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A series of hydroxycarboxylic acids were protonated in fluorosulfuric acid-antimony pentafluoride-sulfur

dioxide solution at low temperature.

Oxygen diprotonation was observed for all the hydroxy acids studied.

At higher temperature, a-hydroxycarboxylic acids undergo dehydration to give the corresponding lactides.
Protonated 3-hydroxybutyric acid undergoes dehydration to give protonated crotonic acid at 0°. Lactone for-
mation was observed for protonated 4-hydroxybutyric acid at room temperature.

We have previously reported the observation of pro-
tonated aldehydes,® ketones,? alecohols,5® ecarboxylic
acids,” thiocarboxylic acids,® and ketocarboxylic acids®
in superacid solutions by nmr spectroscopy. In contin-
uation of our studies we wish now to report the protona~
tion of hydroxyearboxylic acids and their cleavage reac-
tions in fluorosulfuric acid-antimony pentafluoride so-
lution.

In FSO;H-SbF;~SO, solution, all the aliphatic hy-
droxycarboxylic acids studied were completely dipro-
tonated. Studying the temperature dependence of
these systems we were able to observe, depending on the
relative position of the OH and CO.H group, dehydra-~
tion of protonated a-, 8-, and y-hydroxycarboxylic acid
to form the corresponding lactide, a,8-unsaturated car-
boxylic acid and lactone, respectively.
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The following aliphatic hydroxycarboxylic acids were
examined in FSO,H-SbF;—80, solution: glycolic, lactic,
3-hydroxypropionic, 3-hydroxybutyric and 4-hydroxy-
butyric acid. The derived pmr parameters of pro-
tonated hydroxycarboxylic acids are summarized in
TableI.

It has been shown that two isomeric species (1a and
1b) are found for protonated formic and acetic acid in
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superacid systems.”01* Isomer la is the predominant
species for both protonated formic and acetic acid, and
in the protonation of higher homologs isomer 1b is not
observed. The two OH protons of the predominant
species, 1a, are in different environment and hence give
different chemiecal shifts at low temperature. The same
observations were made for protonated thiocarboxylic
acids® and dithiocarboxylic acids.'? The OH protons of
protonated glycolie, lactic, 3-hydroxypropionic and 3-
hydroxybutyric acid, however, could not be resolved
even at a temperature as low as —80°. This observa-~
tion is in accord with that of protonated ketocarboxylic
acids® and dicarboxylic acids!® in which, when the two
functional groups are too close together, only a singlet
absorption was observed for the ~CO.H,* protons. As
the two functional groups are separated further, such as
in the case of protonated 4-hydroxybutyric acid, the two
OH protons of the CO.Hyt group at low temperature
gave two singlets.

The nmr spectrum of protonated glycolic acid (2) in
FSO;H-SbFs—S0; solution at —80° showed two low
field singlets in the OH region at § 14.2 (broad) and 13.5
(sharp) and another two singlets for the methylene
protons at ¢ 6.10 and 5.96. The relative area ratio of
the resonance at ¢ 6.10 and 5.96 is dependent on the
acid concentration in 8O,. When the superacid con-
centration was increased in the sample, absorptions at
lower field were increased at the expense of the higher
field resonance. Furthermore, the OH protons at §
14.2 are much more deshielded than those of protonated
acetic acid. Hence we assign the absorptions at &
14.2 and 6.10 to the protons on carboxylic oxygen and
the methylene protons of the diprotonated species 2.
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The +OH; protons of the diprotonated species are not
observed and are probably covered by the acid solvent
peak at 6 10.9 to 12.0, or exchanging. By studying
further hydroxycarboxylic acids, such as lactic acid and
2-hydroxy-2-methylbutyric acid (see Discussion), it is
indicated that the absorptions at § 13.5 and 5.90 are due
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to the protons on oxygen and methylene protons of pro-
tonated 2,5-dioxo-1,4-dioxane (3) at —70°. Isolation
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of lactides from the superacid solutions is difficult be-
cause they cannot be treated with water or hydroxylic
solvents without solvolysis. The identity of the pro-
tonated lactides was, however, confirmed when au-
thentic lactides were dissolved in FSO;H-SbF;-80; solu-
tion —70° and gave identical pmr spectra (nmr data of
protonated lactides are summarized in Table IT).

b In hertz as indicated following multiplicity in the parenthesis.

