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THE MECHANISM OF THE CARBONYL ELIMINATION REACTION OF
BENZYL NITRATE
KINETIC ISOTOPE EFFECTS AND DEUTERIUM EXCHANGE!

ErwiN Buncer? AND A. N. Bourxs

ABSTRACT

The carbonyl elimination reaction’ (Eco2) of benzy! nitrate has been investigated with the
object of distinguishing between the concerted and carbanion mechanisms. A deuterium
exchange experiment resulted in a very small amount of deuterium pickup. The nitrogen
isotope eftect, kis/kys, associated with formation of the nitrite ton was found to be 1.0196
+0.0007 at 30° C. The two results taken together exclude the formation of a carbanion
intermediate but are consistent with a concerted mechanism.

Benzyl-a-d; nitrate has been prepared and the rate of its carbonyl elimination reaction
compared with that of the undeuterated compound. The deuterium isotope effect was
5.042:0.25 at 60° C. The significance of the magnitude of the nitrogen and deuterium isotope
effects and of their interrelationship with the Hammett reaction constant rko is discussed
in terms of the nature of the transition state and a comparison is made with other E2 elimina-
tion reactions.

Nitrate esters have been extensively studied during the last decade and are the subject
of a recent review article (1). 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 nucleophilic reagent, and the solvent, and often two
or more of the reactions take place simultaneously.

1. Substitution on carbon:
I{CHQ“'CHQ—O—NOJ =+ Y- —— RCH:CI’IQ*Y —+ NO;{‘.

Lo

Substitution on nitrogen:
RCH,—CH;—0—NO:> 4+ Y~ —— RCH.CH,0~ 4+ Y—NO..

A

. B-Hydrogen elimination:

RCH,—CH,—0—NO; + Y~ ——— RCH=CH, + NOy~ + YH.
4. a-Hydrogen elimination:
RCH,—CH»—0—NO; + Y~ ——— RCH.,CH=0 + NO,~ + YH.

The substitution reaction on carbon has been shown (2) to follow either the Syl or
the Sx2 mechanism, the factors determining the course of reaction being analogous to
those for alkyl halides. For example, in 909, ethanol the rate of reaction of fert-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 concentrations. Evidence for substitution on nitrogen (reaction 2) is
based on oxygen-18 studies of the position of bond fission in the hydrolysis of #-butyl
and #n-octyl nitrate (4) and on stereochemical 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 methylene groups (6, 7). The B-hydrogen elimination of
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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 e-hydrogen elimination finds no direct analogy in
the reactions of these compounds. It has been named a carbonyl elimination reaction (2)
and has been designated Ego2 since it always shows the characteristics of a typical
bimolecular 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 Eg¢2 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 Euo2 reaction and the yields of aldehyde product is demonstrated
by the following data, obtained in 909, aqueous ethanol at 60° C (8): ethyl nitrate,
0.2XX107% 1. mole~*sec™, 29; p-methylbenzyl nitrate, 3X10731, mole~!sec™, 54%,;
benzyl nitrate, 8 X102 . mole~! sec™, 879%,; and p-nitrobenzyl nitrate, 3X102 1. mole™!
sec™1, 1009%,. The Hammett reaction constant p for m- and p-substituted benzyl nitrates
has the high positive value of +3.40.

By analogy with other elimination reactions, two mechanisms must be considered
for the carbonyl elimination reaction of organic nitrates.

Concerted mechanism

5

H (/OCQH;‘,
N CH—O+_ + CHO- — H{ — CHiCH—0 + NOs; (1)
CoHly” NO, J CH=20. 6~
CH N0,

transition state

Two-step mechanism

H E ©
N 1
CH—O + C.H:0- —= CH—O + C.H:0H [2]
CeHy” \NO, e Gt \NO, o
(S
CeHs QN02 — CH;CH=0 + NO. [3]

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 E2 mechanism observed in olefin-forming eliminations of alkyl halides,
ammonium 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 Ecolch (8). Cristol has proposed that the Elcb mechanism
does indeed occur in cyclic systems where the eliminated groups have cis orientations
(10, 11).

