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uum at room temperature, the residue taken up in ether, and the
solution washed with 1 N hydrochloric acid and water and dried.
Evaporation gave 37 mg. of an oil which showed three spots on
thin layer chromatography. Chromatography of the mixture on
activity II neutral alumina (18 g.) using 59, benzene in hexane
separated the first component (16 mg., m.p. 91.5-94°) from the
other two products (8 mg.) which were eluted together as an oil.
The first component, Al"20-cholestan-16-one (XXVIIIa), was
recrystallized quickly from methanol in subdued light, whereupon
it melted at 97.5-98°, ACEC1 5,00 and 6.21 u; AFoobesane 250 my,,
€ 11,6G0.

Anal. Caled. for CyHuwO:  mol. wt., 384.6.
wt., 384 (mass spec.).

The oily mixture exhibited a very similar mass spectrum as
compared to that of the crystalline isomer XXVIIla and ex-
hibited ASES® 5,79, 5.90, and 6.21 u. Dehydrobromination of a
mixture of XXVIIa and b gave essentially the same results. In
order to obtain the other geometric isomer XXVIIIb in a pure
state, 46 mg. of XX VIIla was dissolved in 10 ml. of hexane and
the solution exposed (using an aluminum foil reflector) to direct
sunlight for 1 hr. The resulting mixture was chromatographed in
subdued light on 20 g. of activity II neutral alumina, using 10 and
209, benzene in hexane as eluent. First there was eluted 31 mg.
of recovered XXVIIIa, followed by 13 mg. of a homogeneous
(thin layer chromatography) oil (XXVIIIb), which exhibited
ACHCH 590 and 6.21 u, Aclobexane 248 my, ¢ 12,100, as well as a
mass spectrometrically determined molecular ion peak at m /e 384.

Found: mol.
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Reduction of the Isomeric A7(29-Cholestan-16-ones (XXVIIIa
and b).—Pure A"®_cholestan-16-one (XXVIIla, 50 mg.) in 15
ml. of cyclohexane was hydrogenated at 22° for 1 hr. in the
presence of 25 mg. of 109, palladium-on-charcoal. The solution
was filtered and evaporated, leaving a crude product, m.p.
53-56°. Recrystallization from methanol gave pure 20«-
cholestan-16-one (XXIIla), m.p. 58-59°. Sometimes another
polymorphic form was obtained, m.p. 70-71°. In either case,
the melting point was not depressed when mixed with tlie sample
of XXIIla prepared from zinc dust reduction of XXVIla or
from chromatography of the 1,4 Grignard addition reaction to
XII. In each case, the R; values (thin layer chromatography)
of XXVIIa from the different sources were identical, and not as
high as for XXVIIb.

An identical catalytic reduction of the oily «,8-unsaturated
ketone (XXVIIIb) gave material, m.p. 89.5-92°, after recrystal-
lization from methanol. Its m.p. was not depressed (91-94°)
on admixture with XXIIIb prepared by the zinc dust reduction
of XXVIIb (above), and the R; values of XXIIIb from these
sources were identical with each other, but higher than that of
XXIIIa. A mixture of XXIIla and b showed a marked melting
point depression (48-63°).

A small-scale lithium in liquid ammonia reduction of XXVIIIa
in tetrahydrofuran gave a mixture of XX11Ia and b (as judged by
thin layer chromatography), with the 20a-isomer XXIIIb pre-
dominating; infrared spectroscopy indicated that there was no
unreacted «,3-unsaturated ketone present.
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Mass Spectrometry in Structural and Stereochemical Problems.

XLI.! Isotope Effect in

Hydrogen Rearrangement Processes: The Mass Spectra of Methyl Butyrate and Its y-Mono-,
Di-, and Trideuterio Analogs

By D. H. WiLrLiams, H. BubpzikiEwicz, AND CARL DJERASSI
RECEIVED AUGUST 5, 1963

The mass spectra of methyl butyrate and its y-mono-, di-, and trideuterio analogs have been measured and an
isotope effect corresponding to a transfer of 0.88 atom of deuteriuin per atom of hydrogen in a specific rearrange-
ment process has been observed. This effect is probably also operative in many related v-hydrogen rearrange-

ments observed in mass spectrometry.