°C OH o Hs Hs
—170 13.5 5.90
—60 13.3 6.06 2.06

(m) (d, 7.2)

-30 13.3 . 2.50 1.21 2.20

(q,7.0) (t,7.0) (s)

¢ Observed only

Protonated lactic acid (added as the lithium salt) in
FSO;H-SbF; solution diluted with SO, at —80°, gave
an nmr spectrum having the methyl doublet at § 2.33,
methine multiplet at ¢ 6.20 and a low field peak at &
14.1. The resonance at & 14.1 is assigned to the
-CO;H,* protons and is much more deshielded than
that of the OH protons of protonated propionic acid (8
12.73)7 indicating that lactic acid is diprotonated. The
+OH; protons again are not observed and are possibly
overlapped by, or exchanging with, the acid solvent
peak. Asthe temperature of the solution was increased
to —60°, new peaks at higher field of each absorption
appeared, which we believed to be due to the formation
of protonated lactide 4. The nmr spectrum at —60°

+
showed the C=O0H singlet, methyl doublets, and the
methine multiplets of protonated lactide 4 at § 13.3,
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2.06, and 6.06, respectively. At —30°, the rate of the
formation of the protonated lactide is increased and
readily goes to completion.
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2-Hydroxy-2-methylbutyric acid in 1:1 FSO;H-
SbF;~80; solution is also diprotonated. At —80° the
nmr spectrum showed a broad low field peak at § 14.5
which is assigned to the CO.Hy* protons. The +OH,
absorptions could be overlapped by or exchanging with
the acid solvent peak at & 11.4~12.3 is not observed.
The methyl triplet appeared at § 1.30, ethyl quartet at
2.55, and the methyl singlet at 6 2.25.  As the tempera-
ture of the solution increased to —30°, a new methyl
triplet at & 1.31, ethyl quartet at § 2.50, and methyl
singlet at 6 2.20 appeared, and all appeared at a higher
field than those of protonated 2-hydroxy-2-methylbu-
tyric acid. In addition, the nmr spectrum also showed
a sharp singlet at § 13.3, indicating that protonated 2-
hydroxy-2-methylbutyric acid at —30° undergoes dehy-
dration to give the 2,5-ethyl-2,5-methyl-3,6-0x0-1,4-di-
oxane (5). Conversion of protonated 2-hydroxy-2-
methylbutyric acid to 5 goes to completion when the
sample is kept at —30°.
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3-Hydroxypropionic acid (6) is diprotonated in
FSO;H-8bF; solution diluted with 8O, at —80°. The
-CO.H,* protons appear as a singlet at § 13.5. The
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resonance of TOH, is overlapping with the acid solvent
peak at & 10.7-11.2 at —80°. At —30°, as the acid
solvent peak shifted to 6 11.0-11.3, the *OH, absorption
appeared as a triplet with a coupling constant of 4.0 Hz
at 6 10.8. The chemical shifts and coupling constants
of the methylene protons are summarized in Table I.
Diprotonated 3-hydroxypropionic acid in FSOH-
SbhF;—S0; solution is stable. The nmr spectrum showed
no significant change from —80° to room temperature.

3-Hydroxybutyric acid in FSO,H-SbF; solution with

+
S0, as diluent, is also diprotonated (7). The CO.H,

F8O:H-ShF—80: +
CH,—CH—CH,CO.H p= CH;—CH—CH.:CO,H,
H *OH,
7

protons appear as a singlet at 8 13.3 which could not be
resolved even at a temperature as low as —100°. The
+OH, protons appear as a doublet with a coupling con-
stant of 3.8 Hz at § 10.5. The methine proton appeared
as a multiplet at § 5.9 and the two methylene protons
appeared at 6 3.96 (doublet, J = 5.0 Hz) and § 4.0 (dou-
blet, J = 6.5 Hz). The methyl protons appeared as a
doublet at 8 2.1. Protonated 3-hydroxybutyric acid is
stable up to 0°. At higher temperature dehydration
oceurred (indicated by the strong intense H;O+ absorp-
tion at § 10.25) to form protonated crotonic acid 8 which
at -+10° undergoes further dehydration to give the cor-
responding «,8-unsaturated oxocarbonium ion 9.
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In “magic acid,”’” 4-hydroxybutyric acid (added as
sodium salt) also undergoes diprotonation to give ion
10. The nmr spectrum of 10 recorded at —60° showed
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the ~CO,H;*+ and +OH, protons at § 2.17 and 9.93, re-
spectively. The latter is a triplet with a coupling
constant of 3.5 Hz, the former is resolved to two sing-
lets at —70° indicating, as in the case of protonated sim-
ple carboxylie acids, that the two protons of *CO.H, are
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magnetically nonequivalent. The o-methylene pro-
tons appeared as multiplet at § 5.03, the y-methylene
protons as a triplet at 8 3.48, and the S-methylene pro-
tons centered at & 2.66.

