
THE MECHANISM OF THE CARBONYL ELIMINATION REACTION OF 
BENZYL NITRATE 

KINETIC ISOTOPE EFFECTS AND DEUTERIUM EXCHANGE1 

ABS'TRACT 

The carbonyl elimination reaction' (Eco2) of benzyl nitrate has been investigated with the 
object of distinguishing between the concerted and carbanion mechanisms. i\ deuterium 
exchange experiment resulted in a very small amount of deuterium pickup. 'The nitrogen 
isotope effect, klj/kli, associated with formation of the nitrite ion was found to be 1.0196 
~k0.0007 a t  30" C. The two results talten together exclude the formation of a carbanion 
intermediate but are consistent with a concerted mechanism. 

Benzyl-a-dt nitrate has been prepared and the rate of its carbonyl elimination reaction 
compared ivith that of the undeuterated compound. The d e ~ ~ t e r i ~ i m  isotope effect was 
5.04+0.25 a t  60" C. The significance of the magnitude of the nitrogen and deuterium isotope 
effects and of their interrelationship with the Hammett reaction constant rho is discussed 
in terms of the nature of the transition state and a comparison is made with other E 2  eliniina- 
tion reactions. 

Nitrate esters have been extensively studied during the last decade and are the subject 
of a recent review article (I) .  Several types of reaction have been observed with nucleo- 
philic reagents (2, 3). The reaction followed in a given system depends on the structure 
of the nitrate, the nature of the nucleopl~ilic reagent, and the solvent, and often two 
or inore of the reactions take place simultaneously. 

1. Substitution on carbon: 

IICH2-CH?-0-NO? + Y--7- RCH?CII,-Y + NOp- 

2. Substitution 011 nitrogen: 

3. p-I-Iydrogen elimination: 

RCHpCHy-0-SO2 + Y--+ RCH=CH? + NO3- + YN. 

4. a-I-Iydrogen elimination: 

The substitution reaction on carbon has beell shown (2) to follow either tlic S,l or 
the SN2 nlechanism, the factors determining the course of reactioil being analogous to 
those for alkyl halides. For example, in goy0 ethanol the rate of reactioil of tert-butyl 
nitrate is first order, being independent of the hydroxide ion concentration, while for 
ethyl nitrate the rate is second order, being proportional to both the nitrate and the 
hydroxide ion coilceiltrations. Evidence for substitution on nitrogen (reaction 2) is 
based on oxygeil-18 studies of the position of bond fissioil in the hydrolysis of n-butpl 
and n-octyl nitrate (4) and on stereocliemical studies in the hydrolysis of optically 
active 2-octyl nitrate (5). This reaction differs from the others in that it results in the 
nitration of the base, and this property has been utilized as a synthetic method for the 
nitration of amines and active ~nethylene groups (6, 7). The P-hydrogen elimination of 

'ililanziscri)l receiz~ed Azlglrsl 16,  1960. 
Conlribz~lion fro711 the B~rrke  Chemical Laboratories, Ha?~zillon College, McMaster U?zioerslty, Ha~~czltorz, 

Outario. 
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alkyl nitrates (reaction 3) has also been shown to proceed by the unimolecular or bi- 
molecular mechanisms (2) and often occurs concurrently with substitution on carbon. 

Whereas the first three types of reaction cited have counterparts in the reactions of 
carboxylic esters or alkyl halides, the a-hydrogen elimination finds no direct analogy in 
the reactions of these compounds. I t  has been named a carbonyl elimination reaction (2) 
and has been designated Eco2 since i t  always shows the characteristics of a typical 
birnolecular reaction, viz., a strong base is necessary to remove the a-hydrogen atom 
and the reaction has never been observed under solvolytic conditions. From a thorough 
study Baker and Heggs concluded that the Eco2 reaction is strongly facilitated by 
increased acidity of the eliminated hydrogen and by substituent groups which can 
conjugate with the forming carbonyl bond (8). The importance of these factors in deter- 
mining the rates of the Eco2 reaction and the yields of aldehyde product is demonstrated 
by the following data, obtained in 90% aqueous ethanol a t  60' C (8): ethyl nitrate, 
0.2 X 1. mole-I sec-I, 2%; P-methylbenzyl nitrate, 3 X 1. mole-I sec-I, 54%; 
benzyl nitrate, 8 X lop3 1. mole-' sec-l, 87%; and p-nitrobenzyl nitrate, 3 X lo2 1. mole-I 
sec-l, 100%. The I-Iammett reaction constant p for m- and $-substituted benzyl nitrates 
has the high positive value of +3.40. 

