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Abstract:

protonated methyl isopropyl ketone in this acid system.

Aliphatic aldehydes are known to form complexes
with Lewis and Brensted acids.? Protonation in
acid solutions takes place on the carbonyl oxygen atom
(I), or at least a strong donor-acceptor complex II is

R R
AN + N+ N
C=0H <-> C—OH C=0...H*A"-
/s /
H H H
la Ib 11
formed.? It has been generally implied that form Ib

(e.g., the hydroxycarbonium ion) makes a significant
contribution to the protonated species.? Extensive
kinetic and spectral evidence indicates that such species
are largely responsible for nucleophilic attack at the
carbonyl carbon atom. The structure of protonated
aldehydes in solution has not been elucidated. This
was the goal of the present investigation.

Results and Discussion

We wish to report the direct observation of pro-
tonated aliphatic aldehydes in the extremely strong
acid system, FSO;H-SbF;, using SO, as diluent.

FSOsH-SbF5—-S02

RCHO — -+ RCH=OH SbF,~FSO:~

Nuclear magnetic resonance observations lead to
strong evidence for the structure of the protonated
aldehydes in solution.

The protonated aliphatic aldehydes give well-resolved
nmr spectra showing very slow exchange rates at —60°.
The spectra of protonated aldehydes is characterized
by resonances in three distinct regions. The alkyl
hydrogens appear at —1 to —3 ppm, the aldehyde
hydrogen at about — 10 ppm, and the proton on oxygen
at —15to — 17 ppm.

In all the samples investigated, the acid was in large
excess as indicated by two nmr absorption peaks which
can be assigned to the acid system. The more intense
of these acid peaks is at —10.9 ppm and, to simplify
the spectra, was deleted from Figures 1-6. The other
acid peak, of variable intensity, appears at about —10.3
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' A series of protonated aliphatic aldehydes has been studied in HSO; F-SbF;~SQ. solution.
tion was observed at —60° by nmr spectroscopy with negligible exchange rates.
leads to evidence for the structure of protonated aldehydes in solution.

O-Protona-
Analysis of coupling constants
Pivaldehyde was found to rearrange to

ppm in the region of the aldehyde hydrogen absorption
and is shown in Figures 1-6. Assignments of chemical
shifts and coupling constants of the investigated pro-
tonated aliphatic aldehydes are summarized in Table I.

Proof that the low-field peaks can be assigned to the
proton on oxygen and not the aldehyde hydrogen
was obtained from experiments using deuterated formal-
dehyde and acetaldehyde. Protonated formaldehyde-d,
gives a singlet at —16.75 ppm and no resonance at
around —10 ppm. Protonated acetaldehyde-d; also
gives no resonance around —10 ppm. Protonated
ketones also give =O+H resonances from —15 to
—16 ppm.* The coupling constants observed are
consistent with this assignment. This large deshielding
of the proton on oxygen is strong evidence that the
positive charge resides primarily on oxygen (Ia) and that
contribution from resonance form Ib (hydroxycar-
bonium ion) is of lesser importance.

Protonated Formaldehyde. Protonated formalde-
hyde can be generated either by passing formaldehyde
from the pyrolysis of paraformaldehyde over a stirred
solution of HSO;F-SbF; in SO, at —76° or by the
reaction of methylene chloride with HSO;F-SbF;
diluted with SO, at the boiling point of SO, (—10°).
The reaction of methylene chloride in the acid system is

FSOsH-ShF-S02
760 T~

FSOH-SbFs-S0:

(CH:0).
CH,=OH

CH,Cl,

—10°

not yet well understood. The nmr spectra also show
the presence of CH,F,, CH,CISO.F, and CH;FSO.F
formed by halogen exchange and reaction of an inter-
mediate ion (probably the halomethyl cation) with sulfur
dioxide. Inboth cases, anidentical nmr spectrum show-
ing an ABX pattern was obtained (Figure 1). It consists
of an X portion of four lines centered at — 16.73 ppm for
the proton on oxygen and an AB portion consisting of
a five-line, singlet-quartet pattern centered at —10.10
ppm for the methylene hydrogens III. Solution of this
ABX spectrum?® using the AB part gives the geminal
coupling constant, J;; = 22.2 cps, the cis coupling
constant, J1» = 8.7 cps, and the zrans coupling constant,

Jis = 21.1 cps. As a check of this calculation, the
(4) G. A. Olah, M. Calin, and D. H. O’Brien, J. Am. Chem. Soc., 89,
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Vol. I, Pergamon Press Inc., New York, N. Y., 1965, p 357.
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Table I. Nmr Chemical Shifts® (8, ppm) and Coupling Constants (cps) of Protonated Aldehydes at —60° in HSO,F-SbF;—SO; Solution
Protonated H,, H,, H,
aldehydes J1,2 Jl,s Jz,s J1.4 J2.4 Hs
1
O-H
3 7%
HC —-16.73 —10.18
\2
H 8.7 21.1 22.2
1
O-H
4 g+
CH;C -15.11 -10.10 -3.30
H 9.0 <0.3 3.5
1
H
N
0
4 7
CH;C —15.47 b -3.33
\2
H 19.5 1.2
1
O-H
5 4 J*
CH;CH;C -15.03 -10.15 —3.65 -1.37
\2
H 8.8 0.8 <0.3
1
O-H
5 4 g+
(CH;):CHC —15.22 —-10.25 -3.83 —1.56
\2
H 8.8 0.8 <0.3
1
O-H
5 7%
(CH;):.CC -15.30 -10.17 —1.38
\2
H 9.0

s From external capillary of TMS.

sum of the cis and trans coupling constants (J;» +
J1,3), obtained from the X portion of the spectrum, gave
a value of 29.6 cps. The cis coupling constant of 8.7
cps and trans coupling constant of 21,1 cps are com-
parable with many analogous olefinic systems,®

1
H
of
|
3/ \2
H H
11

Protonated Acetaldehyde. The nmr spectrum of
protonated acetaldehyde gives a complex pattern (Figure
2). The proton on oxygen gives rise to a doublet cen-
tered at —15.11 ppm and a doublet of quartets centered
at —15.47 ppm. This clearly indicates the presence of
two forms of protonated acetaldehyde, in which the
proton is either cis (IVa) or trans (IVD) to the hydrogen

(6) Reference 5b, Vol. 2, pp 710-749,

b Not observed due to solvent acid interference.

on the carbonyl carbon. The isomer ratio is approxi-
mately 80 % cis to 2097 trans at —60°,

1
H

1 N

0

4 7% 7
CHC | X CHC

H

IVa IVb

The doublet at —15.11 ppm (J12 = 9.0 cps) can be
assigned to IVa and the doublet of quartets at —15.47
ppm (Ji2 = 19.5 cps) to IVb. These assignments are
comnsistent with those for protonated formaldehyde and
with the following observations. In the other alde-
hydes studied, only the upfield doublet appears even
down to —70°.  As the steric bulk of the alkyl group
increases, it can be assumed that IVa, in which the
alkyl group is trans to the proton on oxygen, will be
favored. Apparently the substitution of methyl for
hydrogen in going from acetaldehyde to propional-

Olah, O’Brien, Calin | Protonated Aliphatic Aldehydes



3584

H
,
e
H’O‘H
'ABI
CH,
Mx'!
H
9'1-
"¢
[ PR : |
-1%0 PPM -100

Figure 1.

+
o

O-H
cn,-c("’ = cH,-c(
W H
CHy
.{,’\ A Wi
.,io -H B
4 [
- IO DY
- 180 =100 PPM <35
Figure 2.
H,
O-H +o
4
cn;c\’ ] co-cf
] (3
ol
+
&
1
ls.o- o lon
Figure 3.

dehyde is enough to upset this equilibrium in favor of
IVa. The downfield position of the proton on oxygen
in IVb from IVa (0.36 ppm) may be attributed to de-
shielding caused by steric repulsion between the methyl
hydrogens and the proton on oxygen.