At room temperature, protonated 4-hydroxybutyric
acid rearranged slowly to the corresponding protonated
v-butyrolactone 11. The nmr spectrum of this solu-

+
tion cooled back to —80° showed the C=O0H proton at
8 12.25 and 12.03 with a relative area ratio of 75:259,
indieating that two isomeric species of protonated lac-
tone 11 are formed. The three methylene groups a, b,
and ¢ of the protonated lactone appeared as triplets and
quintet at & 5.45 3.53, and 2.75, respectively. It is
+

noted that the nmr spectrum showed no ~OH, absorp-

+
tions and of course the coupling between —OH, and the
methylene protons is absent. The nmr spectrum is

Oram AND Ku

identical with that of the protonated authentical y-bu-
tyrolactone.

Experimental Section

Materials,—All hydroxycarboxylic acids used in this study
were commercially available materials.

Nmr Spectra.—Varian Associates Model A-36/60A spectrom-
eter with variable temperature probe was used for all spectra.

Preparation of Protonated Hydroxycarboxylic. Acids.—The
procedure used for the preparation of solutions of protonated hy-
droxyecarboxylic acids was identical with that described previ-
ously.1¢
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A series of lactones were protonated in fluorosulfurie acid—antimony pentafluoride solution at low temperature.
With the exception of protonated s-valerolactone, a-acetyl-y-butyrolactone, coumarin, dihydrocoumarin, and
4-hydroxycoumarin, two isomeric species were found for all the protonated lactones studied. Structure assign-
ments for these two isomers are proposed. Protonated lactones in FSO;H~-SbF;—80; solution are stable except
protonated g-butyrolactone which undergoes alkyl-oxygen cleavage and deprotonation to give protonated crotonic

acid at —40°,
protonated ketooxocarbonium ion.

In continuation of our preceding study of the protona-
tion of hydroxycarboxylic acids,! we felt it of interest to
study the protonation and cleavage reactions of lactones
in FSO;H-SbF;-80; solution.

Extensive kinetic studies were carried out on the hy-
drolysis of B-lactones.? With the exception of Hoge-
veen’s recent report? of the behavior of «,a~-dimethyl-
B-propiolactone in hydrogen fluoride-boron trifluoride
solution, no study of lactones in superacid media has
been reported. We wish now to report such a system-
atic study of the protonation and cleavage reactions of
lactones in superacid media.

Results and Discussion

In FSO;H-SbF; solution diluted with SO, generally at
—80°, all the lactones studied, e.g., S-propiolactone,
B-butyrolactone, ~y-butyrolactone, ~vy-valerolactone,
a-bromo-y-butyrolactone, a-bromo-y-valerolactone,
a-acetyl-y-butyrolactone, §-valerolactone, o~angelica-
lactone, coumarin, dihydrocoumarin, and 4-hydroxy-
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Protonated a-angelicalactone at —60° undergoes acyl-oxygen cleavage to give the corresponding

coumarin, were protonated on the carbonyl oxygen
atom.

The protonated lactones give well resolved pmr spee-
tra. Assignments of the pmr chemical shifts and cou-
pling constants of the parent and protonated lactones
are summarized in Table I.

The proton on oxygen of protonated lactones occurs
at lower field than those in protonated alcohols®® and
ethers” but are more shielded than those in protonated
aliphatic ketones® and aldehydes,® similar to those in
protonated alkylearboxylic acids' and esters.’' This
is consistent with the partial double bond character in
the protonated lactones.

+ +
C==0H C—OH
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0

C—OH
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0] ot
With the exception of protonated é&-valerolactone,
a-acetyl-y-butyrolactone, coumarin, dihydrocoumarin,
and 4-hydroxycoumarin, all the lactones studied gave

+
two low field peaks in the C=0H region at low temper-
ature. This indicates the existence of hindered rota-
tion about the C—O bond. Inall cases no coupling was
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