By analogy with other elimillation reactions, two mechanisms must be coilsidered 
for the carbonyl elilnination reaction of organic nitrates. 

Concerted mechanism 

-J 

transitio~l state 

Two-step lnechanisln 

In the concerted mechanism the removal of hydrogen by base is synchronous with 
formation of the carbon-oxygen double bond and separation of nitrite ion. This is 
analogous to the E 2  inechallism observed in olefin-forming eliminations of alkyl halides, 
ammolliuln and sulphonium salts (9). The alternative possibility is a two-step process 
in which the base first removes the hydrogen to form a carbanion intermediate which 
subsequently eliminates the nitrite ion with formation of aldehyde. This corresponds 
to the Elcb mechanism suggested by Ingold as a possible path in olefin-forming elimina- 
tions, and may be designated E o l c b  (8). Cristol has proposed that  the Elcb i~lechanism 
does indeed occur in cyclic systems where the eliminated groups have cis orientations 
(10, 11). 

The carbonyl elilninatioll reaction is one in ~vhich the carbanion lnechanism is expected 
to be "inherently probable" (S), and a particularly favorable system should be that of 
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BUNCEL AND BOURNS: CARBONYL ELIMINATION REACTION 2459 

benzyl nitrate. The high positive value for the Hammett reaction constant p,  f3.40, 
obtained for m -  and P-substituted benzyl nitrates, and the fact that the U" value (12) 
for the para-nitro group must be used for a linear relationship to hold between log k 
and u clearly show that the trailsition state of the reaction has a high degree of car- 
banion character. Further, the strongly electron-attracting nitrate group will have an 
appreciable effect on the acidity of the eliminated hydrogen, and this would be expected 
to promote reaction by a carbanion rnecl~anism.~ 

The present investigation was undertalten with the object of establishing which of 
the two possible mechanisms, the concerted or the two-step, is being followed in the 
carbonyl elimination reaction of benzyl nitrate. 

D e ~ ~ t e r i ~ ~ m  Exchange Test 
An established method for detecting a carbanion intermediate in an elimination 

reaction is the deuterium exchange test of Skell and Hauser (14). The reaction between 
substrate and base is carried out in hydroxyl-deuterated solvent (the solvent being the 
conjugate acid of the base) to partial completion and the unreacted substrate is isolated 
and examined for its deuterium content. If a true carbanion intermediate is present 
then the reverse of the first stage will result in deuterium pickup by the substrate. 

An appreciable picltup of deuterium by the substrate would unquestionably prove 
that a carbanion intermediate is formed. The absence of deuterium picltup, however, 
would not necessarily exclude the intervention of a carbanion intermediate, since the 
rate a t  which the carbanion decomposes to product could be so much greater than its 
rate of return to reactant by combination with solvent (i.e., k3 >> kz) as to preclude 
the observation of deuterium in the recovered substrate by the available experimental 
methods. 

A deuterium exchange test was carried out with benzyl nitrate and ethoxide ion in 
anhydrous 99% ethanol-1-d. The reaction was interrupted a t  about 40y0 completion 
by the addition of p-toluenesulpl~onic acid. The unchanged benzyl nitrate was recovered 
and purified by fractional distillation. I t  was analyzed for deuterium by conlbustion 
to water and measurement of the 0-D absorption a t  2500 cm-I (15). The purest sample 
of benzyl nitrate isolated, as judged by the identity of its infrared spectrum with 
authentic benzyl nitrate, analyzed for a deuterium content of 0.007&0.003 atomyo 
excess of deuterium. The significance of such a small deuterium content is open to more 
than one explanation. I t  could result from the actual presence of CGE-I~CI-IDONO~ (0.05 
moleyo excess) formed by the reaction of a carbanion intermediate with deutero-ethanol. 
In this case the observed deuterium enrichment would require that for every one 
carbanion that reverts to reactant 1200 decompose to product (see Experimental), i.e., 
k 3 / k 2  = 1200, where ka iilcludes the concentration of solvent deutero-ethan01.~ An 
alternative explanation, however, is that this very small deuterium enrichment is caused 
by the presence of some deuterium-contailling ~ o n t a m i n a n t . ~  

