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Application of a Novel Double-Labeling Procedure 
to Measurement of Carbonyl Oxygen Isotope Effects 
on the Alkaline Hydrolysis and Hydrazinolysis 
of Methyl Benzoate 

Sir: 

Heavy-atom kinetic isotope effects1,2 are ordinarily mea
sured by competitive experiments in which the isotopic com
position of a mixture of isotopically labeled and unlabeled 
substrates (or products) is measured as a function of extent of 
reaction.3 The isotope ratio mass spectrometer used for such 
measurements can only be used with volatile substances such 
as CO, CO2, N2, and CH3Cl, and chemical conversion of the 
substrate or product is often required prior to analysis. 
Sometimes the atom of interest is buried deep within the 
molecule and such conversion is not convenient. 

In this paper we illustrate a novel method which may over
come many problems inherent in the competitive method. This 
technique uses a substrate which is labeled in two positions, 
the first accessible to analysis by isotope ratio mass spec
trometry but sufficiently isolated from the reacting bond(s) 
that no isotope effect is observed, and the second the site of 
interest in the kinetic isotope effect experiment. This doubly 
labeled substrate is mixed with unlabeled substrate and the 
isotopic composition of the accessible position is monitored as 
a function of extent of reaction. Since the accessible position 
has no isotope effect of its own, the variation in isotopic com
position at this position reflects the kinetic isotope effect at the 
position of interest. 

By this technique we have measured carbonyl oxygen kinetic 
isotope effects on the alkaline hydrolysis and hydrazinolysis 
of methyl benzoate. [methyl- 13C]Methyl [carbonyl-nO]-
benzoate, 90% enriched at both positions,4 was mixed with 
natural abundance methyl benzoate in the ratio of 1:4. This 
substrate was subjected to hydrolysis or hydrazinolysis and the 
1 3C/' 2C isotope ratio of the product methanol was measured 
at ~30% reaction and at 100% reaction.5 Because of the nature 
of the double-labeling method, the apparent carbon isotope 
effect obtained by this measurement is actually the product 
of the methyl carbon isotope effect and the carbonyl oxygen 
isotope effect. The former isotope effect is nearly unity;8 so our 
measurements provide the carbonyl oxygen isotope effect di
rectly. The data are summarized in Table I. The isotope effects 
given in Table I include small corrections for (a) 5% enrich
ment of 18O in the ether oxygen; (b) secondary isotope effects 
at the methyl carbon;8 (c) the presence of singly labeled methyl 
benzoate. No correction for oxygen exchange between solvent 
and the carbonyl oxygen is necessary.9 

In these experiments care was taken to eliminate all sources 
of natural abundance carbon compounds which could co-
chromatograph with methanol. A small amount of such carbon 
would cause a large error in the analysis of enriched samples.10 

The correctness of our results is indicated by several tests. (1) 
The isotope effect was constant from experiment to experi
ment, within the precision of the analytical procedure. (2) The 
isotope ratios of all 100% samples were the same and the iso
tope ratios of the low conversion samples were constant for 
hydrolysis and for hydrazinolysis. (3) No methanol could be 
detected if substrate or nucleophile was omitted from the re
action mixture. (4) Methanol of known isotopic composition 
could be carried through our entire procedure with no signif
icant change in isotopic composition. 

The accepted mechanism for the reaction of esters with 
nucleophiles involves a tetrahedral intermediate.11^12 The large 
oxygen isotope effects observed for both the carbonyl oxygen 
and the ether oxygen8 in the hydrazinolysis of methyl benzoate 
are consistent with the occurrence of such an intermediate. 
Qualitatively, these isotope effects indicate that both car-

Table I. Carbonyl Oxygen Isotope Effects for Reactions of Methyl 
Benzoate in Water at 25 0C 

Isotope ratios'1 X 10" 
Low 100% 

% reaction" conversion conversion £l6/k18 c 

30.0 
28.9 
30.0 
30.7 
20.0 
35.0 

Alkaline Hydrolysi 
3164 3174 
3164 3169 
3150 3161 
3164 3179 
3156 3163 
3168 3184 

Mean 1.0046 
±0.0020 

Hydrazinolysis at pH 7.9, 0.3 M Free Hydrazine 
33.7 
32.5 
36.3 
33.1 
31.6 

3127 
3126 
3132 
3124 
3125 

3179 
3175 
3186 
3179 
3182 

Mean 1.0184 
±0.0014 

" Determined spectrophotometrically at 282 nm for alkaline hydrolysis 
and at 258 nm for hydrazinolysis. * Decade settings for m/e 45/44, 
corrected to tank standard = 3150. r The isotope effects are corrected 
for percent reaction, for the presence of singly labeled ester, for a 
methyl kn/ku = 1.0022, and for the presence of 1% [methyl-]3C]-
methyl [e?W-18O] benzoate. 

bon-oxygen bonds are substantially weakened in the transition 
state. 

