisen (12) more 

reoentl,Y measured the cl3 isoto;?e o.ffeot in the same reaction. 

a. • Pe:'rtie.l recarboxylstion 

The apparatus used for deoarboxylntion of the mesitoic acid is 

shovm in figures 4 and 2. The 100 ml. reaction flask, ! in Figure 4 • 
t 

wa.s fitted '."::l th e. three-wttv Jtd;,cook,., F. to ·-'hich was attached a delivery.. ­
funnel, £• Stopcock ! was f1tte.ched to a length of rubber pressure tubing 

through a cround glass joint,. !• The other end of the pressure tubing 

was r.ttached to e cold trs.p. f..• The tr&.p we,s attached to the hiGh­

vacuum madijfold. sho·wn in Fir;ure 2. through the ground gla.ss joint_, K., 

and was placed in the position occupied by tube A. The trap ·waf! surrounded 

by a .cellosolve-dry ice be:th. !~urin~. reaction. the relletion flask was 

held in a Burrell "Wrist Action Shaker". so arranged that the fl8.Sk could 

be·'o·orltinuously shaken in a hot water bath. The bath was mec:,1anically 

stirred and was heated by a Fisher ''Automerse" heater. The flask joint 

and stopcock !. were lubricated with Dow-Corning high vacuum .silicone 

Grease. since hydrocarl)Oll greases were attacked by the coqcentrated 

sulphuric acid used. 

accurately v.eir;hed into the reaction flask. The flask., stopcock F,-
and funnel G were evncuat0d to 10•3 mm. pressure. end stopcock! was 

closed. r:uring this evaouEtt ion. the flask was not pl&oed in the hot 
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woter bath because the mesitoic s.cid tended ~:o sublime. After evacuation., 

the flask v,'ns flh:ced in the bath which was maintained at 60 ! 0.5°c. A 

52 ml. sa·nple of 82.2 per cent sulphuric acid "\~as pl!,ccd ~.n a flask simi­

lar to E f:tnd was co'1:1ected to a vucuum pump throur;h a (;round glass joint. 

a lensth of rubber pr:;ssure tu})hl{::. and R cold trap. The flask. con­

teinir1t~ the sulphuric acid,. we.s placed in the hot water bath &nd was 

~ently sh&ken while it uas c&refully evacuLted and pu~ped on for about 

10 mi!1utes. rr the sulphuric ecid w&s not treated in this \\'a:· • a smt:~ll 

volune of no'J.-conoense.lJle g&s wus produced durin[~ the cectirbox:,lstion of' 

the JIK1S~_toic acid. ,·;hen the sulphuric r~cid h.-d reached the l:w..th tem­

perature. the stop-cock &'tttiched to the ce.p on fun:J.el G w&s Ot1ened end the 

cap was remoVt!d. The st; lphurio acid WtiS transferred to the funnel and 

was carefully run into the reaction flnsk leaving 2 ml. of sulphuric acid 

in the funnel. 'fhe sh&ker was stttrted and the time noted. The system 

to the riL··ht of stopcock £. WbS evhcuatod to 10-3 m:n. &nd was then isolated 

from the ptL'll!>S before stopcock F was opened. 

In pre limine ry dw:·rny runs, liquid ni trocen \'\IUS placed a round tube 

.E.• shown in Figure 2. Stopcock!. was olcsed ut ver'ious time intervals. 

and t~1e car~Jon oi•.)Xide which had collected in tube D wns bllowed to expsnd 

into the C(ll5.bre.t·"~d volum,~ or the vacu m system for measurement. The gas 

was then re-frozen into E_. t:-nd stopcock!_ blnd the :l.solf1ting stopcock on 

the :-ae-.nifold \'1·ere UiJen~d agfli(le Hor~ ~arbon dioxide was allowed to collect 

and ·the rooasuremant was repeated. These runs r;ave the desired inf'orr:lfition 

on the re~ction rate. 

In the rl:ns j n which the carbon dioxide produced was £"1nalyzed in 

the mess spectrom<:tter. liquid nitroe;en was ,;;.~laced around tube C, shown in 

http:fun:J.el
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Ficure 2. J~fter six mtnute·s shaking tiwe, the sht:;ker was stopped., stopcock 

F EJnd the stopcock on the outlet side of trt~p J were closed. The carbon 

dioxide vJhich had collected in tljlbe C w&s slowly subli:.:!!sd into tube I by 

pl&c:ing a cellosclve-dry ice bath &round C and a. liquid nitro6en bath t.tround 

r. The i so lati Uf; stopcock on the vecuum manifold bctwGen C and D was closed 

and the carbon dioxide was allowed to expend into the calibrated volume. 

The roi" nometer readi nr f! nd i;emperature wore noted and tho gas was then re• 

frozen into D. The carbon dioxidG was then sublimed into 6l 50 ml. 

eguilibration f'le.sk which now replaced tube .£• usinc cellosolve-dry ice 

tind liqui.d nl tro:::;en haths. The evacuated equilibration flnsk contained 

5 ml. or 1"'rozen,. degassed, carbon dioxide-free water. The carbon dioxide 

nnd water were allowed to equilibrate ov.:u·ni€~ht. A 100 ml. flask con­

trdning phos :>horus pentoxide spread on thE:, bottom, and whioh had a stnall 

inverted L-sh.Hped s..ide t<rm,. was connected to the vacuum manifold end 

evacuated. The \Hlter in the equilibration flBsk was then frozen using 

s. cellos,Jlve-dry ic(~ bath~ and the carbon dioxide was condensed into the 

side E. rm of the dryin'-~ flask by coolint~ the side arm with liquid nitrogen. 

The equilibration f~sk was isolated by turninG its stop-cock,. the water 

was allowed to thv.w- e.n.d "Was then re-frozen. Any carbon dioxide released 

in this pro~ess wus then frozen into the drying flask. The stop-cook on 

the dryine; flask was closed and the carbon dioxide was allowed to expand. 

The carbon di.oxide was allowed to ste.nd over the phosphorus pentoxide for 

about one hr::lf hour and \41'3.8 then condensed i ~to a sa!n:ple tube for mass 

spectrometer analysis. 

b. Complete reosrboxyletion 

Attempts to completely decarboxylate 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 mB.de at 99 ~ 0.5°C gave more complete decarboxylation. 

so that this higher temperature was used to obtain carbon dioxide samples 

corresponding to almost total decarboxyl£tion. 

The procedure followed was the same as for the partial decar­

boxylation runs at 60°C except for the following modii'icati ons: .A smaller 

sample of mes ttoio acid• e..pproxi.mately 100 mg. • was used. The sulphuric 

acid was not prewarmed to the water bath temperature. which was H9 .:t 0.5°C. 

but only to about sooc in an auxiliary bath, while being shaken end ex­

hausted. The reaction flask wa.s not .?laced in the hot water bath until 

after the sulphurio acid hed been added. 

The reaction was over 90 per cent complete in thirty minutes and 

ceased af'te r about three hours. by which t ~me 98 ·to 99 per cent of the 

theorotiaal yield of oe.rbon dioxide had been produced. The carbon 

dioxide obtained was then purified. equilibrated, and put into sa:'!lple 

tubes for mass spectrometer nnftlysis as described for the partial 

deca rboxylati 011 runs. 
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TV RRSULTS AlJD DISCUSSION 

1. Relative Reaction Pate Fqu8tion 

In a study of the effect which substitution or c13 and cl4 

for c12 has on the reaction rate 0f a compound. one .!Il8.Y consider the 


14
c1S compound. or c compound. and the normal c12 compou~d es two 


separate substances reacting simultaneously• in the safne reaction vessel 


and und~r the same conditions. at s~i£htly difrerent rates. 

Consider a general unidirectional reaction 

k c + B + D ... .... ~ M + N + •••• 

kl
cl+ B + D + •••• ~ Ill+ M" + •••• 

where c is the c12 compound i.n which substitution of s heavy carbon 

, is to be studied bnd c1 is the c13 or cl4 compound. The rate constants 

for the two reactions are k and kl. 

Let c and c1 be the initial concentrations of the c12 and c13 

or c14 compounds. respectively. in J11.oles per litre. 

Let b. d. etc. be the initial concentrations of the ether reacta:1ts. 

Let x and xl be the :noles per litre of C and c1 which have reacted 

in time t. 

Let y. z. etc. be the moles ?er litre of E. D, ,etc. which have 

~eaoted in time t. 

- The concentrations of the various species at time t are: 


{c - x). (cl - xl). (b - y). (d - z). etc. moles per litre. 


Then. -dx 
== k(c - x} (b - y}(d - z) etc. • • • • • • • • • .(17)


dt 'J I 

dx1 
~\ 

end -dt 
= kl(ol-~l)(b y)(d - z) etc. • • • • • • ~ • • • (18) 
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Dividing equhtion (17) by equation (lR). 