In past studies of eliinination reactions the interpretation given to the observation 
of a very small deuterium enrichment in the recovered reactant has varied. Some \vorkers 

3Cristol foztnd that in a cis dehydrochlorination the replacenzent of a chlorine sztbstitztent by the strongly electron- 
attracting p-tolztenesulphonyl grozrp increased the rate of reactioli by a factor of about 1010 (IS). 

4Becaztse of a possible isotope effect associated with the reaction of dezttero-etlranol with carbaizion, the k3/kz 
ratio i n  undezrterated ethanol m a y  differ so,newhat from this figure (16).  

GSo?~ze e?iriclzment will undoubtedly arise frow a kinetic isotope effect involving the reactant, which originally 
has the natural isotopic abu?zda71ce of deuteriztn~. It can be shown, Izoweaer, that this factor could accoztnt for no 
more than a qztarter of the observed enrichnze~zt. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

8.
26

.1
13

.3
4 

on
 1

1/
19

/1
4

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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have taken the result to  mean the absence of exchange and have inferred that  a concerted 
mechanism is being followed (14), while others have concluded that  the enrichment is 
evidence in support of a carbanion intermediate (10). 

Kinetic Nitrogen Isotope Effect 
I n  previous applications of the deuterium exchange test the ambiguity presented by 

an  apparent very small deuterium pickup could not be resolved. I t  has been possible t o  
resolve this probleln in the present reaction system by an evaluation of the kinetic 
nitrogen isotope effect. In the concerted process (equation [I]) the 0-NO2 bond is 
broken in the rate-determining step and this should result in a nitrogen isotope effect 
of considerable magnitude, i.e., of the order of 1-3% (vide infra). I n  the carbanion 
mechanism with k3 >> kz, which is the only possibility for a carbanion lnechanisni per- 
mitted by the results of the deuterium study, the rate-determining step is the formation 
of the carbanion in which the  bonds associated with nitrogen are still intact. I n  this 
case there should be no nitrogen isotope effect, or a t  the most an isotope effect of a 
few tenths of a per cent. 

A kinetic nitrogen isotope effect study was undertaken with benzyl nitrate of normal 
isotopic composition. Tlie procedure consisted of allowing reaction between benzyl 
nitrate and ethoxide ion to  proceed to  10% completion and comparing the nitrogen 
isotopic coniposition of the formed nitrite ion with that  of the starting benzyl nitrate. 
Since a simultaneous substitution reaction results in displacement of nitrate ion, a 
separation of the nitrate ion formed in the carbonyl elimination reaction was r e q ~ i r e d . ~  
This separation was achieved by selective reduction of the  nitrite and nitrate ion to  
ammonia (17). The  ammonia was subsequently oxidized to nitrogen (18), which was 
analyzed by niass spectronietry. The  total nitrite and nitrate ion obtained fro111 the  
100yo reaction was similarly converted to nitrogen and analyzed by mass spectronietry. 
The  results of these experiments are shown in Table I. 

TABLE I 
Nl'/N15 ratios in Eco2 reaction of bel~zyl nitrate a t  30' C 

Nl.I/Nl5 

Extent of -- 
Expt. No. reaction NO?- + NOa- NO:- 

*The limits shown are the standard deviations. 

Tlie kinetic isotope effect, calculated from these isotopic ratios and the known extent 
of reaction (19), is 

kl4/kI5 = 1.01962~0.0007. 