The doublet at —15.47 ppm is clearly further split
into a pair of quartets.®® This small but significant

(6a) NOTE ADDED IN PROOF. In a communication just published and
unknown to us previously (M. Brookhart, G. C. Levy, and S. Winstein,
J. Am. Chem. Soc., 89, 1735 (1967), the proton on oxygen of the two iso-
mers of protonated acetaldehyde was reported as a pair of doublets, the
carbony! hydrogen as a multiplet, and the methy! groups as a doublet.
The proton on oxygen of protonated propionaldehyde was reported as a
doublet. We have no explanation for the failure to observe allylic
couplings which were observed under similar conditions in our work.
We feel that the observation and analysis of the allylic couplings is an
essential part of the assignment of isomers unless such assignments are
to be based ‘‘on an assumed steric preference’’ only.
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coupling can be attributed to the cis allylic coupling
between the proton on oxygen and the methyl hydrogens
in IVb (J14 = 1.2 cps). The expected further splitting
of the doublet at —15.11 ppm into a pair of quartets
by trans allylic coupling could not be resolved and is
probably about 0.3 cps. The size of zrans allylic
coupling is usually smaller than cis allylic coupling in
olefinic systems.”

The aldehyde proton of protonated acetaldehyde
appears as a doublet (/12 = 9.0 cps) of quartets (Jo4
= 3.5 cps) centered at —10.10 ppm.

An acid peak which can be assigned to the HSO,;F-
SbF; system is found at —10.20 ppm and is indicated
in Figure 2.* The aldehyde proton of IVb was not

(7) S. Sternhall, Rev. Pure Appl. Chem., 14, 15 (1964).
(7a) NotTE ADDED IN PROOF. This peak of variable intensity is due to
small amounts of water. However, it has not been definitely established



observed, perhaps because of the low concentration of
this species and interference of the acid peak.

The methyl hydrogens appear as a pair of doublets
at —3.30 ppm. The small doublet, assigned to the
methyl group of IVb, is slightly downfield from the
large doublet assigned to the methyl group of IVa,
The doublet assigned to the methyl group of IVa could
be further resolved into a pair of doublets. This gives
a value for the rrans allylic coupling with the proton
on oxygen of about 0.3 ppm.

The position of the methyl groups at —3.30 ppm is
further evidence for the location of the positive charge
in protonated aldehydes. In the methyloxocarbonium
ion (CH;C+=0), in which the positive charge is sub-
stantially on the oxocarbon, the methyl hydrogens ap-
pear at —4.35 ppm,®? considerably more deshielded
than the hydrogen o to the carbonyl carbon in proton-
ated aldehydes. The spectrum of protonated ace-
taldehyde-d, (Figure 3) proves that the resonances in
the —15.0- to —15.5-ppm region can be assigned to the
proton on oxygen. No resonances appear in the
—10.0-ppm region except those due to the acid. The
proton on oxygen appears as a pair of triplets at —15.10
and —15.45 ppm caused by cis (IVa, Jy-p = 1.5 cps)
and trans (IVb, Ju.p = 2.9 cps) coupling with the car-
bonyl deuterium.

