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Abstract: Passage of cyclopropane at room temperature for 3 hr through 9.2 M or 13.8 M H,SO,-¢ resulted in
the formation of 1-propanol and 1-propyl hydrogen sulfate. The 1-propanol recovered with the aid of inactive
carrier, before or after the hydrogen sulfate was hydrolyzed, showed the presence of tritium in all three carbon
positions, the smallest amount being located at C-2. 1In the 13.8 M acid, the heating of the reaction mixture at
50 =+ 2° for 30 hr to effect the ester hydrolysis also led to the formation of some 2-propanol.  After heating 1-pro-
panol-1-z at 50 = 2° for 30 hr, the recovered 1-propanol also showed some rearrangement of the ¢ label to C-2 and
C-3. From the experiments which did not involve any complication arising from subsequent reactions of the 1-
propanol, the average ¢ distribution in the 1-propanol derived from solvolysis of cyclopropane in H.SO.-r was
about 37, 26, and 37 %, respectively, at C-1, C-2, and C-3. The mechanistic pathways involving protonated cyclo-
propane intermediates and the possible influence of isotope effects on the observed isotopic distributions are dis-

cussed.

Since the demonstration in 1965 that protonated
cyclopropane intermediates are likely responsible
for the isotope position rearrangements observed in the
l-propanol obtained from the deamination of iso-
topically labeled 1-propylamine,* there has been an
increase in interest in protonated cyclopropanes. Re-
cently, a number of workers have invoked such inter-
mediates in explaining various experimental observa-
tions.5 In considering the problem of 1,3 elimination,
Nickon and Werstiuk® have listed a large number of
references on the formation of three-membered rings
by net 1,3 eliminations under a variety of circumstances;
protonated cyclopropane intermediates probably may
be involved in at least some of these reactions. It ap-
pears that these intermediates may be preferably repre-
sented as equilibrating edge-protonated cyclopropanes
rather than a face-protonated entity.*® The first
suggestion of an equilibration of unsubstituted edge-
protonated cyclopropanes was made in 1964 by Baird
and Aboderin’ to explain the results from their study
on the solvolytic ring opening of cyclopropane in
deuterated sulfuric acid. These workers noted that the
reaction in 8.4 M D,SO; resulted in the formation of
I-propanol and 1-propyl hydrogen sulfate, and after
the hydrolysis of the latter, the combined sample of
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1-propanol had 0.38, 0.17, and 0.46 D atoms, respec-
tively, at the C-1, C-2, and C-3 positions. More re-
cently, however, Deno®®*® has reported that 1-propyl
hydrogen sulfate resulting from passage of cyclopropane
through D,SO. of various concentrations showed an
equal distribution of deuterium atom at each of the three
carbon positions. As an attempt to resolve this dis-
crepancy between the observations of Deno and
Baird, a study was undertaken on the solvolysis of
cyclopropane in tritiated sulfuric acid.

Results and Discussion

Experiments were carried out by passing cyclopro-
pane through 40 ml of 9.2 M or 13.8 M H,SO.t at
room temperature for 3 hr. The l-propanol was then
recovered, with the aid of added inactive carrier, either
before or after the reaction mixture was heated at 50
+ 2° for 30 hr to hydrolyze the 1-propyl hydrogen
sulfate.” It was found that in the more concentrated
13.8 M acid, the heating of the reaction mixture also
resulted in the formation of some 2-propanol. These
alcohols were degraded (see Experimental Section)
and the distributions of 7 activity ascertained. The
results are summarized in Tables [ and II.

From Tables I and II, it may be noted that the over-
all ¢ distributions in the l-propanol from all of the
experiments showed lesser 7 contents at C-2 than at C-1
or C-3. Since an unequal rather than an equal ¢ dis-
tribution was found over the three carbon positions
and the smallest amount of label was located at
C-2, these results might be regarded as in better agree-
ment with the observations of Baird. Deno,*® how-
ever, has indicated that the precision of the early data
of his group may be about £59%, and 33 + 59 of the
label on each carbon position would be in fairly good
agreement with the present results. As originally
suggested by Baird and Aboderin,” the observed :
distributions could be attributed to product formation
from equilibrating edge-protonated cyclopropanes,
possibly via methyl-bridged ions, a lesser amount of
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tritium being incorporated into C-2 since that would
require more extensive equilibration (Scheme I).
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It is of interest to note that heating of the reaction
mixture to hydrolyze the I-propyl hydrogen sulfate
caused no significant changes in the results from the
experiments in 9.2 M acid (Table I), while such a treat-