GExperitnents zrsing nilrogen-15 enriched nitrale ion established tlre absence of isotopic e..;change between 
nitrite and nitrate ions zlnder tl1e reaction conditions and i n  the szrbsequet~t separation procedrrre. Details of this 
work will be pz~blished elsewhere. 
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BUNCEL A N D  BOURNS: CARBONYL ELIMIN.4TION REACTION 246 1 

This isotope effect, which is one of the largest observed for nitrogen in a rate process 
unequivocally establishes that the 0-N bond is undergoing rupture in the rate-deter- 
mining step. Since the observation of no significant deuterium exchange has rulecl out a 
carbanion mechanism in which the step involving 0-A' bond rupture is rate determining, 
it follo\vs that only a concerted process is consistent with the results of both the nitrogen 
isotope effect and the deuterium exchange studies. 

Although the results of this investigation clearly exclude the carbanion mechanism 
for the reaction of benzyl nitrate the possibility still exists for reaction by this mechanism 
\\lit11 reactants in which structural features would provide greater stability to a car- 
banion. Systems of this type are under investigation. 

I t  was convenient to determine the nitrogen isotope effect in the competing substi- 
tution reaction forming nitrate ion since this had been converted to ammonia in the 
process of separating it from the elimination product. The isotopic ratio for the nitrogen 
of nitrate ion (combined products of experiments 6-10) was 265.52, which is identical, 
\vithin the limit of measurement, with the mean value obtained for the product of 100yo 
reaction. This observation of a zero isotope effect is consistent with a nucleophilic 
substitution of ethoxide ion on carbon with displacement of nitrate ion. 

IIydrogen-Dez~teriu?n Isotope Effect 
To  gain greater insight into the nature of the transition state of the carbonyl elimination 

reaction the hydrogen-deuterium isotope effect for the reaction has also been determined. 
This was measured by separately evaluating the specific reaction constants for 
C6p15CI-IeONO? and C6M5CD20N02. Benzyl-a-dz nitrate was prepared by the lithium 
aluminum deuteride reduction of ethyl benzoate to benzyl-a-dz alcohol which was con- 
verted to benzyl-a-d2 chloride and to benzyl-a-d2 nitrate by usual procedures. The 
kinetics were conducted in anhydrous ethanol. The total rate was followed by acid-base 
titration and the rate constants for the carbonyl elimination reaction, kECO2, and for 
the substitution reaction, ks,?, were evaluated from the relative yields of nitrite and 
nitrate ions. These yields remained constant throughout the reaction, demonstrating 
that the two ions were formed by reactions of the same kinetic order. The rate data 
are shown in Table 11. I t  is seen that the carbonyl elimination reaction shows an isotope 
effect of 5.0 a t  60' C. From the data given in Table I1 one inay also calculate a kH/kD 

TABLE I1 
Hydrogen-deuterit~n~ isotope effect a t  60.2' C 

C G H ~ C H ~ O N O ?  CGH~CD?ONOP 

"k in 1. mole-' sec-1. 
?Estimated uncertainty based upon variation in yields of nitrite 

ion and rate constant values. 

ratio of 1.16 for the substitution reaction. No significance, however, is attached to the 
difference between this value and unity because of the rather large percentage error 
in the determination of the small amount of nitrate ion. 
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Nature oj the Transition State in the Eco2 Reaction 
Information concerning charge distribution and extent of bond rupture in the tran- 

sition state of a biinolecular elimination reaction of the type 

transition state 

is provided by three quantities: (a) the deuterium isotope effect, (b) the isotope effect 
associated with the leaving group X, and (c) the I-Iammett p value. A large k H / k D  value 
implies a large degree of carbon-hydrogen bond stretching with the release to the rest 
of the molecule of the electron pair associated with this bond. The resulting negative 
charge nlay reside largely on the carbon atom and its attached aryl group, in which 
case the transition state may be described as having a high degree of carbanion character 
and the reaction will be characterized by a large positive Ilammett p, or the charge may 
reside in part or in whole on the leaving group X. Other factors being equal, the greater 
the extent to which this charge is accom~nodated in the transition state by the leaving 
group the more highly concerted the reaction, the larger the isotope effect associated 
with X, and the smaller the p v, A 1 ue. 