= k(c - x)(b - y)(d z} •••o 

1 1 1
k (c - x }(b - y)(d - ~) ~·· 

k(c - x) 
0 ••• 0 0 0 •••••••• 0 • (19)1 1 1

k. ( C = X ) 

Integrating equation (19}, 

k 
;:r = 

ln 

ln 

c 
(o-x) 

01 
~ o o o a • • o o o o • e e o • o • (20) 

(cl-xl) 

It is seen that the same f:quation results, v·ihe.tever the overall 

kinetic order of the reaction.; provided it is first order with respect 

to compound C. 

1Let cl/c = a. and x1/x =s » and let a 1 /a = r 

If the reaction considered is ollovved to proceed until x/c :c f • 

1then substituting cf .for x, a ref for xl,. end eo for o in equation (20) • 

0 1ln ln 
k {c - c£l (i - rJ == ac 1;r ln ln(&c - ttcrf) (1 - rf) 

ln(l - f) 
(21)(J (J (J 0 0 0 0 (J 0 0 • 0 0 0 0 c= • • • • •ln(l - rf) 

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

ester hydrolyses. the concentration of c14 used was extremely small so that 

(x + xl)/(c + cl). which was actually measured, is almost the same as 

x/c. and f is thus very closely a)pro.ximt:ted by the valt~e for the fraction 

of ester hydrolyzed. 
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In the anthran]lio acid and •nesitoic acid deoarboxylationss the 

c13 concentration. and in the latter aoid. the c14 coneentrstion, mts 

close to 1 per cent. However. oven in these experi.ments. the uncertainty 
.i 

in the mea sure.mGnt of (x + xl )/{o + cl) • the .fraction of compound reacted~ 

was certainly greater than any error which b:.rould be introduced by con­

sidering f to be equal to (x + x1 )/(o + cl),. insteed of x/o. The ratio 

k/k1 • as determined by equation (21) is. in any Cf,_~se. not very sensitive 
l :'··; 

to small errors in f • provided r is not much greater than 0.5. In these 

experiments, r was never greater than 0.2. 

The radioactivity measurements give values which are directly 

proportional:to xl/(x + :p)) and o1/(o + el). and in the ratio 

xl ;· c---•- 1 l·. • the pro:.:~ortionslity constant ce:1oels out. 
( x + x1 ) ( c + c ) , 

Since xl (( x and ol (( e • the errors introduced if xl/{x + xl) end 

cl/(o + ell are consi£1ered to be equal to xl/x and el/c 41 are negligihleo 

Hence r can be ,considered to be t.he rc~tio of the specific ectivity of 

a reacted frE1ction of E:< sample of co:mpound to the specifio activity of 

the initial starting material, both being expressed as counts per 

micromole. 

The mass spectrometer f;~na lyses ~ive values f'or x1/x and cl/c 

directly. and r is thus the rE.Jtio of the respective relative.a.bundances 

or he::vy to light carbon ~,toms in a reacted fraction and in the initiul 

materit.l. 

Equation (21) may thus be used to express the cl3 or cl4 isotope 

effect in terms o~ relative reaction rates~ where f is the fraction 

of the compound reacted. and !. is either the ratio of the relntive 

e.bundanoes of the isotopes in the reacted fraction and the initial 
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material. or tho ratio of the Si:>ec:ific actiilities of the reacted fraction 

and :;he ini tiel rot<terisl. 

2. ·ll.lkaline ;Jydrvlysis of rthyl ~~e!1Zoute-curboxyl-cl4 

The alkuline hydrolysis of ethyl bomoate is ulmost certainly 

-
e bimolecular. s2 • replacement reaction. r~war. in hie book "The 

l='leetronic Theory of Oq~anie Chemistry" (Oxford Tiniversity Press • 

. knen ;rouse. London t:.c. 4. Fn[\ltmd. 1949) formulates suoh hydrolyses as: 

0 0 0 
II I : . If 

no- + c OR ~ HO : c : .. OR~EO c + OR-.. 
I ' I ' I ' 
?. p R 

I 

in this particllar \ydrolysis. R end 2 ere phenyl t:.nd <:thyl r:;roups. 

res?ectively. !n the transition state. the alkoxyl and hyC:roxyl groups 

::..re linked to the central c&rbon by pa.rtit:.l double bonds. Otherwise. 

'::,}u:' :"os.ction resem1:los t. norranl S2 replecem.ent re&ction. The reection 

rate is ::r,i V'.;n by the equation V = k(cster) X (OH-) • :r..qna.tion (21) :nar 

thernfvre be used to ct:.lcc.tll,te tLc c14 isotop€ effect on the roe.ction 

rute~ of th(• hydrcl:ysis. using the e:x_Jerimentally determined values of the 

fra~':5on of ester hydrolyzed and the ntio of ti":.e specific activities 

The snslyticnl det8 for the a lkel:i ne hycrolysis ot• ethyl benzoate• 

c£.:rboxyl-c14are ;:~iven in 'r&ble I. The tho ex~rinents 1 F. B. and 2 F:. B. 

wer·c done fihout two years epart, r,r.d with different labeled ester. The 

tec~1niquc used to determi~e the <:xtent or hydrol:y"sis. imposed b:,r t~e 

rapidity of the hydrolysis. co: .. ld hardly be expected to &'ive very 

accurhte- results. The va; lues for iJOr·~entnge hydrolysis may t!1erefore 

http:c,~rbox.yl-c14a.re
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be in error by u considerable ~~mount. Fortunt,tely. the equation ;;_"'"or the 

:relative reaction rate ratio is not very sensitive to relatively large 

errore in the vulue for the extent of reaction. If the actual extent of 

reaction were less than the experimental value. the calculated isotope 

errect would be smaller, and vice versa. 

TABLE I 

I!NJU..YTICPJ.. DATA • ALF".AL!NF TJYr·fOLYSIS 
OF FTHn4 B~iZOATF-CARBOXYL•C 4 

(Room (l'cntperature.,--'22°C) 

Fxperiment 
Hydrolysis 

Time 
P~ount of Benzoic Aoid 
Produced (p molesjffil..) 

d 
/'o 

Hydrolj•sis 

Total hydrolysis,. 1 F. n. 
Partial hydrolysis. 1 r.B. 

Total hydrolysis. 2 F.B. 
Partial hydrolysis, 2 1~. a. 

1 

1 

week 
.2 min. 

week 
1.5 min. 

98.0 
9.9 

36.0 
3.4 

100 
10.1 

100 
9.7 

The observations and calculations for a typieal radioe.ctivi ty 

measurement are shown in Table II•. 
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TABLE II 

TYPICAL RADIOACTIVITY IIDJ3URF.UENT 

Tertiar,y butyl benzoate-oarboxyl-cl4 
Total hydrolysis. alkaline 
Volumetric flask llo. 83 
Titre: 3.27 ml. ot 0.0408 N NaOH - 133.6 p moles/25 ml. 

E 0.0651 mg./100 "A := o. 534 p moles/100 ).. 

Counting 
· Disc 

Sample 
Volume(!') 

Counting 
Time(min.) 

Soaler 
(Sos le of 64) 

Counts 
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 + 0 8258 
83-4 100 10 131 + 12 8396 

Background 2 3 .. 5 985 
83-5 100 10 129 + 21 • 8277 
83-6 100 10 126 + 0 8064 
83-7 100 10 129 + 12 8268 
83-1 100 10 127 + 57 8185 
83-6 100 10 131 + 23 8407 

Standard 2 123 + 12 
Background 2 3 ... 7 995 

Counting Count a Deviation Deviation2 
Disc per 10 min. 

83-l (Hespreaci) a.1as -77 5.929 
83-2 s.214 -48 2.304 
83-3 
83-4 

8.256 
a.a9a 

-6 
+134 

36 
17.956 

83-5 a.211 +15 225 
· 83-6 (average) 6.236 -26 676 

8S-7 8.268 +6 36 

Total 57..832 27,162 

Average a.2s2 
27 •162Standard deviation of mean value • = + 26 
7 X 6 ­

Background 1,000 counta/lO min. (higher than ·usual) 

Counta/~ mole/min. 8282 - 1000 26 x 1360 
r • 10 X O.SM ! 72"6'2 

• 1360 j 5 



The c14 isotope effect results for alkaline hydrolysis of ethyl 

benzoate-oarboxyl-c14 are eiven in Table III. The two values obtained 

for kl2/kl4 are not in particularly good aereoment. but do overlap. 