The usefulness of deuterium-labeling of organic
molecules for gaining insight into fragmentation and
specially rearrangement processes under electron
impact has been demonstrated frequently, some recent
examples being provided by fatty acids? and steroids.?
In some cases, hydrogen transfer reactions are straight-
forward and involve the shift of only one specific hy-
drogen atom, whereupon they can be followed easily
in the deuterated analogs. In other instances, one
specific fragmentation process involves a complex
series of different hydrogen rearrangements (e.g.,
11-keto steroids?), and for the elucidation of such frag-
nientations, quantitative measurements of deuterium
transferred from different positions is necessary.

It has been shown that deuterium is less easily split
off from hydrocarbons than is hydrogen,® and ‘that in
the loss of water from cyclic ketones® or cyclohexanol!
discrimination against deuterium takes place. No
isotope effect is usually taken into consideration for
cyclic transition states,® mainly because no relevant
data are available. It seemed of importance, therefore,
to investigate this problem in a specific, well-defined
mechanism, which would allow, if possible, wide
generalization.
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One of the most important fragmentation processes
of aliphatic carbonyl compounds (ketones,” aldehydes,®
esters®) is cleavage of the carbon—carbon bond 8 to the
carbonyl group accompanied by rearrangement of
one hydrogen atom. This outstanding fragmentation
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process was soon subject to many investigations. Thus
Beynon'® pointed out that this rearrangement must be
energetically very favorable since it can be observed
at low energies where hydrogen rearrangement processes
are usually not observed. By labeling the carboxyl
group of butyric acid with 3C it could be demonstrated!!
that the fragment in question definitely retains this
carbon atom. McLafferty!® was the first to suggest
that the genesis of this cleavage product involves a
six-membered transition state in which a vy-hydrogen
atom is transferred to oxygen. Appearance potential
measurements of the rearrangement ion are in agree-
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(1956).

(8) J. A. Gilpin and F. W, MecLafferty, ¢bid., 39, 990 (1857).

(9) R. Ryhage and E. Stenhagen, Arkiv Kemi, 18, 513 (1959).

(10) J. H. Beynon, ’Mass Spectrometry and its Application to Organic
Chemistry,” Elsevier Publishing Co., New York, N. Y., 1960, p. 356.
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(12) F. W. McLafferty, Anal. Chem., 81, 82 (1959).
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ment with the formation of a positively charged enol
(a) rather than the isomeric oxo structure (b).!?
The final proof for this mechanism was given by measur-
ing the mass spectra of fatty acid esters deuterated in
all possible positions (long chain acid methyl esters®!!
and ethyl butyrate'®), which indicated that only one
v-hydrogen is transferred in this fragmentation process,
and that the hydrogens bound to the «- and 8-carbon
atoms are completely retained. Since the same ex-
planation has been offered for analogous cleavage
processes in olefins, ' alkylbenzenes,!” phenyl ethanols,
aryl ethers,!? amides,® nitriles,? and isothiocyanates,*
it seems to be a rather common process and thus the
two conditions stated above—mnamely well-defined
mechanism and possible generalization—are met by
this hydrogen rearrangement.

For the present experiment methyl butyrate was
chosen, since butyric acid and its esters are the simplest,
and at the same time, best investigated!'!® representa-
tives of this group of compounds. The methyl ester
has been selected since the possibility of catalytic de-
composition in the inlet system of the mass spectrom-
eter is much lower than for the free acid, and the peak
in the spectrum (Fig. 1) in question (m/¢ 74, a, R =
OMe) has no appreciable neighbor (in contrast to the
ethyl ester’®) which might complicate calculations.
For these reasons the v-d; (II), vy-d» (1II), and ~-d;
analogs of methyl butyrate (I, Fig. 1) were prepared
(see Experimental section) and their mass spectra
measured. The values used below for the calculations
are the mean of at least five independent measurements.