Table I.  Activity Distribution in the 1-Propanol Derived from
Solvolysis of Cyclopropane in 9.2 M H:SO4-1
Yield
of 1-
CsHq:-  Specific activity,* cpm/mmol
OH, 1- CH;CH.- CH;- ¢ distribution, %
Expt mgt C;H,OHc COOH¢ COOH¢ C-1 C-2 C-3
1e 157 9980 6340 3560 36.5 27.8 35.7
2¢ 85 5510 3480 2050 36.8 26.0 37.2
3/ 142 9140 5700 3330 37.6 25.9 36.5
4f 156 9960 6260 3790 37.1 24.8 38.1

« Measured by a liquid scintillation counter. ¢ Estimated by iso-
tope dilution calculations. ¢ Assayed as the 3,5-dinitrobenzoate
and corrected for quenching by this derivative; the a-naphthylure-
than previously employed in this assay? is not suitable since the
hydroxyl group of 1-C3H;OH would contain tritium. ¢ Assayed
as the p-bromophenacyl esters. ¢ The reaction mixture was not
heated to hydrolyze the 1-C;H;HSO,. / The reaction mixture was
heated at 50 == 2° for 30 hr to hydrolyze any 1-C;H;HSO, before
the carrier was added and the product isclated.

reaction mixture might be more or less counterbalanced
by the loss of 1-propanol through decomposition.

In the more concentrated 13.8 M acid, heating of the
reaction mixture at 50 £ 2° for 30 hr resulted in the
conversion of some of the l-propanol to 2-propanol.
The extraordinarily high specific activities observed in
the 2-propanol (Table II) arose obviously from incor-
poration of tritium from the H,SO,-f through exchange
reactions. Deno®® has noted that between 2-propyl
hydrogen sulfate and concentrated D,SO,, H-D ex-
change takes place rapidly at C-1 and C-3 and more
slowly at C-2. Because of the complication arising
from exchange, no mechanistic interpretations could
be made on the limited data on ¢ distribution at C-1,3
and C-2 of the 2-propanol (Table II).

Baird and Aboderin” have reported that there is no
exchange between l-propanol-1,1-d, and 8.4 M D,SO,
at 50°. This has essentially been confirmed. There
is no appreciable H-T exchange for the hydrogens of
the propyl group of l-propanol with 9.2 M H.,SO,-¢
at room temperature or 50°, or with 13.8 M H,SO,-¢
at room temperature. On the other hand, when ordi-
nary l-propanol was heated in 13.8 M H.SO,-r at 50
+ 2° for 30 hr, about a 309 recovery of a mixture of
1-propanol and 2-propanol was obtained, and of this
mixture, roughly one-third was 1-propanol. The ob-
served specific activity per mmole of the recovered 1-
propanol, assayed as the 3,5-dinitrobenzoate, was about
5-10% of the specific activity per milligram ion of
proton in the H,SO,-t. This observation suggested
the probability that there was some H-T exchange.
However, because exchange between 2-propanol and
H,SO-t was much more rapid (vide supra), the specific
activity of the 2-propanol, also assayed as the 3,5-di-
nitrobenzoate, was some 70-80 times that of the I-
propanol. Thus any cross-contamination between
these isomeric alcohols through slight overlaps between
peaks during the vpc separation would render the
observed activity of the 1-propanol quite unreliable.