Bi~eleisen nnd Allen (7) give a formula for the fractional error in 

the reaction rate ratio as a fUnction or f and r. end the errors in 

f and rz 

[kl/k2-~ .. (!/(1-tiJ I (1-r) + (1-r) J ~f/(l•t')1 + tfr 
[kl/k2-g ln [l + (1-r)t/(l·f>J (1-f)ln(l-f) 

'rhe symbol d re.fers to an error in the term which .follows. As these 

&uthors have pointed out. an error of 2 per cent in the relative specific 

activities leads to a 30 per cent error in the reaction rate ratio. 

It is unfortunate that the specific activities of' cl4 compounds can 

not be more accurately determined, but the fact remsins thAt as accuracy 

of about ~ 2 per cent is the best th~t can be expected at present. 

The, lower of the two v&ll.les for the reaction rate ratio found 

:for this ester hydrolysis does not seem to be out of line with the 

14majority of the c isotope eff'eots whioh have been rnaasurt:1d. 'fhe 

first velue round seems to be somewhat high. However. Fry and Calvin's 

{29) values f'or t~e intramolecular c14 isotope effect in the decar­

boxylation of phenyl-malonic acid are 1.097 at 163°C and 1.132 at 

72.8°0. The isotope effect at 20° to 25°C would presumablJrbe 

larger. 
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TABLE III 


cl4 ISOTOPE EFFECT IN ALKALINE HYDROLYSIS OF ~~HYL BENZOATE-CARBOXYL-cl4 


Experiment 
Fraction of Ester 

Hydrolyzed = f 
Concentration of 

Benzoic Acid (p moles/lOO)V 
Counts/100 ~ -Counts 

/min. /p mole/min. 
Ratio or 

Activities • r kl2/kl4 

1 E.B. 
l E.B. 
1 E.B. 
1 E.B. 

1.0 
1.0 
0.101 
0.101 

0.706 
1.405 
0.594 
1.185 

807 z 4 
1611 ~ 8 

595 .:t 3 
1192 • 6 

1141 .:t 6 
1145 ~ 6 
1002 .;t 6 
1006 .t 6 

0.878 .:t 0.016 1.146 3 0.017 

, 2 E. B. 
2 E.B. 

1.0 
0.097 

0.490 
0.491 

5.326 .t 54 
4 .810 .t 4_7· 

10.870 .t 80 
9.820 .:t 95 

0.903 ;k 0.02 1.114 t 0.021 

~ 
~ 



3. 	 J.cid tind P..lkr~ line Hydrolysis of Tertie ry ·Butyl 
Benzoate-Carboxyl•cl4 

The :mechanism for aoid hydrolysis of pr·i mary &nd seoondary esters 

is not quite so clearly defined as is the mechanism for alkr:line hydrol~:sis 

of these esters. However. all available evidence indicates th1:.1t acyl 

oxygen bond rupture occurs wh.en these esters hydrolyze in aoid solution. 

Final proof of' this fsct was obtained by Datte., Day. and Ingold (22) 

who found that acid-catalyzed hydrolysis of ~ethyl hydrogen succinate 

in water enriched in alB gives methanol free from excess olS. Since 

the acyl oxygen bond rupture is considered to be the rate controlling 

step in the reaction, the meohanis·r: for ecjd-oatfllyzed hydrolysis of 

primary and secondary esters is hesically very similar to the mechanism 

for alkaline hydrolysis of these -esters. Cohen end Bohneider (20) have 

obtained c;,·idenoe th~t the mechanism of acid-cr..talyzed hydrolysis of 

tertiary butyl benzo.ate is different, however, and involves v.lkyl 

oxygen bond rupture. .Alk!i line hydrolysis of this ester. 011 the other 

hand. was found to be normal and to involve acyl oxyt~en bond rup:ture. 

The same bond ruptures in both acid-catalyzed and &.lkaline 

hydrolysis of an ester such as ethyl benzoate and, in each case, the 

oleavaee ap~a.rs to be r&te controlling. Sinoe a cl4. isotope effect 

was found in alkaline hy~rolysis of ethyl benzoate-enrboxyl-cl4, it 

was reasonable to expect thnt an isotope effect would be found in e..cid 

·hydrolysis of the same ester. fc:id hydrolysis of ethyl-benzoete-ear­

boxyl-c14_wns investit;ated. nevertheless. to nwke certain thet an 

isotope_effeot did occur in the reaction. as expected. On the basis 

of thE ·~~ ork done by Cohen and Schneider• it could be expected that no 
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significant C isotope effect would ooour during acid hydrolysis of 

tertiary butyl benzoate-c14• since the isotopic atoms·would not be 

directly involved in the reaction. 0~ the other hand. a cl4 isotope 

etf'ect would be expected to occur in 6 lka line hydrolye is of the aame 

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

reaotion. • 

The results obtained for the c141sotope ettects in acid and 

alkaline hydrolysis or tertiary butyl benzoate-carboxyl•cl4. and in 

acid hydrolysis of ethyl benzoate•carboxyl-cl4• wera very nearly aa 

expected. The analytical information for the thr~:,e different hydrolyses 

is given in ·rebles IV • V • and VI. The radioactivity measur-azn.ents end 

oeloulated cl4 isotope effects ere given in Teblea VII. VIII and IX. 

TABLF IV 

ANALYTICAL DATA • ACID HYDROLYSIS 
OF ETHY'i.l BF.'tlZOATE-CAF.DOXn.-cl4 

(58.5° .:t o.s0c) 

Hydrolysis Amount of· Benzoic .(loid % 
Experiment 

Total hydrolysis. S E.B. 

Time 

e days 

Produced (p moles/ml.) Hydrolysis 

100 
Partial hydrolysis. 3 F.B. 13.5 hrs. 11.1 

Total hydrolysis. 4 E.B. 8 days S4.0 100 
Pa.rtiel \hydrolysis. 4 E. B. 15.-5 hMh 3•. 98 11.7 



TABLE V 

A~JALYTICAL DATA ...ALK.ALI~Hi.: HYDROLYSIS 
OF TERTIARY 3UTYL BENZOATE-cARBOXYL•cl4 

(Room Temperature,.~ 22°C) 

Experiment 
Hydrolysis 

Time 
Amount of Benzoic Acid 
Produced (p moles/ml.) 

% 
Hydrolysis 

Total hydrolysis, 1 T.B.B. 
Partial hydrolysis. l T.B.B. 

12 days 
7 hrs. 

28.1 
3.12 

100 . 
11~1 

Total hydrolysis, 2 T.B.B. I 11 days 28.1 100 
Partiftl hydrolysis, 2 T.B.B. 7 bra. I 2.75 I s.a 

fABLE VI 

ANALYTICAL DATA - ACID HYDROLYSIS 
OF TRRTIARY BUTYL BW~ZOATE-CARBOXYL-ol4 

(Room Temperature.~220C) 

Hydrolysis Amount or Benzoic Acid I % 
EXperiment I Time Produced (~ molee/ml.) Hydrolysis 

Total hydrolysis, 3 T.B.B. 13 days(alkaline) 
Partial hydrolysis, 3 T.B.B. 28 hre, 

28.1 I2.50 
100 
~ 8.9 

Total hydrolysis. 4 T.B.B. ll daya(alkaline) I 
Pertia1 hydrolysis. 4 T. B:B. 28 hrs. 

. 22.3 Il.SZ 
100 

8.2 . 

......, 
....:~ 



TABLE VII 

c14 ISOTOPE EFFECT E! J\CID :tYDROLYSIS OF ETHYL BE'NZOATE•CARB:)XYL•Cl4 

Experiment 
Fraction of Ester 

T{ydrolyzed s f 
Concentration of Benzoic 

Acid (p moles/ffil.) 
Counts/100 ).. 

/min. 
Counts 

/p mole/nin. Activities =r k12/kl4 

3 F • .B. 
3 E.B. 

4 E.B. 
4 F.B. 

1.0 
0.111 

1.0 
0.117 

0.581 
0.642 

0.599 
0.702 

6,221 + 55 
6,453 j. Gl 

6,382 .t 48 
7,079 z 70 

10,710 ~ 95 
0.938 .: 0.01710,050 .:t 95 

1o,e3o ~ eo 
0.947 "* 0.017'10,100 .i 100 

1.07 z 0.018 

1.06 6 0.018 

·' 

TABLE VIII 

c14 ISOTOPE EFFECT IN ALKALINE HYDROLYSIS OF TERTIARY BUTYL BENZOATE-CARBOXYL•C14 

Fraction o£ Ester Concentration of Benzoic Counts/100).. Counts Ratio of 

-

Experiment ;"fydrolyzed = t Aoid (p moles/ml.) !;min. /J-' mole/mino ­ Activities ~ r k12/k14 

1 T.B.B. 
1 T.B.3. 

2 T. B. 8. 
2 T.B.B. 

loO 
0.111 

1.0 
0.098 

0.534 
0.586 

0.532 
0.518 

7,262 I; 26 
7,461 ! 24 

7,320 ! 31 
6,481 .t 25 

1,360 z 5 
1,275 3 5 

1,378 t 6 
1,252 ! 6 

o. 938 j o.oos 

Oo909 + 0.007-

1.072 ! 0.001 

1.106 : o.oos 

~ 
00 



TABLE IX 


cl4 ISOTOPE EFFECT I~ ACID HYtROLYSIS OF TERTIARY Bl:TYL BENZO.ATE-CARBOXn.-c14 


-

Experiment 
Fraction of Ester 

Hydrolyxed = f 
Concentration o:r Benzoic 

Acid (p moles/ml.) 
Coun:ts/100). 