The fragmentation pattern of I (Fig. 1) corresponds
to the earlier findings® !5 and the fragment ions are indi-
cated in the spectrum. It can he seen that in the
critical region (around m/e 74) no other peaks occur
which might cause complications in the interpretation
of the observed shifts. One difficulty, however, had
to be overcome. The ill-defined molecular ion does
not allow a check of the isotopic purity of the labeled
compounds, which from the method of preparation
should be about 989;. Therefore, the fragment m/e
71 (c), formed by the loss of the methoxyl group, and
retaining all deuterium had to serve for this purpose.

In order to describe the isotope effect (I.E.) we chose
the following definition: I.E. = atoms of deuterium
per atom of hydrogen transferred for the hypothetical
case in which equal numbers of deuterium and hydrogen
atoms are available for transfer. This gives values
I.E. < 11if there is discrimination against deuterium and
1.E. > 1if deuterium is transferred preferentially. This
seems a more concise way of presentation than expres-
sions derived from deviations from the statistical value
(in our case 33.3 or 66.79%;).

Table I gives relative intensities of fragment ¢ (m/e
71in Fig. 1) and its surrounding peaks, which were used
for the determination of the isotopic purity of the
samples. Tables II and III contain the detailed cal-
culations of the isotope effect.
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Fig. 1.~Mass spectrum of methyl butyrate.

The values calculated for the isotope effect from the
di- (I1) (Table II) and the dy- (III) (Table III) species
agree well and give a mean of 0.88, which expresses
a serious discrimination against the transfer of deu-

TABLE 1
CALcULATION OF IsoTopic PURITY OF DEUTERATED METHYL
BUTYRATES
Methyl m/e Isotopic purity,
ester 69 70 71 72 73 74 %
~————Relative abundance, % —
Butyrate (I) 3.5 1.5 100 5.0 1 S 100.0
v-di-Buty-
rate (1I) ... 3.5 4.0 100 5.0 97.6 (2.4% do)
v-d2-Buty-
rate (III) 3.5 4.2 100 (56.0) 97.3(2.7% d1)
TaBLE 11
IsotopE EFFECT IN METHYL v-d;-BUTYRATE (II)
a® be c* d¢ 1.E.
mje 74 100 100 96.6 69.6 30.4 0.875
2 L 0.87
m/e 75 46.2 42.3 42.3 30.4 34.8

@ a, observed values; b, m/e 75 corrected for natural *C con-
tribution (3.3%) of m/e 74 and for finite value (0.6%,) of intrinsic
m/e 75 in 1 (total of 3.99%;, deduced from the nondeuterated
specimen 1); c, correction for nondeuterated material (see Table
[, 249, of 142.3 = 3.4%); d, corrected values standardized.

TasLE III
IsotoPE EFFECT IN METHVYL v-do-BUTYRATE (I1I)
a% be c® d¢ e I.E.

74 67.0 57.4 57.4 54.6 36.1 31.95
m/je 7 7 57 7 5 ~0.886

m/e 75 100 100 97.8 96.4 63.9 36.1

% a, as in Table II; b, correction for ¥C contribution (4.4%)
of m/e 73 and for finite value (0.6%) for m/e 72 and m/e 73 i
the spectra of I and II, respectively (total of 5.09, see Table I);
this 59, is then adjusted (9.69) for the ratio m/e 73:m/e 74 =
100:52; ¢, same as (b) in Table II; d, correction for d;-material
(see Table I) (2.79% of 155.2 = 4.29,; ?/; of the di-material
will contribute to m/e 74 and /3 to m/e 75; e, corrected values
standardized.

terium compared to hydrogen. This isotope effect
must be taken into consideratiorn if quantitative evalua-
tions of complicated rearrangement processes are under-
taken from a study of deuterated analogs.

It only remains to rationalize the origin of this isotope
effect. In the case under consideration, fission of a
carbon-hydrogen bond competes with that of a carbon-
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hydrogen linkage. In general, the former process is
favored.?? In addition, the smaller van der Waals
radius for deuterium, makes the transition state less
likely for deuterium than for hydrogen. This is in
agreement with a recent observation of Mislow and
co-workers?® that a trideuteriomethy! blocking group
is smaller than a methyl group, since racemization of
an optically active bridged biphenyl proceeded more
rapidly on replacing CH; by CD;.