The effect of the subsequent heating of the reaction
mixture in the experiments with 13.8 M acid was in-
vestigated using l-propanol-1-r (CH;CH.CHO +
LiAlH,-r). When this labeled alcohol was heated at
50 £ 2°for 30 hr in ordinary 13.8 M H,SO,, the specific

Table II.  Activity Distribution in the 1-Propanol and 2-Propanol Derived from Solvolysis of Cyclopropane in 13.8 M H,SO,-
Yield of
1- Specific activity,* cpm/mmol ¢ distribution, % —
C3H7OH, CHaCHz- In 1'C3H7OH In 2-C;)H7OH
Expt mgb 1-C;H,OH¢ COOH¢ CH;COOH¢ 2-C;H-OHc¢ CH;COCH3? C1 C2 (C3 C-1,3 G2
Seh 228 49,200 30,600 17,800 37.8 26.0 36.2
6¢ 112 24,600 15,700 8,930 36.2 27.5 36.3
Tk 196 42,700 25,200 14,100 1,280,000 1,110,000 41.0 26.0 33.0 86.7 13.3
8/ 131 33,000 19,800 11,100 701,000 590,000 40.0 26.3 33.7 84.1 15.9

o=/ As in Table I. ¢ Assayed as the oxime.

» From a single experiment, with one-half of the reaction mixture worked up without heating

and the other half heated at 50 &= 2° for 30 hr prior to product isolation.

ment appeared to give rise to some differences in the
over-all ¢ distributions in the 1-propanol obtained from
reactions in 13.8 M acid (Table II). The yields of 1-
propanol, as estimated from isotope dilution calcula-
tions, indicated no consistent differences between ex-
periments with and without the hydrolysis of the 1-
propyl hydrogen sulfate. Probably, any additional
1-propanol liberated during the heating of the acidic
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activity of the 3,5-dinitrobenzoate of the recovered
2-propanol was only about one-tenth of that of the
recovered l-propanol, thus minimizing any difficulties
arising from possible contamination of the 1-propanol
by 2-propanol. The low activity of the 2-propanol
also further confirmed the loss of some of its 7 activity
through exchange with the H,SO,. The l-propanol
fractions from two of these experiments were diluted



3777

Table III.  Activity Distribution in the Recovered 1-Propanol after Heating 1-Propanol-1-7 in 13.8 M H.S0, at 50 & 2° for 30 hr
Specific activity,* cpm/mmol Activity
Original Recovered 1-C;H,OH? ¢ distribution, 7 ratio of
Run 1-C;H,OH? cor® diltd? CH,CH.COOH¢ CH;COOH?e C-1 C-2 C-3 1-C;H,OH/
1 859,000 988,000 161,000 8,320 4270 94.8 2.5 2.7 1.15
2 859,000 1,000,000 175,000 12,000 5580 93.1 3.7 3.2 1.17
3 859,000 1,020,000¢ . 1.19
¢ Measured by a liquid scintillation counter. ° Assayed as the 3,5-dinitrobenzoate, ¢ Corrected for dilution with inactive carrier. ¢ After

dilution with inactive carrier.

/ (The corrected specific activity of the recovered 1-C;H;OH)/(the specific activity of the original 1-C;H;OH).

run.

with carrier and degraded to give the ¢ distributions.
The results are summarized in Table III,

From Table III, it is seen that of the recovered 1-
propanol, most of the ¢ label remained unrearranged
at C-1. Of that portion of the reaction which led to
isotopic rearrangements, the label was approximately
equally distributed at C-2 and C-3. This behavior
of 1-propanol upon being heated at about 50° in 13.8
M H,S80, are quite similar to those observed in the
deamination of I-propylamine.»*® The major reac-
tion pathway likely involved the classical 1-propyl
cation which could either undergo 1,2-hydride shift
to give 2-propanol or react without rearrangement to
give unrearranged I-propanol. Under the present
experimental conditions, some 8-10%, of the recovered
1-propanol could be derived from processes involving
equilibrating protonated cyclopropane intermediates
which rendered the three carbon positions of the propyl
group equivalent or approaching equivalence. These
reactions of l-propanol upon being heated in 13.8
M H,SO, (as well as the possibility of a small extent
of H-T exchange between the propyl group and H,SO,)
likely were responsible for the small differences in the
over-all ¢ distributions observed in the solvolysis of
cyclopropane in 13.8 M H,SO,-r, with and without
the subsequent heating of the reaction mixtures (cf.
expt 5 and 6 with expt 7 and 8, Table II).