/10 min. 
Counts 

/p mole/min. 

3 T.B.B. 
3 T. B. B. 

1.0 
0.089 

0.530 
0.473 

7.311 ! 
7,512 ! 

28 
29 

1.380 .! 6 
1.376 z 6 

4 T.B.B. 
4 T.3.B. 

1.0 
o.oa2 

0.418 
0.353 

5.678 .t 24 
4,776 .t 23 

1,361 z 6 
1,355 ! 6 

1: 


<D 
-1 
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·The kl2/kl4 ratios for acid hydrolysis of ethyl benzoate-car­

boxyl-c14 are in fair agreement. The c14 isotope effect found in this 

reaction is only slightly greater than one-half that found in the 

alkaline hydrolysis or the same ester. t~oid hydrolysis is reversible 

to some extent_. however. which may explain part of the dift"'erence. 

Some of the benzoic acid produced durlng partial hydrolysis might be 

esterified by the ethyl alcohol in the hydrolysis solution. In the 

esterification. ti.l though it is possible thst heavy benzoic acid eou.ld 
" 

have the greater rate constant. it is more probable -thrat light benzoic 

acid has the greater rate- constant. }"':sterification would thus tend to 

increase the amount of" benzoic aoid-oarboxyl-cl4 present in th~ partially 

hydrolyzed soluti~.Jn. The apparent c14 isotope efteot in the hydrolysis 

would than be smaller than the actual isotope e£feet. The other factor 

which tends to make the c14 isotope efrect smaller in this acid hydroly­

sis is that the temperature was 58.5°0, compared to room temperature 

for the alkaline hydrolysis. Isotope effects in unidirectional processes 

become smaller as the temperature increases. (29. 30. 60). 

The agreement for the kl2/kl4 ratios obtained for alkaline 

hydrolysis of tertiary butyl benzoate•carboxyl-cl4 is not good. This 

is somewhat eurpris:i.ng si.nce the indicated precision of" the specific 

.activity measurements is rather better than usual. However, there is 

no doubt that an appreciable c14 isotope effect does occur in the 

alkaline hydrolysis. 

The agreement between the specific activities of the benzoic 

acid samples obtained from the acid hydrolys~s of tertiary butyl benaoate­

carboxyl-c14 experiments is quite good. From these specific activities, 

http:eurpris:i.ng
http:soluti~.Jn
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it is obvious that no appreciable c14 isotope etfect occurs in acid 

hydrolysis of the tertiary butyl eater. It is conceivable that the 

esterification isotope effect diseussed above could operate in this 

reaction to such an extent as to almost completely nullify the hydrolysis 

isotope erreot. This possibility is not considered very likSly, however. 

ainoe a significant isotope ef.f'eot was observed in the acid-catalyzed 

hydrolysis o.£ ethyl benzoate-carboxyl-ol4 when it was hydrolyzed to 

approximately the same extent as the tertiary butyl ester. 

The c14 isotope effects found,in the acid and alkaline hydrolysis 

or the two esters, taken together, are substant~al evidence that the 

mechanism for acid hydrolysis ot tertiary butyl benzoate involves an 

alkyl oxygen bond cleavage aa suggested by Cohen and Schneider. These 

results may also be considered as evide~oe for the concept that aig• 

nificant isotope effects occur when isotopic molecules react only-if 

· isotopic atoms are direotly involved in the reaction. 

4. The Decarboxylation of Anthranilic Aoid 

a. Thermal Decarboxylation 

Same information on the rate of decarboxylation at three 

different temperatures was obtained and is shown in Table X. . The 

results a~ree reasonably well with those of Pawlewsld (53). Although 

~he values lack precision. they indicate that the reaotion is first order 

as shown in Figure s. where ·log .or per cent anthranilic acid remaining 

is plotted against time. Complete decarboxylation was never obtained 

at the temperatures studied. Decarboxylation does not appear to ooour 
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at temperatures below the melting point of the aoid as is seen rrom Run 

17.-

b. Aqueous Decarboxylation 

The results ot a study of the kinetics of the aqueous decar­

boxylation are given in Table XI. A plot of log of per cent anthra• 

nilic aoid remaining against time. given in Figure s. shows that the 

reaction is first order initially. The reaction rate then decr&aaes 
r 

too rapidly tor the reaction to remain .first.order. In view ot the 

results of the acid catalyzed and base inhibited runs done later. it 

is obvious that the build up ot aniline in the reaction flask inhibits 

the decarboxylation. Aniline build up probably accounts tor the 1n• 

completeness ot thermal decarboxylation also. The rate constant. 

calculated from the straight line portion ot the curve.. is close to 

that reported by Mc:Maater and Shriner {44 ). 

c. Aqueous Acid•Cataly£ed Decarboxylation 

The results at the acid catalyzed decarboxylations are given 

in Table XII. The reaction. in eeoh case. is first order up to the 

point where tho experiment was stopped. The results for lN,. 2~1 and 

3N sulphuric acid solutions are plotted in Figure 6. The values for 

0.25. 0.5 and o.75 N lie so close to the values :for 1 N that they 

have not been shown in Figur~ 6. 
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Figure 5.) Thermal decarboxylation 
of anthranilic acid 

• 156 + 4°C 
o 197 + 4°C 



Figure 6. Aqueous and acid-catalyzed 
decarboxylation of anthranilic acid 

0 No mineral acid added 
• 1 N sulphuric acid 
o 2 N sulphuric acid 

A 3 N sulphuric acid 
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TABLE X 


TH1"'RHAL DFCARBOXYLATIOt1 OF ANTHF.ANILIC ACID 

Run 'T.'ernperature oc Time in Minutes %Decomposition 

17 

32 
33 
31 
30 

26 
22 
14 
12 

7 
8 
9 

10 
11 

Pawlewski 
fl 

tr 

" 

140 .! 4 

156! 4 

197 ! 3 

150 
160 
190 
200 

90 0 

20 7.0 
25 10.0 
30 12.3 
60 22.9 

10 10.8 
10 13.0 
15 41.5 
45 82.2 
60 89.5 
60 92.5 

120 96.5 
'120 94.5 

150 95.5 

60 23.9 
60 47.7 
60 88.3 
60 96.2 

TABLE XI 

AQUEOUS DF.CARBOXYLA.TION OF AtlTHRANILIC ACID 

Time in hours 7o Decomposi·tion 

2 .- ,n.~ 

s 7.8 
4 7.6 
'7 15.4 

12 18.1 
15 22.7 

Rate Constant in hours-1 


Presen:t Work UcMaster & Shriner 


0.0268 0.029 
0.0257 0.025 
0.0250 0.031 
0.0240 0.025 
0.0165 
0.0172 
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d.. Mass Spectrometer Analyses 

The relative abundance of cl2 and cl3 in the oarbox~yl group 

of the anthr&ni lie aoid v:es determined from muss spectrowJter analyses 

o£ the co2 obtained from two ther·mel deoarboxylations which were 96. and 

98 per cent complete. respectively. It an isotope efteot occurred. this 

value would ·leave some doubt e.s to the actual relative abundance of 

cl3 and c12 in the carboxyl ~roup. because or the incomplete decar­

bOX"Jlation. This uncertainty would lead to a small error in the 

calculation of the relf~tive reaction rates of the cl2 and clS•oar• 

boxyl anthranilic acids. This difficulty did not arise. however. since 

no significant isotope effect was observed in the reaction. Samples of 

gas from.partiel thermal. partie! aqueous. and partial acid-catalyzed 

decarboxylations were analyzed to·determine the c13 isotope offeoto 

The mess spectrometer results are given in Table XIII. Sino~ there is 

a probable error of about 0.1 per cent in the individual mass spectrometer 

analyses,. the '!1lBXimum dii'f'erenoe of 0.5 per cent observed in the cl3jcl2 

ratios indicates that Bny :i.sotope effect in this reection is &n order 

of magnitude Si-n&ller than the eff'eot found in all deoarboxylections so 

far reported, except the decarboxylation of barium adipate (13}. 