The carbonyl elimination reaction is one in which the carbanion mechanism is expected
to be “inherently probable” (8), and a particularly favorable system should be that of
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benzyl nitrate. The high positive value for the Hammett reaction constant p, +43.40,
obtained for m- and p-substituted benzyl nitrates, and the fact that the ¢* value (12)
for the para-nitro group must be used for a linear relationship to hold between log %
and o clearly show that the transition 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 mechanism.?

The present investigation was undertaken 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.

Deuterium 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 pickup of deuterium by the substrate would unquestionably prove
that a carbanion intermediate is formed. The absence of deuterium pickup, however,
would not necessarily exclude the intervention of a carbanion intermediate, since the
rate at which the carbanion decomposes to product could be so much greater than its
rate of return to reactant by combination with solvent (i.e., kz >> k3) 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 999, ethanol-1-d. The reaction was interrupted at about 409, completion
by the addition of p-toluenesulphonic acid. The unchanged benzyl nitrate was recovered
and purified by fractional distillation. It was analyzed for deuterium by combustion
to water and measurement of the O-D absorption at 2500 cm™ (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 atom%,
excess of deuterium. The significance of such a small deuterium content is open to more
than one explanation. It could result from the actual presence of CsH;CHDONO, (0.05
mole%, 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.,
k3/k: = 1200, where k; includes the concentration of solvent deutero-ethanol.t An
alternative explanation, however, is that this very small deuterium enrichment is caused
by the presence of some deuterium-containing contaminant.®

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

3Cristol found that in o cis dehydrochlorination the replacement of a chlorine substituent by the strongly electron-
attracting p-toluenesulphonyl group increased the rate of reaction by a factor of about 10 (13).

4Because of a possible isotope effect associated with the reaction of deutero-ethanol with carbanion, the ks/ka
ratio in undeuterated ethanol may differ somewhat from this figure (16).

5Some enrichment will undoubledly arise from a kinetic isolope effect involving the reactant, which originally

has the natural isotopic abundance of deuterium. It can be shown, however, that this factor could account for no
more than a quarier of the observed enrichment.
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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).

Kainetic Nitrogen Isotope Effect

In previous applications of the deuterium exchange test the ambiguity presented by
an apparent very small deuterium pickup could not be resolved. It has been possible to
resolve this problem in the present reaction system by an evaluation of the kinetic
nitrogen isotope effect. In the concerted process (equation [1]) the O—NO; 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 1-39%, (vide infra). In the carbanion
mechanism with &3 3> ks, which is the only possibility for a carbanion mechanism 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. In this
case there should be no nitrogen isctope effect, or at 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. The procedure consisted of allowing reaction between benzyl
nitrate and ethoxide ion to proceed to 109, completion and comparing the nitrogen
isotopic composition 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 required.®
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 mass spectrometry. The total nitrite and nitrate ion obtained from the
1009, reaction was similarly converted to nitrogen and analyzed by mass spectrometry.
The results of these experiments are shown in Table I.

TABLE I

NU/N ratios in Eco2 reaction of benzyl nitrate at 30° C

Nu/N1s
Extent of
Expt. No. reaction NO,™ + NO;~ NO.~
1 100 265.58
2 100 265.78
3 100 265.46
4 100 265.66
5 100 265.62
6 10 270.52
7 10 270.54
8 10 270.66
9 10 270.42
10 10 270.74
Mean NM/N ratios* 265.624£.12 270.58+ .12

*The limits shown are the standard deviations,

The kinetic isotope effect, calculated from these isotopic ratios and the known extent
of reaction (19), is
BY/R1S = 1.01960.0007.
SExperiments using nitrogen-15 enriched nitrate ion established the absence of isolopic exchange between

nitrite and nitrate tons under the reaction conditions and in the subsequent separation procedure. Details of this
work will be published elsewhere.
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This isotope effect, which is one of the largest observed for nitrogen in a rate process
unequivocally establishes that the O—N bond is undergoing rupture in the rate-deter-
mining step. Since the observation of no significant deuterium exchange has ruled out a
carbanion mechanism in which the step involving O—N bond rupture is rate determining,
it follows 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
with reactants in which structural features would provide greater stability to a car-
banion. Systems of this type are under investigation.