Of considerable interest is the finding, recorded in the
last column of Table III, that the corrected specific
activity of the recovered l-propanol was some 15-1997
greater than the specific activity of the 1-propanol orig-
inally used in the experiment. Exchange reactions
between the labeled alcohol and the H,SO, medium
would be expected to cause a decrease, rather than the
observed increase, in the specific activity of the recovered
alcohol. The present results thus indicated an ap-
parent enrichment of the ¢ label in the recovered 1-
propanol. Since only about 309 of a mixture of -
propanol and 2-propanol was recovered, some 7097
of the l-propanol employed in each experiment was
lost by decomposition, probably largely through elim-
ination processes. If there is an isotope effect such
that H is lost more readily than T, then the residual
alcohol would have a higher ¢ content, thus providing
for a possible explanation of the observed results.
Pertinent to this point is the recent finding of Nickon
and Werstiuk® that a primary H-D isotope effect of
about 2.1 was observed in the 1,3 elimination of exo-
norbornyl-6-endo-d tosylate to give nortricyclene at
“low base” concentrations which involved an ionic
mechanism. An isotope effect involving H and T
would, of course, be of greater magnitude than that
for H and D. Considering the present studies with

¢ Derived from the recovered 1-C;H-OH after dilution with carrier; assayed as the p-bromophenacyl esters.

¢ No carrier was added in this

1-propanol-1-¢, a simple E1 process involving only the
classical 1-propyl-1-z cation would not require the
removal of the 7 label. If indeed a H-T isotope effect
were largely responsible for the higher specific activity
of the recovered l-propanol, the observation could be
regarded as lending further support to the involvement
of protonated cyclopropanes. Movement or shifting
of the 7 label of the original l-propanol, such as in
equilibrating protonated cyclopropanes intermediates,
would have to be invoked before the elimination of
HorT.

From the present experiments that did not involve
complications arising from subsequent reactions of the
I-propanol (expt 1-6, Tables I and II), the average ¢
distribution in the l-propanol was about 37, 26, and
379, respectively, at the C-1, C-2, and C-3 positions,
while Baird and Aboderin’ have noted that the anal-
ogous d distribution was 38, 17, and 469, The differ-
ence between these two sets of results, if significant,
might also be interpreted in terms of isotope effects.
Scheme I shows all the isotopically different protonated
cyclopropane intermediates involved in the present
reaction. If protonation proceeds initially to give II
as the first intermediate,® there could be an isotope
effect in the subsequent T shift to I and the H shift to
III. If a D label were involved, the H-D isotope effect
would be smaller than the H-T isotope effect. Conse-
quently, with T labeling, the contribution to product
formation from I would be less and from III and V
would be more than the analogous processed involving
the D label. The over-all effect would fit qualitatively
the difference between the present results and those of
Baird and Aboderin.” It is also possible that edge-
protonated cyclopropane I might be formed directly
without proceeding through II as the first intermediate.
Along with the H shifts shown in Scheme I, T shifts
could also occur to give rise to the isotopically equiva-
lent Ia—c, all of which would lead to a product with the

label at C-3. The difference in isotope effect from the
CH CH §
.‘,‘ 2+' '.-;T ,r:..-;';, 2
CH;--CH,
CH,—CH, CH,—CH, oy
Ia Ib T
Ie

(9) Karabatsos and coworkers®® have suggested the initial formation
of
CH,
CH==CD,
as one possible explanation for the production of an equal amount of
C:H:DCHDOH from the deamination of either 1-propyl-1,1-ds-amine
or 1-propyl-2,2-dy-amine,

Lee, Gruber | Solvolysis of Cyclopropane in Tritiated H,SO,



3778

use of D or T as label would result in a relatively smaller
contribution of Ia—¢ in the case of T labeling. The net
effect would again qualitatively account for the differ-
ence between the present results and those obtained from
protonation in D,SO,. 1

Experimental Section

Solvolyses and Degradations. Each reaction was carried out by
passing Matheson 999 cyclopropane, purified as described by
Baird and Aboderin,” through a sintered-glass bubbler in a gas
washing bottle containing 40 ml of 9.2 A (20 ml of 989, H,SO,
and 20 ml of H,O-r) or 13.8 M (30 ml of 9897 H,SO, and 10 ml of
H;0-1) tritiated sulfuric acid. The bubbling was allowed to con-
tinue at room temperature for 3 hr at a rate of about 30 ml of cyclo-
propane/min.” In some of the experiments, the resulting solution
was heated at 50 £ 2° for 30 hr to hydrolyze any 1-propyl hydrogen
sulfate,” while in other cases, this hydrolytic treatment was omitted.
The reaction mixture was cooled and neutralized by 259, NaOH
solution. Inactive 1-propanol (3.0 ml) was then added as carrier,
and the resulting aqueous solution was distilled, about 5-10 ml of
of distillate being collected. To the distillate 200 ml of ether was