Synthesis of Deuterated Methy! Butyrates.—Treat-
ment of y-butyrolactone (V) with sodium methoxide
in anhydrous methanol gave a mixture which con-
tained predominantly methyl +-hydroxy butyrate
(VI) along with unchanged lactone V, as determined
by infrared spectroscopy. On reaction of this mixture
with dihydropyran, there was obtained the pyranyl
ether VII, the lactone V being conveniently separated
at this stage by washing with aqueous sodium carbo-
nate. Reduction of VII with lithium aluminum hy-
dride gave the alcohol VIII, which was characterized
by esterification with 3,5-dinitrobenzoyl chloride (see
X), followed by mild acid hydrolysis, yielding crystal-
line tetramethylene glycol mono-3,5-dinitrobenzoate.
The alcohol VIII was converted to the tosylate XI
on relatively brief treatment (1.5 hr.) with tosyl
chloride in pyridine at room temperature; reaction
for longer periods led to heterogeneous products.
The tosylate XI decomposed on standing; therefore,
to procure optimum yields, it was reduced immediately
to the pyranyl ether XIII, which was identical with an
authentic sample prepared from 1-butanol. Alterna-
tively, reduction of the ester VII with lithium aluminum
deuteride gave d»-1X, which was converted to 4,4-d,-

C
VRN —> HO(CH,);COOMe —> ThpO(CH,):COOMe
CH,
\ f
CH;—CH,
A% VI VIT
—» ThpO(CH,)sCR,0H — ThpO( CH2>30R20R/ NO;
VIILR=-H X,R=H, rR=-C.
I1X, R=D XI,R=H,R'=Ts NO,
XII,R=D,R’'=
—_— ThpO( CHQ);CRQR/ —_— R'Rg( CHQ)QCOOMe
XIII,R = R’'=H L R=R'=H
XIV,R =H,R'"=D IL,R=H,R° =D
XV, R =D,R'"=H III,R =D,R"=H
XV, R =R’ =D IVVR=R'"=D

butan-1-ol pyranyl ether (XV) wvie reduction of the
tosylate XII with hydride; when the removal of the
tosylate group was accomplished with deuteride,
4,4,4-ds-butan-1-ol pyranyl ether (XVI) was obtained.
Finally, reduction of the tosylate XI with lithium alu-
minum deuteride gave 4-d;-butan-l-ol-pyranyl ether
(X1V). The mono-, di-, tri-, and nondeuterated
butanol pyranyl ethers were converted to the cor-
responding butyric acids by oxidation with chromium
trioxide and then to methyl-4-dy-butyrate (II), methyl-
4,4-dy-butyrate (11I), methyl-4,4,4-ds-butyrate (IV),
and methyl butyrate (I), respectively, by esterification
with diazomethane. All the esters were isolated in a
pure state by preparative gas-phase chromatography.

Experimental®*

Methyl +-Hydroxybutyrate Tetrahydropyrany! Ether (VII).—
v-Butyrolactone (10 g.) and anhydrous methanol (40 cc.) con-

(22) I.. Melander, 'Isotope Effects on Reaction Rates,”
New York, N. Y., 1960, ¢.g., p. 66.

(23) X. Mislow, R. Graeve, A. J. Gordon, and G. H. Wahl, J. Am. Chem.
Soc.. 85, 1199 (1963).
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taining dissolved sodium (300 mg.) were heated under reflux for
1 hr. The solution was then poured into water (40 cc.) contain-
ing concentrated hydrochloric acid (3 cc.) and 10% sodiumn car-
bonate solution then added until the solution had pH 8. Cou-
tinuous ether extraction of the aqueous solution overniglit and
evaporation of the extract gave a colorless oil (10.5 g.), which
showed ABm 2.9 (OH), 5.75 (COOMe), and 5.65 u (y-lactone).
A portion of this product (4.8 g.) and dihydropyran (4 cc.) were
mixed and 1 drop of concentrated hyd-ochloric acid was added.
The solution was kept overnight at room temperature, diluted
with ether (100 cc.), and then poured into a 1097 solution of
sodium carbonate (30 cc.). The ether phase was ‘washed three
times with water, dried, and evaporated giving crude methyl
v-hydroxybutyrate tetrahydropyranyl ether (VII) (6.0 g., ap-
proximately 959, pure from gas-phase chromatography) which
exhibited A% 5.73 u and no hydroxyl absorption. Distillation
gave pure material (4.2 g.), b.p. 90-92° (1.0 mnz.).