It 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,
within the limit of measurement, with the mean value obtained for the product of 1009,
reaction. This observation of a zero isotope effect is consistent with a nucleophilic
substitution of ethoxide ion on carbon with displacement of nitrate ion.

Hydrogen—Deuterium 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
CeHsCH:ONO, and CsHsCDsONOs. Benzyl-a-d; nitrate was prepared by the lithium
aluminum deuteride reduction of ethyl benzoate to benzyl-a-d; alcohol which was con-
verted to benzyl-a-d: chloride and to benzyl-a-ds 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, kggy2, and for
the substitution reaction, kg, 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 I1. It is seen that the carbonyl elimination reaction shows an isotope
effect of 5.0 at 60° C. From the data given in Table II one may also calculate a ku/kp

TABLE II
Hydrogen—deuterium isotope effect at 60.2° C

CH:CH,ONO: CH;CD,ONO:

% Eco2 88.7 64.4
% Sx2 11.3 35.6
102 krotal* 13.9 3.79
10% kgege 12.3 2. 44
10° kgxe 1.57 1.35

(kn/kp) Egor = (12.3/2.44) = 5.04+0.25+

*k in L mole~! sec™l. .
‘tEstimated 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 of the Transitron State in the Eco2 Reaction
Information concerning charge distribution and extent of bond rupture in the tran-
sition state of a bimolecular elimination reaction of the type

' 6~
- — X
Z—CGH4—(|:H—Y—X — Z=C5H.szIH~:Y" —Z2—CH,CH=Y + BH 4 X~ [4]
H !
B~

transition state

is provided by three quantities: (a) the deuterium isotope effect, (b) the isotope effect
associated with the leaving group X, and (¢) the Hammett p value. A large kg/kp 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 may 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 Hammett 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 accommodated 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 value.

The kg/kp value of 5.0 at 60° C for the E¢o2 reaction of benzyl nitrate (X = NO,,
Y = O,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 Egq2 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, may 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 Ego2 reaction of benzyl nitrate is evident from the magnitude of the nitrogen
isotope effect, 2.0%, at 30° C. Although this value is considerably smaller than the 3.8%,7
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 Hofmann elimination reaction of 8-phenylethyltri-

methylammonium bromide (X = KI(CHa)a, Y = CH,, and Z = H in equation [4]) with
ethoxide ion at the same temperature. Since the deuterium effect is also larger, 5.0 at
60° C compared with 3.0 at 50° C observed by Saunders for the Hofmann reaction
(25), it would appear that rupture of both C—H and Y—X bonds is more fully developed
in the transition state of the carbonyl elimination reaction. On the other hand, the
transition state for the Ego2 reaction must have considerably more carbanion character
than that of the bimolecular elimination with ethoxide ion of the structurally related
B-phenylethyl bromide (X = Br, Y = CH,, and Z = H in equation [4]). The deuterium

1This value is obtained from the Bigeleisen expression (21) using 860.6 cm™! for the stretching vibration of the

O—NO: bond (22) in evaluating the free-energy term and the Slater theorem for the effective mass term. Using
the mass fragment method of evaluating the mass term (23), the calculated effect is 2.8%,.
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isotope effect for this dehydrobromination reaction has the abnormally large value of 7.1
at 30° C (25), while the p value for the reaction of substituted S-phenylethyl bromides
is only +2.18 (20), compared with the +3.4 found for the Ego2 reaction of the benzyl
nitrates. More of the negative charge developed in the transition state must, therefore,
reside on the bromine 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 considerations it would appear that with respect to the extent to which
bonds have been weakened, the transition state for the carbonyl elimination of benzyl
nitrate is intermediate between the transition states for the E2 reaction of 8-phenyl-
ethyltrimethylammonium ion and of g-phenylethylbromide.

EXPERIMENTAL

Materials

Benzyl nitrate—This was prepared from benzy!l chloride and silver nitrate in aceto-
nitrile (26). The product, purified by fractional distillation from silver nitrate and
calcium carbonate, was obtained in 759, yield (b.p. 45°/0.5 mm, #Z° 1.5209).