The k H / k D  value of 5.0 a t  60" C for the Eco2 reaction of benzyl nitrate (X = NO2, 
Y = 0, and Z = H in equation [4]) is large, being only slightly smaller than that calcu- 
lated (ca. 5.6) for the complete loss of the carbon-hydrogen bond stretching frequency 
in the transition state (16). The p value, +3.4, for the Eco2 reaction of substituted 
benzyl nitrates is large also; indeed, it is larger than the p values observed in other 
bimolecular elimination reactions involving ethoxide ion (20), and is one of the largest 
found for a rate process (12). To a considerable extent, then, the negative charge which 
is developed as a result of the large carbon-hydrogen bond stretching resides on the 
benzyl carbon, and the transition state, therefore, inay be described as having a high 
degree of carbanion character. 

That the oxygen-nitrogen bond is also considerably weakened in the transition state 
of the Eco2 reaction of benzyl nitrate is evident fro111 the magnitude of the nitrogen 
isotope effect, 2.0% at  30" C. Although this value is considerably smaller than the 3.8%' 
calculated on the assumption of complete oxygen-nitrogen bond rupture in the tran- 
sition state, it is significantly greater than the nitrogen isotope effect of 1.3% found 
in this laboratory (24) for the E2 I-Iofmann elimination reaction of P-phenylethyltri- 

+ 
methylammonium bromide (X = N(CI-13)3, Y = CI-12, and Z = I-I in equation [4]) with 
ethoxide ion a t  the same temperature. Since the deuterium effect is also larger, 5.0 a t  
60" C compared with 3.0 a t  50" C observed by Saunders for the Hofmann reaction 
(25), it would appear that rupture of both C-1-1 and Y-X bonds is more fully developed 
in the transition state of the carbonyl elimi~~ation reaction. 011 the other hand, the 
transition state for the Eco2 reaction must have considerably more carbanion character 
than that of the bilnolecular elimination \vith ethoxide ion of the structurally related 
P-phenylethyl bromide (X = Br, Y = CI-I?, and Z = 1-1 il l  equation [4]). The deuterium 

?This  valzre is obtained fronz the Bigeleisen expression (21) z~silzg 860.6 cnz-1 for the stretching vibvatio7a of the 
0-NO2 bond (22) in evaluating the free-energy ternz and the Slater theorenr for the effective mass term. Usixg 
the mass fragnzent nzethod of evalz~ating the nzass term (25), the calcz~lated effect i s  2.8%. 
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BUNCEL AND BOURNS: CARBONYL ELIMINATION REACTION 2463 

isotope effect for this dehydrobromination reaction has the abnormally large value of 7.1 
a t  30" C (25), while the p value for the reaction of substituted P-phenylethyl bromides 
is only f2.18 (20), compared with the f3 .4  found for the Ec,2 reaction of the benzyl 
nitrates. More of the negative charge developed in the transition state must, therefore, 
reside on the bro i~~ine  atom in the halide reaction than on the nitro group in the carbonyl 
elimination, and carbon-bromine bond rupture must have progressed further than 
oxygen-nitrogen bond rupture. 

From these collsiderations it ~vould appear that with respect to the extent to which 
bonds have beell weakened, the transition state for the carbonyl elimillatioll of benzyl 
nitrate is intermediate between the trailsition states for the E 2  reaction of P-phenyl- 
ethyltrimethylammoniuin ion and of P-phenylethylbromide. 

EXPERIMENTAL 

iMaterials 
Benzyl nitrate.-This was prepared from benzyl chloride and silver nitrate in aceto- 

nitrile (26). The  product, purified by fractional distillation from silver nitrate and 
calciunl carbonate, was obtained in 75% yield (b.p. 45"/0.5 mm, nAO 1.5209). 

Benzyl-a-d2 nitrate.-The steps involved in the synthesis of benzyl-a-d2 nitrate were: 
(I) reduction of ethyl benzoate to benzyl-a-d2 alcohol with lithium aluminum deuteride; 
(2) conversion of benzyl-a-dz alcohol to benzyl-a-d2 chloride with zinc chloride and 
hydrochloric acid; and (3) reaction of benzyl-a-d2 chloride with silver nitrate in aceto- 
nitrile. The over-all yield of benzyl-a-d2 nitrate (b.p. 45"/0.5 mrn, nk0 1.5203) was 62%. 
A N.M.R. analysiss showed that the product was 99% C C ~ I ~ ~ C D ~ O N O ~ .  