TABLE XII 


ACID CATALYZED AQUEOUS DFCARBOXYLATION OF AlrfHRANILIC ACID 


Sulphuric 
Acid %Decomposition at time Rate Conatant 

Nor:mality 

0.25 

1 hr. 

12.S2 

2 hr. 

22.62 

2.5 hr. S hr. 3.5 hr. 

37.Z4 

4 hr. 4.5 hr.· 

45.76 

5 hr. 6 hr. 

56.1S 

in hra.·luo2 

13.5 
o.so 12.21 23.42 35.16 45.64 13.7 
0.75 lS.Sl 25.41 35.05 43.03 49.85 56.46 14.1 
1.0 12.93 24.27 36.10 55.10 1~.9 

2.0 10.15 19.62 28.6$ 37.63 11.6 
3.0 8.45 19.82 25.80 &4.53 8.6 

r.ABLE XIII 


clS ISOTOPE EFFECT IN THE DECARBOXYLAtiON OF ANTHRANILIC ACID 


Expt. No. 
Decarboxylation 

Method 

Thermal 
" 
tt 

n 
q 

Aqueous 
Acid-catalyzed 

Aqueous 

Temp.°C 

197 + 4.. 
197 ::t 4 
156 .t 4 
156:4 
156 + 4·-100 

100 

Wt. Anthranilic 
Aoid (g.) 

0.06549 
0.05000 
0.15655 
0.16976 . 
0.15115 
0.50141 

0.50984 
/ 

wt. co2(mg.} 

17.1 
15.7 
34.6 
6.6 
4.8 

16.2 

16.4 

% 
DecarboxYlation 

96 
98 
69 
13 
10 
10 

10 

. * c1So2/cl202 x 1~ 

120.56Standard 

*Precision expressed 1n term of the standard deviation o£ the mean rv: 
t;:: 
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e. Discussion of the Mechanism o£ Anthranilic Acid Decarboxylation 

Fro~ the discussion of the theory of isotope etfeots in uni• 

direotioll81 reactions. it will be appreciated that if a certain bond 

rupture is the rate determining step in a reaction and if isotopic 

atoms are directly involved in the bond rupturing. then an isotope 

_effect is expected to occur in tho reaction. On this basis. when an 

eoid decerboxylatee by a unimoleoular mechanism. there should be an 

isotope effect. For example. en isotope effect has been observed in 

the decarboxylation of trichloracetic acid (7) which is· known to de­

compose b~; a unimoleoular process. The fact that there is no observed 

isotope effect in the decarboxylation of anthranilic aoid is evidence . 
that the mechanism 1s not unimoleoular. 

In 1948. Schenkel and Schenkel•Rudin (63) suggested that some 

organic acids are deoarboxylated by a bimolecular eleotrophilic 

substitution mechanism (Ss2)• Since then. sfJTeral examples ofS~ 

mechanisms have been ro'und (17 • 87• 38 ). The acid catalysis and 

ba·se inhibition observed in the decarboxylation of anthranilic acid 

indicate that· the reaction ·requires hydrogen ions and is bimolecular. 

However. an isotope effect has been obse!"Yed in the decomposition ot 

mesitoio acid (12) which has been shown to decompose by a bimolecular 

process (65). In the mesitoio decarboxylation. the carbon-carbon bond 

cleavage must be the rate controllin~ step to account for the isotope 

effect. The mechanism proposed by Schubert (65). 
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OH 

1
CH 	 - + 

O 
.!:J,C-0 ....... ,.. ,oll 

Cl-l : .. ~ c + Ha..O 
3 ' ,' 	 ~ 

CH3 'H- 0' 	 0 
\ ... 

does satisfy this condition. It is ossuiD0d that the formntion of the 

protoneted acid, or the solvated ion. is reversible, with a low acti ­

vation energy. and that the oarbon•oarbon bond cleavage is rate con­

trolling. 

For the nnthrani'lic acid decarboxylations. two possible points 

of atte.ok by the proton should he considered. The uttaok may be on a 

carboxyl oxygen. as proposed for mesitoio a~id• or the attnok may be 

on the a carbon as has been suggested by Brown end co-workers for the 

decarboxylation of o-hydroxybenzoic acid (17). Also. several species 

or ~nthranilio acid must be considered. Bjerrum (11) he.s shown that 

un-ionized r~2Ca84C02H molecules exist in solution to a considerable 

extent ee well as the zwit'l;eriona NH3+c6~co2•• Two ionic forms. 

lffi3+Cs~C02H and Iffi2CsJ4COz • • also exist .. their amounts depending on 

the hydrogen ion concentration. 

There are .four equilibria,. mutually dependent: 

(i) liJH2 •R•C02H ~ ~·R•C02-+ a-+ 

(l1) mia+•R•C02H ~ N!I2 •R•C02H + H+ 

(iii) + '"'-- + - +(lH3 ~R· C02H ~ NH3 • "R• C02 + !I 

(iv) 	 ~~ • RC02 • H ~ NH3+nco2­

(where R = Caf4) 
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' 
If vte L~se square brackets to indicate ooncentratione. then [NHz•R•C0 j

2

x [ H+] • K1 [NB2• R•co2H]. Because rnt2c6~co2H is a weak acid, 

[ NH2•R•Co2HJ will be very nearly constant. and [~a2 Rco2-] x 

[ H+]~K~. 'fhe decarboxylation rete will be given by :the expression, 

rate • K [H+] (organic aeid specie~. Thus, 1.f the ion mr2Rco2- ie the 

reactant. the reaetion rste should remain practically constant e.s the 

mineral aoid concentration is changed. Since the rete increases as 

the sulphuric acid concentration increases up to about one nonool. 

·this species ie not likely the reactant. From (ii) • Ulli3+RCo2~ :::: l~ 

[n~. The reaction rate should thus vary almost directly as the square 

of the eul,phurio aoid co.nce:ntration. and certainly never decrease. 1£ 

1<1113 +Rco2H: is the reactant. Since the reaction rate decreases when 

the sulphuric aaid concentration increases above 1 l!l• this .species 

i~ also almost certainly eliminated es the reactant. 

With eithBr tho neutral molecule or the zwitterion as reactants 

the aeid•catalyiad runs ~re explicable. At low mineral acid oonoen• 

trations. the increase in hydrogen ion concentration. cGused by an 

addition 'Of mineral acid. is reltltivelr greater then the decrease in 

either zwitterion or neutral molacule concentration resulting from the 

addition of tha minarf;ll acid. The reaction rate is thus increased by 

smell additions of mineral acid. However. \vhen the hydrogen ion con• 

oentration approaohes that of the anthranilic acid• reaction (iii) 

becomes important. NH;s •·R•COgH is a rele.tively strong acid due to the 

+
inductive effect of the m 3 + group. The concentration .of lmz•R·O~B. 

therefore. •vill become appreciable only at high hydrogen ion oonoen­

trations. where the concentration of the zwitterion mr3 +•R•Co2- • and 
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consequently of the tm2•R•C02H in equilibrium with it. nre both de-· 

creased by reaction (iii). At the sam.e time, hydro{;en ions are with­

drawn fro~ the solution by reaction (iii). It is thus quite conceivable 

that due to removel of "-IT!a+•R•C02• and NH2•R•C02FI and a corresponding 

number of hydroc:.en ions by the seme reaoti on. the reaction rate could 

decrease with increasing mineral acid addition at some high mineral acid 

oonoentration. Hence the reaction rate first inoreases. and then de• 

creases, na the sulphuric acid concentration is increased. The acid• 

catalyzed runs are of no help. however. in deciding between the neutral 

molecule and the awitterion. einoe the ratio or their concentrations 

should be practically insensitive to hydrogen ion concentration. 

The.possible reaction meohanisms to be oonsidered then.· arec 

(a) proton attaok on the oxygen of the neutral molecule, (b) proton 

attack on the a carbon ot the neutral molecule, (c) proton attack on 

the oxygen of the zwitterion. (d) proton attaok on the a carbon or the 

zwitter:ion. Obviously. single proton attack on the oxygen of the 

zwitterlon would not lead to deoarl')oxylation•.so path (o) is eliminated. 

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

the detailed mechanism. If the reaction goes by mechanism (a) or (b). 

involving the neutral molecule, one might expect p-aminobenzoio acid to 

react faster than anthranilic. since the rfltio of neutral molecules to 

zwitterions is greater in p-amdnobenzoio than in anthranilic ~oid solu­

tions (11}. However. the rate for p-amiz;LObenzoic is only about one half 

. the rate £or anthranilic acid (44 ). thus. on this baaia. (d) would seem 

to be the preferred mechanism. 

http:hydroc:.en
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In an attack by a proton on the oxygen, mechanism (a). 