Benzyl-a-ds nitrate.—The steps involved in the synthesis of benzyl-a-d. nitrate were:
(1) reduction of ethyl benzoate to benzyl-a-ds alcohol with lithium aluminum deuteride;
(2) conversion of benzyl-a-d. alcohol to benzyl-a-d. chloride with zinc chloride and
hydrochloric acid; and (3) reaction of benzyl-a-d. chloride with silver nitrate in aceto-
nitrile. The over-all yield of benzyl-a-d, nitrate (b.p. 45°/0.5 mm, #2° 1.5203) was 62%,.
A N.M.R. analysis® showed that the product was 999, C¢Hs;CD,ONO:..

Benzyl-a-d» alcohol.—Ethyl benzoate (28.5 g, 0.190 mole) was reacted for 4 hours with
lithium aluminum deuteride (3.94 g, 0.099 mole) in 400 ml ether which had been dis-
tilled from lithium aluminum hydride, and the complex was then decomposed with 109
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-ds alcohol (b.p. 76°/5
mm, #% 1.5398) in 849, yield.

Benzyl-a-ds chloride—Benzyl-a-d, 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)) at 0° C. Stirring was continued for 1 hour at 0° C and 2 hours at room temperature.
The reaction mixture separated into two layers and was extracted with a 1:1 mixture
of ether and petroleum ether. Distillation yielded benzyl-a-d» chloride (b.p. 64°/12 mm)
in 869, yield.

Deuterium Exchange Experiment

Ethanol-1-d was prepared by the action of 99.49, deuterium oxide on sodium ethoxide,
prepared from molecular sodium (28) under strictly anhydrous conditions in a nitrogen
atmosphere. The product was shown by N.M.R.? to be at least 999, deuterated on the
hydroxyl group. A solution of sodium 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 at 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 performed 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-ml quantities of methanol, 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 may
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
O—D absorption at 2500 cm™! in the water formed (15).

In the first exchange experiment, carried to 449, completion, two fractions of benzyl
nitrate were collected, both of which showed some contamination with benzaldehyde,
as shown by a carbonyl absorption in the infrared spectra, although the higher boiling
fraction was the purer. The analysis results for the two fractions were 0.02940.006 and
0.01540.003 atom9, excess deuterium, respectively. In a second exchange experiment,
carried to 379, completion, the recovered material was more carefully purified and a
fraction which was almost completely carbonyl-free was obtained. This fraction was
found to contain 0.0074-0.003 atom9%, excess deuterium.

On the basis of the carbanion intermediate mechanism one can calculate the ks/k,
ratio corresponding to a deuterium pickup of 0.007 atom%,. Assuming 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 ks even though it now applies to the reaction of carbanion with deutero-ethanol.)

@ s
g—t [CsH;CHDONO.] = %4[CH;CHONO,][CsH,0D] [5]
d ©
(E {pI’Odl.lCt] = kg[CﬁHg,CHONOg] [6]
Dividing equations [5] and [6] and integrating one obtains
[CeHsCHDONO,] _ ko[C:H;0D] [7]
[CeHsCHDONO,]+[CeHsCH,ONO,) ks

% [product] .
[CsHsCHDONO,]4-[CsH;CH.ONO,]
Substituting [(0.007 X7)/100] = 0.00049 for the mole fraction excess of C¢H;CHDONO,

in the benzyl nitrate recovered after 379, reaction, it follows that

Bs 37
£2[CH,OD] ~ 63X0.00049

Kinetic Measurements with CsgHsCHONOQO, and C¢H;CD,ONO.

A solution of benzyl nitrate (0.04-0.05 M) and sodium ethoxide (0.05-0.08 M) in
anhydrous ethanol was prepared by the addition of standard sodiumn ethoxide solution
to a weighed amount 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 ml of ice-cold water 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

= 1200.
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of nitrite and nitrate to ammonia. While nitrite ion is rapidly reduced by ferrous hydroxide
alone, the presence of a silver ion catalyst is required for the reduction of nitrate ion.