Anal. Caled. for CHisO4: C, 59.38; H, 8.97.
C, 59.17; H, 8.95.

Tetramethylene-1,4-diol Monotetrahydropyranyl Ether (VIII).
—A solution of VII (8.23 g.) in ether (100 cc.) was added drop-
wise to a suspension of lithium aluminum hydride (4.4 g.) in
ether (40 cc.). After stirring the mixture for 3 hr. at room tem-
perature, the excess of hydride was destroyed by the dropwise
addition of a saturated solution of ammonium chloride, After
separation of the ether phase, the aqueous phase was washed
once with ether and the combined extracts dried and evaporated
giving VIII (6.97 g.), A¥= 2.95 4 (OH) and no carbonyl absorp-
tion. On thin layer chromatography (plate developed by ben-
zene—ether, 1:2) only one spot (R, 0.5) was obtained.

Tetramethylene-1,4-diol Mono-3,5-dinitrobenzoate.—3,5-
Dinitrobenzoyl chloride (200 mg.) was added to a solution of VIII
(114 mg.) in pyridine (1.0 cc.)and the solution kept overnight at
room temperature. The product (254 nig., isolated in the usual
manner, except that acid washings were avoided) in hexane (3
cc.) was placed on a column of alumina (30 g., Grade I1I, Merck,
neutral) and the pure ester X (210 mg.) eluted by benzene (50 cc.)
after first eluting traces of other substances with 209, benzetie in
hexane (50 cc.). This product could not be induced to crystallize

and was therefore taken up in methanol (4 cc.) and treated with
109, sulfuric acid (0.5 cc.). Hydrolysis was complete in § min.
at 30 Addition of more water caused crystallization of tetra-
methylene-1,4-di01 mono-3,5-dinitrobenzoate (125 mg.), m.p.
97-98°. Recrystallization from acetone—hexane gave an analyti-
cal sample (90 mg.), m.p. 98-98.5°; ASEC: 2,78 and 2.91 (-OH),
5.78 (ester), and 6.47 u (C-NO»).

Anal. Caled. for C;H;2N207: C, 46.48; H, 4.26;
Found: C, 46.7; H, 4.35; N, 9.87.

Tetramethylene-1,4-diol 4-Tetrahydropyranyl Ether 1-Tosylate
(XI).—Tosyl chloride (1.8 g.) was added to a solution of VIII
(867 mg.) in pyridine (6 cc.). After 1.5 hr. at room temperature,
water (1 cc.) was added, the temperature being maintained below
30°. The solvents were then removed under high vacuumn at
room temperature and the semisolid residue takeu up in ether
(50 cc.). The ether solution was washed once with saturated
sodium bicarbonate solution, dried, and evaporated giving the
crude tosylate XI (1.64 g.) as a colorless oil, A2 6.25 (m), 7.36
(s), and 8.48 u (s) (all characteristic of tosylates); thin layer
chromatography (plate developed by benzene containing 107
ether) indicated that this product was essentially homogeneous.

1-Butanol Pyranyl Ether (XIII).—The crude tosylate (1.64 g.)
from above, in ether (50 cc.), was added during 2 min. to a magne-
tically stirred suspension of litlium aluminum hydride (800 mg.)
in ether (200 cc.). After 30 min., the excess of hydride was de-
stroyed by the addition of saturated ammonium chloride solution.
After separation of the ether phase, the aqueous phase was waslied
once with ether and the combined ether extracts dried and evap-
orated, giving a pale yellow, mobile oil (650 mg.). The product
was distilled at approximately 120° (25 mm.) giving l-butanol
tetrahvdropyranyl ether (XIII, 500 mg.), identical with an
authentic sample by thin layer and gas-phase chromatography,
as well as infrared and n.m.r. spectroscopy.