Benzyl-a-dl alcohol.-Ethyl benzoate (28.5 g, 0.190 mole) was reacted for 4 hours with 
lithium aluminuln deuteride (3.94 g, 0.099 mole) in 400 ml ether which had been dis- 
tilled from lithium alumil~um hydride, and the complex was then decomposed with lOyo 
sulphuric acid. The  product, recovered by ether extraction, was treated with aqueous 
alcoholic sodium hydroxide to hydrolyze any unreacted ethyl benzoate. After removal 
of ethanol and extraction with ether, distillation yielded benzyl-a-dz alcohol (b.p. 76"/5 
mm, n2,0 1.5398) in 84% yield. 

Benzyl-a-d2 chloride.-Benzyl-a-d2 alcohol (17.4 g, 0.158 mole) was added during 1 
hour to 77 g of a stirred solution of hydrochloric acid and zinc chloride (Lucas' reagent 
(27)) a t  0" C. Stirring was continued for 1 hour a t  0" C and 2 hours a t  room temperature. 
The reaction mixture separated into two layers and was extracted with a 1 : l  nlixture 
of ether and petroleun~ ether. Distillation yielded benzyl-a-dz chloride (b.p. 64"/12 mm) 
in 86% yield. 

Deuterium Exchange Erperiment 
Ethanol-1-d was prepared by the action of 99.4y0 deuterium oxide on sodiunl ethoxide, 

prepared from molecular sodium (28) under strictly anhydrous conditioils in a nitrogen 
atmosphere. The  product was shown by N.M.R.= to be a t  least 99% deuterated on the 
hydroxyl group. A solution of sodiunl ethoxide in the deutero-ethanol (ca. 0.5 M) was 
prepared by dissolution of sodium metal and was standardized by titration with acid. 
Fifty milliliters of the ethoxide solution was added to an equimolar quantity of benzyl 
nitrate and reaction was allowed to proceed a t  30" C to an appropriate extent of com- 
pletion when it was quenched by addition of p-toluenesulphonic acid. Solvent was 
removed under reduced pressure and the residue was taken up in ether and washed 

8N.M.R. analyses were perfornzed by Dr. R. J. Gillespie. 
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with ice-cold water. The extent of reaction was determined by an acid-base titration 
of the aqueous washings. The ethereal solution was evaporated and treated with three 
25-1111 quantities of metha~lol, each of which was removed by distillation through a 
Vigreux column. The purpose of this methanol treatment was to remove last traces 
of deutero-ethanol and to exchange any hydroxyl-deuterated benzyl alcohol which inay 
have been formed by hydrolysis following the quenching. The product of this treatment 
was fractionally distilled through a 15-cm tantalum spiral column. Deuterium analysis 
was carried out by combustion of the recovered benzyl nitrate and measurement of the 
0-D absorption a t  2500 cm-I in the water formed (15). 

I n  the first exchange experinlent, carried to 44% completion, two fractions of benzyl 
nitrate were collected, both of which showed some contamination with benzaldehyde, 
as shown by a carbonyl absorptio~z in the infrared spectra, although the higher boiling 
fraction was the purer. The allalysis results for the two fractions were 0.020&0.006 and 
0.015f 0.003 atomyo excess cleuteri~~m, respectively. In  a second exchange experiinent, 
carried to 37% completion, the recovered material was more carefully purified ancl a 
fraction which was allnost completely carbonyl-free was obtained. This fraction was 
found to contain 0.007&0.003 atomyo excess deuterium. 

On the basis of the carbanion intermediate mechanism one can calculate the k3/kz 
ratio corresponcling to a deuterium picltup of 0.007 atom%. Assun~ing that only one 
hydrogen in the benzyl nitrate exchanges, the following can be derived from equations 
[2] and [3]. (The rate constant for the reverse step in equation [2] will here also be denoted 
by k2  even though it now applies to the reaction of carbanion with deutero-ethanol.) 

d 0 
- [product] = k3[C6H5CHONOz] 
dt 

Dividing equations [ 5 ]  and [(i] and integrating one obtains 

[product] 
X-- ---. 