(10) A referee has suggested that if I were the first formed species and
if there is a kinetic isotope effect in the conversion of I to II (Scheme 1),
then this would favor more product formation from I than from III,
and one would expect an even greater excess of T at C-3 than is found in
studies with D labeling. If such an effect were of greater importance
than the argument that product formation from Ia-c would be smaller
in the case of studies with T labeling than with D labeling, then the
present results would be more in accord with II as the first formed
species,? with kinetic isotope effect favoring its conversion to Il over its
conversion to I,

introduced, and the water present was removed by drying over
anhydrous MgSO,. After concentration of the ether solution, the
1-propanol was recovered by preparative vpc using a column packed
with 207 Carbowax 20M on Chromosorb P.2 The 1-propanol was
degraded by oxidation to propionic acid and then to acetic acid.?
All samples were converted to the appropriate solid derivatives,
purified, and counted to give the ¢ distribution as described pre-
viously. ?

In the cases in which some 2-propanol was also formed, this
alcohol, without any carrier, was separated from the 1-propanol by
preparative vpc through the same Carbowax column., It was then
diluted with inactive 2-propanol before being oxidized in acid
dichromate to acetone.!!

Yields of 1-Propanol from Isotope Dilution. The isotope dilution
calculations were based on the following considerations. Assum-
ing the incorporation of one proton per molecule of cyclopropane,
let x = mmoles of active 1-propanol formed, then (cpm/mg ion
of H* of the H:SOsf)x = (x + mmoles of carrier)(cpm/mmol of
the recovered 1-C;H;OH). Knowing the specific activities of the
H,SO.-r and the recovered 1-propanol, x can be calculated.

Studies with 1-Propanol-1-z. Four milliliters of 1-propanol-1-;
in 40 ml of 13.8 M H,SO, was heated at 50 = 2° for 30 hr. The
resulting mixture was worked up as in the solvolysis of cyclopropane
to give about 0.25 g of recovered 1-propanol and about 0.70 g of
2-propanol. After dilution with some carrier, the 1-propanol was
degraded the usual way to give the ¢ distribution,
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Abstract:
with no detectable 2-chloropropane.

topic distribution being about 38, 19, and 43 7, respectively, at C-1, C-2, and C-3.
with ordinary Lucas reagent gave chiefly 1-chloropropane with 4-6 % 2-chloropropane.

Passage of cyclopropane through ZnCl, in 12 M HCI-f resulted in the formation of 1-chloropropane
The ¢ label was found in all three carbon positions of this product, the iso-

The reaction of 1-propanol-1-¢
Degradation of this 1-

chloropropane showed a total of about 197 isotope position rearrangements, the rearranged isotopic label being

about equally distributed at C-2 and C-3.

The roles played by equilibrating protonated cyclopropane intermediates

in these two reactions and in others suggested by previous tracer work are discussed.

n the preceding paper,? the results of Baird and Abo-

derin,® obtained from their study on the solvolysis
of cyclopropane in D:SOj, have essentially been con-
firmed by a reinvestigation using H,SO.-z. In order
to explore another possibility of protonation of cyclo-
propane followed by ring opening product formation,
the reaction of cyclopropane with Lucas reagent con-
taining HCI-¢ has been studied. In addition, the reac-
tion of l-propanol-1-r> with ordinary Lucas reagent
was investigated to ascertain whether protonated
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cyclopropane intermediates would play any role in this
conversion of 1-propanol to 1-chloropropane.

Results and Discussion

Cyclopropane was passed through tritiated Lucas
reagent, made up of equimolar quantities of 12 M
HCl-r and ZnCl,, for 24 hr at room temperature. The
chloropropane formed was swept out by the excess
cyclopropane and collected in cold traps containing
inactive l-chloropropane as carrier. Isotope dilution
calculations showed that the yields of 1-chloropropane
were of the order of 5 g. The magnitude of such
yields was confirmed by inactive experiments without
the use of any carrier; such inactive experiments also