Methyl Butyrate (I).—A 6 &V solution of chromium trioxide in
15% sulfuric acid (5 cc.) was added rapidly to the tetrahydro-
pyranvl ether (200 mg.). A condenser was immediately put into
place to prevent any loss of the relatively volatile butyraldehyde
during the vigorous exothermic reaction which ensued. After 5
min., acetone (2 cc.) was added and the solution then heuated
under reflux for 4 hr.  Volatile substances were then removed by
distillation to dryness and the distillate treated with an excess of
ethereal diazomethane. The ether phase was separated and

Found:

N, 9.86.

(24) Analyses were performed by Messrs. E. Meier and J. Consul, Miero-
analytical Laboratory, Department of Chemistry, Stanford University.
Melting points are determined in capillaries and are corrected. Mass
spectra were obtained with a Consolidated Electrodynamies Corporation
mass spectrometer Model No. 21-103C using an all-glass inlet system heated
to 200°. The ionizing energy was kept at 70 e.v. and the ionizing current
at 50 ua.
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ether and acetone then removed by fractional distillation until a
residue of approximately 0.2 cc. remained. Analytical gas-phase
chromatography showed that this residue contained approxi-
mately 509, of methyl butyrate, the remainder being acetone and
ether and only traces of substances having considerably longer
retention times. Pure methyl butyrate was isolated from this
mixture by preparative gas-phase chromatography (Wilkens
Aerograph Instrument, Walnut Creek, Calif.) on a 209 silicone
rubber column operating at 60°, the retention time of the ester
being approximately 10 min. The absolute purity of the ester
obtained in this manner was confirmed on an analytical instru-
ment (Wilkens, Hy-F1 instrument).

Methyl 4-d;-Butyrate (III).—A solution of the tosylate XI
(1.58 g.) in ether (50 cc.) was added to a magnetically stirred
suspension of lithium aluminum deuteride (420 mg.) in ether (150
cc.). After 30 min. the product (728 mg.) was isolated in the
usual manner and gave, after distillation, 4-dj-butanol 1-tetra-
hydropyranyl ether (II, 564 mg.). A portion of this material
(250 mg.) was oxidized (using 7 cc. of 6 N Jones reagent?) and
methylated as described above and pure methyl 4-d;-butyrate
(II) isolated by preparative gas-phase chromatography.

Methyl 4,4-d;-Butyrate (III).—A solution of the ester VII (800
mg.) in ether (40 cc.) was added to a magneétically stirred sus-

(25) K. Bowden, I. M. Heilbron, E. R. H. Jones, and B. C. L. Weedon,
J. Chem. Soc., 39 (19486).
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pension of lithium aluminum deuteride (400 mg.) in ether (150
cc.). After 1 hr., the product was isolated in the usual manner
giving 1,1-d,-tetramethylene-1,4-diol 4-tetrahydropyranyl ether
(IX, 700 mg.). On treatment of this material with tosyl chloride
(1.5 g.) in pyridine (5 cc.) for 1.5 hr., there was obtained, after
the usual work-up, 1,1-d--tetramethylene-1,4-diol 4-tetrahydro-
pyranyl ether 1-tosylate (XII, 1.3 g.). A solution of this tosylate
in ether (25 cc.) was added to a magnetically stirred suspension of
lithium aluminum hydride (300 mg.) in ether (150 cc.). After 15
min., the usual isolation procedure gave a colorless oil (560 mg.),
which was purified by distillation giving 4,4-ds-butanol tetra-
hydropyranyl ether (XV) (480 mg.). A portion of this material
(280 mg. ) was oxidized (using & cc. of Jonesreagent?¢) and methyl-
ated as previously described and pure methyl 4,4-ds-butyrate (III)
isolated in the above described manner.