The alkaline hydrolysis of methyl benzoate is more difficult 
to understand in terms of a two-step mechanism. The small 
magnitudes of both oxygen isotope effects8 indicate that the 
carbon-oxygen bonds are not extensively broken in the tran
sition state. Available data do not allow us to convincingly 
eliminate the possibility that the alkaline hydrolysis occurs by 
way of a direct displacement without the intervention of a 
tetrahedral intermediate. 

Determination of heavy-atom isotope effects by the dou
ble-label procedure described here makes available a new class 
of studies of heavy-atom isotope effects at positions which 
could formerly be studied only by the use of radioactive labels. 
This method might be of use, for example, in measuring car
bonyl carbon isotope effects in the reaction of esters. This 
method can also be adapted to the high-precision measurement 
of secondary deuterium isotope effects.13 
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A New and Efficient Total Synthesis 
of (±)-Longifolene 

Sir: 

Despite the well-documented synthetic power of the bi-
molecular photoaddition-retroaldol reaction sequence (de 
Mayo reaction), depicted in Scheme I,1 the potential of in
tramolecular variants starting from 1,3 diketones or their enol 
derivatives A, bearing olefinic substituents R1, R2, or R3, has 
been neglected so far.2 We now report the first example of one 
of these intramolecular alternatives which constitutes the key 
reaction leading to a ready synthesis of (i)-longifolene (11) 
(Scheme II) .3 The intricate carbon network of this sesquiter
pene has served as a challenging test case for synthetic meth
odology4 and planning5 throughout the past 15 years. 

To realize our objective, the acid chloride 26-7 (bp 66 0C (28 
Torr)) was treated with 1-morpholino-l-cyclopentene under 
the usual conditions8 to give the 1,3 diketone 37 (bp 63 0C (0.05 
Torr), 82%), which on O-acetylation (1.5 equiv of acetyl 
chloride, pyridine, 0 0C, 4 h) furnished a crude enol acetate7 

(IR(CCl4) 1770, 1718 (m), and 1640 cm"1; NMR (CDCl3) 
5 2.22 (s, 3 H); UV (hexane) 243 nm (log e 4.05); 80%) to 
which structure 4a has been assigned.9 Irradiation of the crude 
acetate 4a (mercury high-pressure lamp, cyclohexane, Pyrex 
filter, 15-30 0C) afforded regioselectively in high yield (78%) 
the adducts 5a7'1 '(1:3 mixture of stereoisomers). Hydrolytic 
cleavage of the acetoxy group, however, required heating of 
5a with 4% KOH in dioxane/water, 1:1, at 100 0C for 20 min 
to give directly the aldol 127-11 (72%), presumably via the 
transient retroaldol intermediate 6. As a way of avoiding the 
undesired secondary reaction 6 —• 12,12 3 was first converted 
to its benzyloxycarbonyl derivative 4b7-9 (2.7 equiv of ben-
zyloxy chloroformate/pyridine, 5 0C, 8 h, 88%) which under 
the above-mentioned irradiation conditions furnished the ad
ducts 5b7 (2:3 mixture of stereoisomers, 83%). Hydrogenolysis 
of 5b (3 atmH2, Pd/C (10%), HOAc, 25 0C 18 h) resulted in 
clean retroaldol cleavage giving the 1,5 diketone 67'11 (mp 
63-640C, 83%). 

Having achieved a simple and efficient entry to the skeleton 
of longifolene (11), 6 was functionalized by initially converting 
the less hindered 8-carbonyl to a geminal dimethyl group13 as 
follows. Regioselective Wittig methylenation of 6 to 77'1' (5.8 
equiv of methyltriphenylphosphonium bromide, 5.0 equiv of 
sodium te«-amylate, toluene,14 25 0C, 1.5 h, 88%), followed 
by a modified Simmons-Smith cyclopropanation of 7 to 87'1' 
(6 equiv of zinc/silver couple,15 3 equiv of diiodomethane, 
refluxing ether, 60 h, 78%) and selective cyclopropane hy
drogenolysis16 (2 to 3 atmH2, PtO2, HOAc, 25 0C 18 h, 96%) 
gave the ketone 97'1' which reveals superimposable 1H NMR 
and IR spectra on those of (±)-9, obtained by another route.4c 

The previously described a-methylation of 94c furnished 10 
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(94%), which was identified by comparison with a sample of 
naturally derived longicamphenylone (10) using GC (coin-
jection), 1H NMR, 13C NMR, IR, and mass spectral evi
dence.17 Finally, using known reaction conditions,4 10 was 
converted into (i)-longifolene (11) (80%), the identity of 
which followed from similar comparison with the natural 
product. 

In summary, this approach affords (±)-longifolene (11) in 
a nonoptimized overall yield of 25% from the acid chloride 2.18 

The key step 4b - • 5b involves the formation of two C-C bonds, 
one of which (C(8)-C(8a)) has not been regarded as a par
ticular strategic one;5 furthermore, the asymmetric center of 
4b induces correctly the other three chiral centers of longi
folene. The enantioselective synthesis of (±)-longifolene, as 
well as further exploration of intramolecular de Mayo reac
tions, are presently under study in our laboratory. 
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