[C6H5CHDON02] + [C& jCH,ONOn] 

Substituting [(0.007X7)/100] = 0.00049 for the mole fraction excess of C6H5CHDONOr 
in the benzyl nitrate recovered after 37% reaction, it follon~s that 

Icinetic Ifeaszlrements with C6H5CH?ON02 and CGI-IjCD?ONOe 
A solution of benzyl nitrate (0.04-0.05 J f )  and sodium ethoxide (0.05-0.08 114) in 

anhydrous ethanol was prepared by the addition of standard sodium ethoxide solution 
to a weighed anlount of the nitrate and was maintained in a constant temperature 
bath to &0.03" C. At suitable intervals of time aliquots of 2 ml each were removed 
and added to 15 nil of ice-cold \\rater for quenching the reaction. Following titration 
with standard acid the unreacted nitrate ester was extracted with petroleum ether. The 
aqueous extract was analyzed for nitrite and nitrate ions by a modification of the method 
described by Varner et al. (17). This method is based on the differential rates of reduction 
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of nitrite and nitrate to ammonia. While nitrite ion is rapidly recluced by ferrous hydroxide 
alone, the presence of a silver ion catalyst is required for the reduction of nitrate ion. 

The solutio~l containing nitrite and nitrate was placed in a I<jeldahl-type distillation 
apparatus constructed with a double splash-head. A 40% aqueous sodium hyclroxide 
solution (15 ~ n l )  was added and steam was passed through until all the ethanol had 
distilled over. This initial removal of ethanol was found to be necessary for quantitative 
reduction. A 20y0 aqueous solution of ferrous sulphate (5 ml) mas added and steam 
distillation continued for 3 minutes during which time the nitrite ion was recluced to 
amnlonia which was collected in 5y0 boric acicl solution. The nitrate ion was then reduced 
on the addition of a saturated silver sulphate solutio~l (5 nll) and the a~nmo~l i a  fornzed 
was distilled during 5 minutes into a fresh receiver containing boric acid solution. 
ammonia from the reduct io~~s \vas titrated with 0.01 N sulphuric acid using methyl 
red-methylene blue indicator. A complete analysis involving the reduction of both 
nitrite and nitrate mas performed without interruption of steam distillatio~i. 

The over-all rate constant for the reaction was calc~llated fro111 tlze usual seconcl-order 
plot using the data fro111 the acicl-base titrations. At least t\vo kinetic runs were per- 
formed with each co~npound a t  a give11 temperature, and rate co~istants agreed \vithin 
f2Y0. The nitrite and nitrate analyses were performed for a t  least five points in each 
kinetic run. The yields of nitrite and nitrate ion were reproducible within f ly0 absolute 
and the mean values were used to calculate the rate constants of tlze component Ec03 
ancl Sx2 reactions. 

Nitrogen Isotope Effect 
The kinetic nitrogen isotope effect in the Eco2 reaction was obtained by comparing 

the nitrogen isotopic abundance in the nitrite ion formed in reactions carried out to 
some small laiown extent of completion wit11 the isotopic abundance in the starting 
co~npound. The latter \\?as obtailzed by ~neasurilig the isotopic abundance in the com- 
bined nitrite and nitrate ion product formed in reactions allo~vecl to proceed to completion. 