The solution containing nitrite and nitrate was placed in a Kjeldahl-type distillation
apparatus constructed with a double splash-head. A 409, aqueous sodium hydroxide
solution (15 ml) 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 209, aqueous solution of ferrous sulphate (5 ml) was added and steam
distillation continued for 3 minutes during which time the nitrite ion was reduced to
ammonia which was collected in 59, boric acid solution. The nitrate ion was then reduced
on the addition of a saturated silver sulphate solution (5 ml) and the ammonia formed
was distilled during 5 minutes into a fresh receiver containing boric acid solution. The
ammonia from the reductions was titrated with 0.01 N sulphuric acid using methyl
red —methylene blue indicator. A complete analysis involving the reduction of both
nitrite and nitrate was performed without interruption of steam distillation.

The over-all rate constant for the reaction was calculated from the usual second-order
plot using the data from the acid-base titrations. At least two kinetic runs were per-
formed with each compound at a given temperature, and rate constants agreed within
+29%,. The nitrite and nitrate analyses were performed for at least five points in each
kinetic run. The yields of nitrite and nitrate ion were reproducible within 19 absolute
and the mean values were used to calculate the rate coustants of the component Eqo2
and Sy2 reactions.

Nitrogen [sotope Effect

The kinetic nitrogen isotope effect in the Eqo2 reaction was obtained by comparing
the nitrogen isotopic abundance in the nitrite ion formed in reactions carried out to
some small known extent of completion with the isotopic abundance in the starting
compound. The latter was obtained by measuring the isotopic abundance in the cowm-
bined nitrite and nitrate ion product formed in reactions allowed to proceed to completion.

Benzyl nitrate (0.05 3/) and sodium ethoxide (0.05 ) in 50 ml of anhydrous ethanol
were allowed to react at 30° C for a length of time corresponding to 109, reaction. The
solution was then added to a mixture of ice-cold petroleum ether and 0.1 N aqueous
sodium bicarbonate (5%, excess over the remaining ethoxide) and the two layers were
separated. The bicarbonate served to neutralize excess ethoxide which otherwise would
react with the small amount of benzyl nitrate not removed in the petroleum ether.
(Neutralization with 0.1 V sulphuric acid resulted in some loss of nitrite and nitrate
ion, possibly by reaction of nitrous acid with ethanol.) The aqueous ethanol solution
was concentrated to a small volume on a rotary evaporator and the last trace of benzyl
nitrate was extracted with petroleum ether. Nitrite and nitrate ion were separately
reduced, following 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 reduction of nitrite ion was concentrated to about 3 ml and trans-
ferred to a high-vacuum system where it was oxidized by means of sodium hypobromite
solution (18) to nitrogen gas for mass spectrometric analysis. The nitrogen was purified
by continuous circulation over copper and copper oxide, both at 750° C, and through a
trap cooled in liquid nitrogen.® Sufficient ammonium sulphate was present to give on
oxidation 2 ml of nitrogen at atmospheric pressure.

*Details of the purification procedure will appear in a subsequent publication.
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Since the amount of nitrogen which would be formed from the nitrate ion produced
in a single experiment would be much too small for mass spectrometric analysis, the
ammonium sulphate solutions from all the nitrate ion reductions were combined and
oxidized to give a single nitrogen sample for analysis.

The nitrogen isotopic abundance in the starting benzyl! nitrate was determined as
follows. Benzyl nitrate (0.04-0.05 M) was completely hydrolyzed by sodium ethoxide
(0.05-0.10 M) in anhydrous ethanol at 60° C. An aliquot of 5 ml was then removed
and the nitrite and nitrate reduced to ammonia by the method described in the section
on Kinetic Measurements, except that no titration of ethoxide was performed and the
ammonia from nitrite and nitrate was collected in the same acid solution. The ammonium
sulphate solution was oxidized to nitrogen and the latter was measured mass spectro-
metrically as described previously. From two separate reactions carried out to com-
pletion a total of five nitrogen samples was prepared.

The mass spectrometric analysis was carried out using a 90° sector type instrument,
similar to the one described by Wanless and Thode (29). It was capable of measuring
relative isotopic abundance ratios, N¥—N4/N* - N, to =40.02%,.

The kinetic isotope effect was calculated from the expression (19)

_ In(1=f)
k14/k15 - 1n(1—7'f)

7 = (NM/le) reactant
(N"/N¥)yo,-

and f = 0.09, the mole fraction of reactant which has undergone decomposition to
nitrite ion.*¢

where
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