Methyl 4,4,4-ds-Butyrate (IV).—A solution of XII (1.4 g.) in
ether (40 cc.) was reduced with lithium aluminum deuteride (300
mg.) in ether (180 cc.) in the usual manner. The resulting 4,4,4-
ds-butanol tetrahydropyranyl ether (XVI, 520 mg.) was oxidized
and the derived butyric acid esterified with ethereal diazo-
methane to give methyl 4,4,4-ds-butyrate (IV).

Acknowledgment.—Financial support was provided
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COMMUNICATIONS

TO THE EDITOR

The Existence of Sulfenes
Sir:

The intermediacy of a sulfene (RR’'C=80,) has been
proposed to rationalize the course of three general reac-
tions: (1) the reaction of sulfonyl halides of the type
RR’'CHSO,Cl with tertiary amines,! (2) the reaction of
diazoalkanes with sulfur dioxide,? and (3) the photolysis
of unsaturated sultones.® Although the formation of
sulfenes in these transformations is currently re-
garded®3*.4 as highly probable, in no case has it been
proved. We wish to describe our experiments which
show that sulfenes are produced in reaction 1, above.

Benzylsulfonyl chloride, when treated with an alcohol
in the presence of triethylamine, is quantitatively con-
verted in less than 1 min. at room temperature in-
to the corresponding ester. Two possible mechanisms
for this reaction are: (a) a bimolecular nucleophilic
substitution at the sulfur atom by the alcohol® (or its
conjugate base) or (b) initial formation of phenylsulfene
by an elimination reaction, followed by addition of the
alcohol. In an experiment to distinguish these possi-
bilities, benzylsulfonyl chloride (1.9 mmoles) was
treated with triethylamine in isopropyl! alcohol-d
(~13 mmoles, estimated deuterium content: 92 =+
29, of the active hydrogen). The following data show
the constitution of the ester so obtained. (1) The
melting point of a mixture with natural abundance
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isopropyl benzylsulfonate is undepressed. (2) Awnal.
Caled. for a mixture of 919, PhCHDSO;CH(CHj3), and
9% PhCH,SO,CH(CHj;),: 6.49 atom 9, excess D.
Found: 6.48 atom 9, excess D. (3) The intensity of
the band at 4.15 6 in the deuterated ester corresponded
to the presence of ~90% PhCHDSO;CH(CH;),; the
other bands in the spectrum were identical with those of
the natural abundance ester. (4) The infrared spec-
trum of the deuterated material (0.6 M in CCly) was
virtually identical with that of the natural abundance
compound above 1450 cm.~!; below that the spectra
were basically similar® but the deuterated sample
showed additional bands at 1223 (m), 1188 (s), 1154
(s), and 940 cm.~! (s), and lacked the bands at 1410
(w), 1268 (m), 1204 (s), 1158 (w), and 1137 cm.~! (m)
present in the natural abundance ester. (5) The peaks
in the mass spectrum’ of the natural abundance ester
at m/e 91 (61.29, of Z3) and m/e 107 (1.89, of Z)
were largely shifted in the spectrum of the deuterated
material to m/e 92 and 108, the relative intensities in
the latter spectrum corresponding well with the con-
tent of monodeuterated ester as estimated by the above
methods. The intensities of the bands at m/e 93 and
109 in the mass spectrum of the deuterated material
were such as to exclude the possibility of >29; PhCD,-
SO;CH (CHs)s.

It is concluded from the above data that with the
quantities and reactants given, the ester formed
contains about 909, of the monodeuterated ester,
PhCHDSO;CH(CHa),, the remainder being the non-
deuterated ester with very little or none of the dideuter-
ated compound, PhCD,SO;CH(CHj),;. The formation
of such a product requires that the deuterium be incor-
porated in an irreversible step (and clearly excludes any
significant incorporation of deuterium either by the
sulfonyl chloride prior to reaction with the alcohol, or
by the ester). We feel that mechanism b uniquely ful-
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(7) We wish to express our thanks to Dr. W. A Ayer (University of
Alberta), through whose courtesy this mass spectrum was obtained.