~0 +/011 ~OH cr c c/ 'oH ~ 'oR0/ 'o: .< )H+ < 

' 0 0~+ 
\ffl•• ?IT-T2NH2 G " 


the bond bet;vieen the ring carbon aud oarbo>..-yl carbon would tend to 

increase in double bond chfl-raoter. and hence in hond strength. through 

the ele.otrom.erio ef~aot; of the o-amino group r..s shown. l'i high 

activation energy should then he required f'or the carbon-carbon bond 

rupture s.nd the cleavage could reasonably be expected to be rat& 

con·trolling. Mechanism (&) <tvould. therefore be likely to show an 

isotope effect. In the 1aesitoio acid case, steric hindrance tends to 

prevent the rlanar oonfigura-tion necessary for resonance interaction of 

the protonuted carboxyl group and the rinr,. thus lowering the o.otivstion 

encre;y for .bond :rupture and favouring this mechEAnisr:t. But even there() 

the act~.vat:i on ent~rgy r;1Ust be sufficiently high so that the carbon-

carbon bond :ru·..ture is r~Ute controlling and e.n isotope effe'ct results. 

Thus mechanism (a) is discounted boca.use no isotope effect is obtfdned 

with e.nthranilie acid. 

In the neutral molecule. there is Et high electron density 

e.ve.i la.ble at the C'. CH rbon bect~u se of the mesomeric effeo·c of ·the ortho 

amino !~roup. This is not true i11. the zwitterion where the inductive 

effects of' the NH3 + end co2• groups prob&bly balance each other fairly 

closely.. and no :wsorueric effect is :present. Thus the attack of a 

proton on the o carbon of the zwitterion. mechanism (d). should require 
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a. higher activation energy than a simil&r attack on the neutral molecule. 

rt is known that many acids decarbo~rluta as zwitterions by a. unimolecular 

process (16, 25. 62, 64). The activation energy for carbon-carbon bond 

.· 	rupture in the zwitterion is thus normally less than thet required in 

the neutral molecule. 'Mechanism (b} would be much more likely to show 

e.n isotope effeot than (d) on this basis, since (b) would require a 

lower activation energy for proton attsck and &- higher activation energy 

for carbon-carbon bond rupture t!~n (d). 

It it is postulsted that the mechanism for the dccarboxJ'laticn 


is (d), that is. a .frontside attack o.f a proton on the a carbon or 


the .zwitterion. requiring a high activation energy and being rata 


controlling, followed by rapid carbon-carbon bond rupture requiring 


a lower activation energy. the laok of an isotope effect is under­

standable. Such a two step ·.nechanism is more ·complex than a normal 


bimolecular (Sg2) meahanis~ It envisions a hypothetical carbonium
. 
ion which is stable relative t'O the activated state through.whieh 

it passed in its formation, and ~lthough unstable to zwitterion for­

mation. relatively more unstable towards decarbo~rlation. The carbonium 

ion can be thought of as beiug in a shallow energy valley between 

tv1o energy peaks. the hicher representing the aotiv·e.tion energy for 

fonoo.tion of the carbonium ion. the lower representing the activation 

energy for decarboXJrlotion. No significant isotope e.ffeot, as tar 

as decarboxylation is concerned. should ocour in the proton attack 

on the c carbon because the dependence of the activation energy for 

this step on the ?:lass ot the carboxyl carbon. can only be very slight. 

It follows that if there is no isotope ef*.fect in the rate controlling 



.step. t~ere will be no isotope effect in the overall reaction. 

Thua.,. while mechanisms (a) and . (b) eannot be 

eluded. mechanism (d), which best exp~ins 
r· 

' . ' .' 

from the experi~ntal eviden~e that the decarboxylation ia bimoleoulu 

with the attack of a proton somehow being the rate controlling step 

' . 
-Although the mechanism proposed might appeJtr to apply only: to 

. ~;·~\.' 

acid-catalyzed reaction. it is equally applicable to the uncatalyzed 

aqueous and the thermal decerboxylationa. In solution. with no 

mineral ~.cid. the anthranilic oc1d itself 11 by 

\the protons for the rea~t.ion. Thermal deoerhoxylation only occurs 

I 
; when the ttnthranilic aoid is in the molten state where ar:ein 
1 

:aoid can suppl_y th.e necessary protons. 

\ 5. The Decarboxylation of Me1itoio Aeid-Carboxyl-cl3• cl4' 
I 

I 

I 


I 


II 

I The mesitoio ~oid is labeled with cl4.in the 
I 
*nly. . The cl3• however. ooours in all positions in the natural a 

I 

I • 

dance of about 1 per cent. 
!, 

I 

The reactions which occur when mesito1c aoid-carboxyl-c13 ,I 
I 

I 

decarboxylated may be represented as: 
I 
I f1., 

! c ~t-\ 

CI~Q~J./.3 kl2 


(1) () 
CH3 
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c'~.. u 
CH_,g··. CH, 