Benzyl nitrate (0.05 M )  and sodium ethoxide (0.05 M )  in 50 1n1 of a~zlzydrous ethanol 
were allolved to react a t  :30° C for a length of time corresponding to 10y0 reaction. The 
solutiori was then added to a mixture of ice-cold petroleunl ether and 0.1 iV aqueous 
socliunz bicarbonate (5y0 excess over the remaining ethoxide) and the t\vo layers were 
separated. The bicarbonate served to neutralize excess ethoside which otherwise \vould 
react with the slnall amount of be~zzyl nitrate not removed in the petroleu~n ether. 
(Keutralization with 0.1 N sulphuric acid resulted in soiiie loss of nitrite and nit]-ate 
ion, possibly by reaction of nitrous acid wit11 ethanol.) The aqueous ethanol solution 
was co~zcentrated to a snzall volume on a rotary evaporator and tlze last trace of benzj.1 
nitrate was extracted with petroleum ether. Nitrite zund nitrate ion \\rere separately 
reduced, folio\\-ing the procedure described in the previous section, and the ammonia 
absorbed in 0.01 N sulphuric acid. The extent of reaction was calculated from the total 
yield of ammonia obtained in the reductions. The solution of ammonium sulphate 
obtained from the recluction of nitrite ion was co~~ce~ztrated to about 3 rnl and trans- 
ferrecl to a high-vacuum system where it was oxidized by ~nealls of sodium hypobroiuite 
solution (18) to nitrogen gas for nzass spectrometric a~lalysis. The nitrogen was purified 
by continuous circulation over copper and copper oxide, both a t  750" C, and through a 
trap cooled in liquid ~zitroge~z."ufficient ammo~zium sulphnte was present to give on 
oxidation 2 ml of nitrogen a t  ailnospheric pressure. 

gDetails of llze pt~rification procedt~re will appear i ?~  a siibseqz~ent pz~blication. 
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S ince  t h e  a m o u n t  of n i t rogen  w h i c h  would  be formed  f r o m  t h e  n i t r a t e  ion p roduced  

in  a s ingle  exper iment  would  be m u c h  too sinal l  for m a s s  s p e c t r o m e t r i c  analysis ,  t h e  

a m m o n i u m  s u l p h a t e  so lu t ions  f r o m  a l l  the n i t r a t e  ion  reduc t ions  were  combined  a n d  
oxidized to give a single  n i t rogen  s a m p l e  for analysis .  

The n i t rogen  isotopic  a b u n d a n c e  i n  t h e  s t a r t i n g  benzy l  n i t r a t e  was d e t e r m i n e d  as 
follows. Benzy l  n i t r a t e  (0.04-0.05 J d )  w a s  comple te ly  hydro lyzed  by s o d i u m  e thox ide  
(0.05-0.10 M) i n  a n h y d r o u s  e t h a n o l  at 60' C. A n  a l i q u o t  of 5 m l  was t h e n  r e m o v e d  

a n d  t h e  n i t r i t e  a n d  n i t r a t e  reduced  to a m m o n i a  b y  t h e  m e t h o d  descr ibed i n  the sect ion 
o n  ICinetic M e a s u r e m e n t s ,  except that n o  t i t r a t i o n  of e t h o x i d e  w a s  per formed  a n d  t h e  
a m m o n i a  f r o m  n i t r i t e  a n d  n i t r a t e  w a s  collected i n  t h e  s a m e  acid solut ion.  The a m i n o n i u m  

s u l p h a t e  so lu t ion  was oxidized to n i t rogen  a n d  the latter \vas m e a s u r e d  m a s s  spec t ro -  

met r ica l ly  as descr ibed previously.  F r o m  t w o  s e p a r a t e  reac t ions  ca r r i ed  o u t  to c0n-1- 
plet ion a t o t a l  of five n i t rogen  sainples  \\;as prepared .  

The mass spec t ro lne t r i c  a n a l y s i s  w a s  carr ied o u t  using a 90' sector type i n s t r u m e n t ,  
s imilar  to t h e  o n e  descr ibed b y  Wail less  a n d  T h o d e  (29). I t  w a s  c a p a b l e  of m e a s u r i n g  
relative isotopic  a b u n d a n c e  ra t ios ,  Nll - N"/N14 - N1j , to S0.027,. 

T h e  k ine t i c  i so tope  effect was ca lcu la ted  from t h e  expression (19) 

w h e r e  

r = (N1'/N15) renctnnt 
(K 1 4 / ~ 1 5 ) N 0 2 -  

a n d  f = 0.09, t h e  mole  f rac t ion  of r e a c t a n t  ~ v h i c h  h a s  u n d e r g o n e  decoinposi t ion to  
n i t r i t e  ion.1° 
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