(ii) kn +3I ----~r 

~~~3 

c'3o'L.H 
CH3{.:)c H, 

(iii) klS +0 
ell., 

(iv) 

c'•o~..u 

~1(:'1CH_, 
 140 __km____(v) .,~ c 5)2 

~ 113 

c13
0;c..lf 

CI/.,GCH;, 
+(vi) I :J __k_l..__~~r 

cu~ 

The numbers inside ·t;he benze11e rings refer to the composition of the 
·I 

mesityl group. The P.umber 12 indioetes that all orArbon atoms i:r1 the 
i 

mes1tyl group are cl2 and the number 1~ means that one of the carbon 
I 

atoms is c13• Since there are nine carbon atoms in the mesityl croup. 
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equa~ions (ii). (v). 

Of t~eee twenty-seven equations.· only the three w~ioh have' the c13 in 

· the ting and directly attached to the carboxyl group will be subject 
! 

to a1y nppreoiahle isotope effect. The fracti;:n of the molecules whioh 

will i,have a c13_oarboxyl carbon ~ttached to a cl3 
I, 

a c 1~-carboxyl carbon attached to a cl3 oa.rbon in the ring; 
I 

orde~ 
I 

of one ten-thousandth. so that reactions {v) and {vi) can 
I . . 

I ­

The 4olecules which have a c13 carbon in the ring attached to & 

boX"Jl'i carbon which react according to equation (ii) • have a 
I 

appro~iroating kl3. Since this reaction produces c12o2 • the 
'I 

of th~ l'!lixed reactions. the isotope ef.rect changes the cl2o2 
! -­

so slfghtly thst the reaction may be neglected. The neglect 

(ii) lvill result in making the observed valuo for the kl2,/kl3 ratio 
' 

VEJ ry ~ lie;htly smaller 
. 

than it actually. ie. The reactiorus which are 
! 

i.ntereat, then, are (1); (iii) and (iv), !'or whioh 
I . 

I 

k12, t~3, and kl4. 
I ' 

I The analytical results for the mesi;ooio ecid-oarboxyl.:.clS.cl4 

decar~oxylation experiments ere given in Tvble XIV. A typical mass 
I 

rocrerf pair obtained in a mass B!)ectrometric analysis or the carbon 
I 

oxide lproduoed by a decarhoX1;letion is shown in Figure 7. 
II 

and cJlaulati ons for this particular spectrogram pair are given in Table 
I 

t ~ ' . 
i The cl3jcl2 and cl4jcl2 ratios in the various samples of carbon 
1 

II 

di.oxide, which were obtained, nrc given in Table XVI. These ratios were 
I 

I ' 

calcullated from the measured c13o2/c12o and cl4o~cl2o2 ratios as2 
I . 

descri~)ed in the experimental section on mass spectrometry. The re-
I . . 

actio~ rate ratios. kl2/kl3 and kl2/kl4 were osloulated using equation 
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05 

(21). k/k1 = ln(l-f)/ln(l-rr). and are given in Table XVII. 
! 

TABLE XIV 


DECARBOXYLA'fiON r!Ji' ?SFS!TOIC ACID 


I 

FJc;pt. No Te:np. °C Wt. Mesitoic ~~cid Wt. C02 ;6 Decarboxylation 

il4 M 
':15M 
l6 M 
l7 M 

60 ! 0.5 
60 ;! 0.5 
99 t 0.5 
99 .:t 0.5 

0.3198 
0.2947 
0.0925 
0.0991 

0.0118 
0.0139 
0.0246 
0.0263 

13.7 
17.5 
99 
99 



--------------~---~. 
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~ 

LJ l ...) ~l j - ~ \.J 

Figure 7. Typical mass spectrogram pair 



TABLE IV 

MEASUBEMENTS AND CALCULATIONS FOR TYPICAL MASS SPECTROGRAM PAIR 

(Sample. 16 e. Mesitoio Acid•Oarboxyl•Cl3.cl4• Complete Decarboxylation at 10000) 
-------­

Pair No. Masa 
Peak ·Heights 

A B 
Average 

Peak Height 
Shunt 
Factor 

Relative 
Mass Abundanoe 

cl&o jcl2oz 
x 2lo4 

cl4oa/cl2oa
xlo4 

44 15.32 15.23 15.28 290.4 4437.51 
7 45 l6.Sl 16.34 16.33 3.251 ss.oees 119.64 

46 1?.51. 1?.58 17.55 5.261 57.0651 128.58 

TABLE XVI 


clZ AND o14 ISOTOPE EFFECTS IN' THE DF£ARBOXYLATION OF MESITOIC ACID 


Expt. No. Temp.°C 
% 

Decarboxylation 

-­ -- ­

cllo2/cl2oa*
xlo4 

cl4o jcl2oz* 
x 
2

lo4 
01s;012 
xlo4 

cl4jcl2 
xlo4 

18 M 99~.5 99 ll9.66,s(l.05 l28.70j0.04 111.64 86.12 
17 M 99:t(>.S 99 . 120.29~.04 l2B.45.f).05 112.27 85.87 

Average . 111.96 86.00 

14: M SO.;t0.6 15.7 116.85~.05 120.74...0.08- 108.88 78.16 
15 M 60~.5 17.5 '115. 99jO.OS 121.81+0.07- 107.97 79.81 

Standard 002 cl3jcl2 = 112.54 x 10-4 

(0

*Preoisi.on expressed in terms of the standard deviation of the mean. Ch 

http:Preoisi.on
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Tl\BLF J0,! II 


DFCAF:BOXYl.JITION OF ~fRSITOIC AC!fl • ,R'E'I1CTION F.:.ATE R.ATIOS 


Expt. no kl2/kl5 kl2/kl4 

14M 1.037 ! 0.001 1.101 ! 0.004 
15 M 1.039 ! 0.001 1.094 ! 0.004 

Avera.ge 1.038 1.101 

Bigeleisen 
and l.OS7 ! 0.003 

Bothner•By, 

The ratio obtained for kl2/kl3 is in good agreement with the ve.lue 

obtained for this ratio by Bigeleisen and Bothner•B.y (12). The ·aig• 

nifioant observ~tion is that the c14 .isotope effect is considerably 

greater than twice the c15 isotope e.ffeot. whereas present theory 

predicts that the cl4 effect should be just twice the c10 effect. 

Using the standard formula, (.A z a)/(B! b) • A/B ;t· Va2jA2 + b2ja2, 

the ratio of the cl4 and c13 isotope etfeo~s found in this work is 

a.ss ! o.oe. 

The only other reaction in which the c13 and c14 isotope ef.feots 

13have been determined. using the eame samples of product for both c

. and cl4 analyses. is the deoerbo~rlation or oxalic aoid. Fry and Calvin 

(30) determined the ratio k2/k3 in th~ reactions 
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where c* indicates c13 or cl4. For c13, 100(k2,/k3-l) was found to be 

2.7 .! 0.22 at 103°C and 3.25 ! 0.15 at 80.1°0_, from mass spectrometer 

analyses. For c14 , 100 (k2/k3-l) 'Ne.s found to be 5. 5 ! 0.30 at 103°C 

and 8.7 ! 0.35 at 80.1°0, from re.dio!lctivity measurements, using an 

ionization chamber and a vibrating reed electrometer. Their c13 

isotope effect value is se;mewha.t stn£ller thari that obtained by Lindsay, 

McRloheran and Thode (40) Which was 3.2 at 100°, when expressed in the 

same form as Fry and Calvin's results. The c14 isotope effect is seen 

to be very close to twice the ci3 isotope effect. as theory predicts. 

Fry and Calvin considered that both the clS and cl4 isotope effects 

found were larger then theory would predict. 

The cl4 isotope effect found in the mesitoio aoid decarboxylation 

appears to be at variance both ·with theory and w.ith the c14 isotope 

effect found in the oxalic e.oid decarboxylation by Fry and Calvin. 

~Jo reasonable explanation for this apparent discrepancy has been found 

as yet. It might be noted. however, thst the cl3 and cl4 isotope 

effects measured in the oxalic ooid decomposition are intramolecular 

effects. wharee.s the isotope effects rreasured in the mesitoio acid 

decarboxylation are intermolecular. The malonic eoid decompo~ition re­

sults obtained by Bigeleisen and Friedman (8) and by Lindsay. Bourns. 

and Thode (39) agreed with theory for the intramolecular cla isotope 

effect but disagreed with theory for the intermolecular clZ isotope 

effect. 

6. Generel Discussion 

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

with the use of c13 and c14 isotope effect measurements in the elucidation 
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oi~ reaction meohe.n:l.sms. Information ~a to which bond ruptures in acid 

hydrolysis of tertiary butyl benzoate could presumttbly also be obteined 

by the uso of ol8, in experimon·ts similur to those o.!' Datta. L-&y, and 

Ingold (22). If the ulkoxyl oxyr.;en of the tertiary ester were labeled 

with ol8, then 1t would be expected that the benzoic acid produced 

by hy-drolysis would contain the ol8 le.bol, V{hereas the tertiary butyl 

slcohbl produced would not. The use of the c13 isotope efi~ect measure­

ments in the determinv.ti on of the mechanism by \'4hich anthranilic acid 

decarboxylates _is rather more unique. It is dif.ficult to conceive 

of: any other experimentally obtainable evidence which would 'indicate 

so clearly that the carbon-carbon bond rupture is ·not rate controlling 

in this reectio11. :t?rom the number o£ reactions studied to date. in 

which the ::nee.surement of isotope effeota has been useful in the eluci­

dation of the remotion mechanism. it seems likel:,r that this technique 

will prove to be of use in many future ·mechanism studies. It would 

be quite useful for this purpose t;o have more experimental values f'or 

isotope effects. partioul&rly values for isotope effects in bond for• 

mation re&otions. 

The other half of the work presented in this thesis is concerned 

with the measurement of c13 and c14 isotope effects. per se. and an 

attempt to obtain an accurate value for a cl4 isotope effect which could 

be used to test the Bigeleisen theoretical equation. Actually. the 

only good expe rime.ntal evidence for the correctness of the Bigeleisen 

equation is the value which has been obtained for the intramolecular 

cl3 isotope ef.feot in the decarboxylation of malonic acid. The ratio 

ot the two rate oonstants. k4fka. for the reactions 

http:determinv.ti
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12 
+ CHzC. o2g 

+ CH3c13o2H 

is given by Bigeleisen as: 

.For these two reactions, sinee the substrate molecules are identical•.1.,_, 
all the A u1 's are aero and L G(ui) ~u1 =o•. Bigeleisen then 

3•'-' 
assumes that L G(uV Aut is negligible, vrhioh is to say that t.he 

activated states for the two reactions are praaticslly identioa.l 1 and 

-that both on rbo.xyl carbon atoms are essentially free in the activated 

2 


state. Hence. k4 (ms'*) l/ • The experimental value for k4/k3k =~ 
3 ~ 

. . :1t * . is in accord with this theoretical prediction when ~ and ~ are taken 

as the reduced mass of two cl2 atoms, and of a cl2 and e. cl3 atom. 

respectively. Theory gives kf/ks = 1.0198. at all temperatures. and the 

experime·atal value is 1.02,. with no apparent temperature dependence. 

If it is not assumed that the carboxyl carbons are essentially freeJ,,_' 
in the sotivat&d state. then the faotor l • L G(u[> AU: may not 

bE! considered as being unity. but will be greater than unity. (It 

should be noted that'Au1• as defined. is normally 2ositive. but in· 

oaloulating the intramolecular isotope ef.feot in the :malonic acid 

decarboxylation. it is negative). It the carboxyl carbons are not 

assumed to be essentially free. then any ce.loulated isotope ef.fect Will 
311'-" 

be larger then the experimental value,. since l • L_ G(u[) Auf 

http:identioa.l1
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1i1Jill h&ve 0 value greater than oneo 

The reduced mass ratio in the equation for the ratio of the 

reaction rates originates from the factor (kT/2~)1/2 in the Byring 

absolute reaction rate theory. 'l'his quantity is the average rata of 

pe,ssage of activated complexes over the energy barrier Rlong the coor­

dine.te of deoomposi tion. Thus· the intramolecular isotope e.ff"ect in 

the decarboxylation of malonic ao id is all ~ue • according ta theory • 

to the difference in rate of passage of act;ivated comple]Ces over the 

energy barrier. 

Theory and experiment should now be compared for the intermole• 

oulur isotope effect. The ratio of the two rate constants. ki/k3• for 

the reactions 

c12o H 
CH/ 2 

2,cl2o H 
2 

kl 
) 

cl2o
2 

12+ cn3c o2H 

c13o :a/ 2
CJ!2

'c12o H2 

kz 
') 

13c 1.)... + cn3cl2o
2

H 

is siven by Bigeleisen as: 

7" ,_' 

The le rgest .isotope eff'eot will occur whell L G(u~) Auf is zero. 


Sinoe it hes already been assumed that the carboxyl carbons are 


essentially free in the activated state for the intramolecular reaction. 

7>r'- J, 
~ t: :tG(u1 )A u can be assumed to be negligible here. also.1 

Bigeleisen calculated that the up~)er limit f'or the ratio k ,/2 k3 is 19021~1

L 
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but obtained the exper~.::nentsl value 1.035 :for ·the same ra.tio. The 
-;1'~-& 

culculation of ~G(u1 ).o.u1 • •vould not be expected to be in error by 

·~dl order of' magnitude~ yet an error of this size must be assumed to 
-.'h'-'
C"' =t= t=reconcile theory with ex:?eriment;. If L G(u ) i:.\Ui is not taken as1 

zero., the agreement between thoory ~.nd experiment is worse. 

The Bigeleisen theory predicts that the c14 isotope effect in 

any reaction wi.ll be verJ nearly twice the c13 isotope effect. Mnny of 

·t;he c14 isotope effects • 1>1·hich have be0n observed., have been considerably 

14la:r;::_;c.r than expected on this bflsis., und E<ll but a very few C isotope 

effects have been roughly o.f the sume ms.c;nitude. Sinoe errors of 30 

per cent, or greater, are easil~v possible ·rJlH1n r&cdoe.etivity measure• 

ments ere used to determine the isotope effect. it is di.ffioult to oon­

demn the Bigeleisen theory on tho b~sis of suoh measurements. The 

me~suremen't of the cl4 isotope effeot in the decarboxylation ot' rnesitoic 

th~t something is wrong with the Bir;eleisen equbtion. however. 

It is di.ffioult to see whe_re the equation might be in error. 
'3'11-~ 

F:ve·n if oaloul~:. tions of the ~G(u1 ) AUi fao·tors !!:!,. in error in any 

example~ the cl4 isotope e.ffeot.should still be 'twice the corresponding 

c13 isotope ef.feot. In developing the theoretical equation, Bigeleisen 

c:u~sumes that the transmission coefficients for the activated nornplexes 

aeross the energy barrier are eg~al. This se~!llS to be e very lo~ioal 

conclusion sin·:;e the potential o:1ergy su.rfroes for isotopic uctivated 
~0 

complexes should be very similar. The snme ere;ument holds for ·!;he 

length of the to,_J of the enorgy barrier., which is asst<med to be the 
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correct. but would sosrcely account for the present disorepe.ncy between 

theory and. experiment. The ratio of the velooi ties v.d th which the 

activat;ed complexes pese over the enBrgy barrier is teken &a the· ratio 

of the reduced :.nasses or the t-r.ro pa.irs of• atoms involved in the bond 

cle&vage. or bond fcriTJ.&'tion. ;rhis E:.pproxi1'illition f'or the ef~fective mass 

o_f the complex in the direction of decomposition may not be suf"ficiently 

accurate. It also may not be corredt to sprjly the Tellcr-Redlich 

product rule to isotopic mol3cul~s when thr:.1se are in an activated state. 

It would seem that more. accurate cl3 and c14 isotope effect 

measurements are needed. This implies that both effects should be 

measured using a mass spectrometer. Reactions of: compounds whose 

partition functions could fairly readily be determined would be the 

most desirable ty,pes for stu.dy. Simple, unimoleoule.r bond cleavage 

reactions would seem to be the best reactions for further. testing of 

the present t~,~eory, or any modified theory. 
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SU111MARY 


1. The relative rates of alkaline hydrolysis of ethyl benzoate• 


ce.rboxyl-cl2 and ethyl benzoate-carboxyl-cl4 \'iere meesured. and it 


was found that the carboxyl-cl4 ester hydrolyzed ~bout 14 percent 


· more slowly than the oarboxyl-cl2 ester. 

2. A significant cl4 isotope effect was found to occur in acid 

hydrolysis ot ethyl benzoate-carboxyl-cl4 and in alkaline hydrolysis 

or tertiary butyl benzoate•oarboxyl-cl4• but not in acid hydrolysis 

of tertiar.y butyl benzoate-oarboxyl-cl4. These obeervetiol1B indicate 

that the mechanism for ~ hydrolysis o£ tertia~ butyl bet~oate 

involves al~Jl oxygen bond rupture rather than alkoxyl carbon bond 

rupture • and thus supports the mechanism suggested by Cohen and 

Schneider for this reaction. 

3. It was found that no significant cl3 isotope effect occurred tn 

the decarboxylation of anthranilic aoid1 trom which it is concluded 

that carbon carbon bond rupture is not the rate determining step in 

this reaction. The decarboxylation was found to be acid-catalyzed. 

The mechanism is therefore bimolecular and the attack of the solvated 

. proton must be the rate determining step. 

4. The clS and c~4 isotope efteots in the decarboxylation of mesitoio 

acid were measured using a mass spectrometer. The cl3 isotope effeot 

found is in agreement with the value· obtained previously by Bothner-By 

and Bigeleisen. The cl4 isotope efteot is approximately two and one 

halt t~s the cl3 ettect. whereas theory predicts it should be twioe 

the cl3 isotope etfeot. 
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CLAIMS TO ORIGINAL RESEARCH 


1. The cl4 isotope etteots in the four reactions. acid and alkaline 

hydrolysis ot ethyl benzoate-carboxyl-c14., and acid and alkaline 

hydrolysis ot tertiary butyl benzoate-carboxyl-cl4 were measured tor 
I 

·the f'irst time. 

·	2. The results of the cl4 isotope effect studies in the ester · 

hydrolyses provide additional evidence tor the validity of the 

mechanism of hydrolysis tor tertiary butyl benzoate suggested by 

C_ohen and Schneider. 

3. The cl3 isotope e.ffect in the decarboxylation of anthranilic 


acid was measured for the first time. 


4. The deoarbox.ylation of anthranilic acid was found to be acid-


catalyzed. 


· 5. A detailed mechanism for the decarboxylation of anthran1lio acid 

he.a been suggested. 

s. The ell and cl4 isotop~ efteota in the decarboxylation or mes1to1o 

acid were measured together. using a mass spectrometer. This ia the 

first time t~at cl3 and c14 isotope ettects have been detemined in 

the same reaction using the same measuring teohn~que for both. 
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! S~::~~~! OJ' ell Aml ;14 .ISOfQ,PE E'FFt>'OfS I11 SO!fl!i 
UNIDI!!iCf!O~~J:! PROO E~~g.ES 

The· c14 iaotope· etfeot in acid a~d e.lkal!.t'$8 hydrclys1a o~ both 

ethyl and terti.:e!"y butyl benzoate-oarboxyl-t:14 ban oe•n m.eJ:&a)~red. 

S!gnit!cant. !a(JtO>~ etfeete· ••re. found in. •1.1 t').lfJ .·· hyt:ir~oly.aea t3'~o•pt 

fiCid hydr.olyaitt ot tbG te.rt1.aey b:Ut:Jl ill&\er. ~1!JSO "$cults are: 

eddtt1fl)nal eviden~6. tor the augg~JJtion or Col~en en.ct' Sohnelder ttlet 

alkyl oxygen rather than no:tm&l ao:~l oxyt;eu ~t)ttfl o1l!te¥aije .o=oun when 

ttn•tie,ry btlt)t~l 'bfm_zo•te )a. hy.drf;}lp~ in &lltd solution. llO appreciable 

c11 laoi;op*' etteet ns fG4~d to occur tn tlt•~l. aq"Uoou•• o:r acid~ 

oat&l)•ed .· de:aarb~latiW't ot enthren1lt.e. ·.aold. · From. th!Jt .obaerNtioa 

ami ot'b.er •pe~ntal evitl~• it 1·e ·.e» ncluded. thaib a!l'thnnillo ao!d · 

deCUU"'boxylatea by a· bt~JUlocular proe-ea.a. b.1 Mlicn the ·att.oic of· t:ne 

h7t'lro,en lon 11 rate controlling. I~ 1• .f'urt.hc::fr augest;ed t~ tbe 

h,-dro&!tll lon atuck la.. on ·the atdtterion at. thee carbort poa!tlon. 

Both the ell. ~ the ol4 iaot~pe et~•ot in the decarboqlatioD ot 

uattoic ao!.d. ·e~·e:re aasw'ed using ~- matUI «~pectrmneter. !he c14 

taotopa, effect •·s romld to be -two and one halt ti.a: ·the •go!tude 

ot tho elZ ieotqpe e.f.fect instead/ ol"' twice &S puaen'k theo17 predicts. 
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