Protonated Propionaldehyde and Isobutyraldehyde.
The nmr spectra of these protonated aldehydes display
the same gross features as that of protonated acetal-
dehyde (Figures 4 and 5). However, in both cases, no
evidence was found for the presence of more than one
form. Another significant difference is the absence of
further splitting of the carbonyl hydrogen resonances
which would be expected to give a doublet of triplets
for propionaldehyde and a doublet of doublets for iso-
butyraldehyde. The olefinic coupling between the pro-
ton on oxygen and the aldehyde hydrogen (/1,2) is 8.8 cps
in both cases, consistent with the cis arrangement of
these two hydrogens (V and VI). The trans allylic

1 1
O—H O—H
4 g+ 4 g+
CH;CH,C CH,CHC
N2 L. \2
H CH; H
v VI

coupling is larger than for acetaldehyde (/14 < 0.3 cps)
and shows a pair of triplets for the proton on oxygen of
propionaldehyde (/14 = 0.8 cps) and a pair of doublets
for isobutyraldehyde (J1+ = 0.8 cps).

Although definite conformational assignments cannot
be made on the basis of these small couplings, the
difference in the trams allylic coupling, the coupling
between the methyl hydrogens and the aldehyde hy-
drogen in acetaldehyde, and the lack of any observable
coupling between the a-hydrogens and the aldehyde
hydrogen in propionaldehyde and isobutyraldehyde are
most probably due to different conformations about the
a-carbon-carbonyl carbon bond. ¢

whether this resonance is due exclusively to HiO* or to an intermediate
hydrolysis product of the acid system, HSOF:~SbFs. The main acid
peak at — 10.7 ppm was generally deleted from the spectra for simplicity.

(8) G. A. Olah, W, S, Tolgyesi, S. J. Kuhn, M. E. Moffatt, I. J. Bas-
tien, and E. B. Baker, J. Am. Chem. Soc., 85, 1328 (1963); G. A. Olah,
W. S. Tolgyesi, and E. B. Baker, ibid., 84, 2733 (1962).

(9) F. P. Boer, ibid., 88, 1572 (1966).

(10) G. J. Karabatsos and N. Hsi, ibid., 87, 2864 (1965).

3585
-H

+
(cH,-J,eAc\H

CHy

asid

I I I RS NN
+ =150 PPM «10.0 «3.0 -20
Figure 7.
Pivaldehyde. When the protonation of pivaldehyde

was attempted in a solution of HSO;F-SbF; (1:1) di-
luted with SO, at —60°, no peaks could be attributed
to protonated pivaldehyde (Figure 6). The spectrum
is that of protonated methyl isopropyl ketone,* which
was obtained in excellent yield on quenching the solu-
tion. In order to observe the spectrum of protonated
pivaldehyde, it was necessary to prepare the sample
in the less acidic medium, HSO;F-SbF; (4:1) diluted
with SO, at —70° (Figure 7). Even under these con-
ditions protonated pivaldehyde slowly rearranged to
protonated methyl isopropyl ketone, and minor peaks
attributable to this protonated ketone can be seen in
Figure 7. The spectrum of protonated pivaldehyde
(VII) gave a doublet at —15.30 ppm (/12 = 9.0 cps)
for the proton on oxygen, a doublet at —10.17 ppm
(12 = 9.0 cps) for the aldehyde hydrogen, and a singlet
at —1.38 ppm for the methyl hydrogens.
1

O—H
+

7
(CH,):CC
N2

H
vil

The acidic rearrangement of «-hydroxy- and a-
phenylaldehydes is well known.!! The rearrange-
ment of pivaldehyde to methyl isopropyl ketone has
been effected with aluminum chloride!? and concen-
trated sulfuric acid.!* Danilov obtained methyl iso-
propyl ketone by the reaction of pivaldehyde in 709
sulfuric acid in a sealed tube at 130°. The rearrange-
ment at —70° in HSO,F-SbF; is in sharp contrast to
these conditions and reflects the great acid strength of
the system.!* The driving force in this reaction is most
probably the rearrangement of the protonated aldehyde
to the more stable tertiary carbonium ion followed by a

(st . (st -(I)H
cnaf—f\/o — CHag—(IJCHa —_—
cy; H ~H
Hs O+'_H
CHscH—g—CHg

(11) Reference 4, p 771, and references therein cited.

(12) H. Hopff, C. D. Nenitzescu, D. A, Isacescu, and I, P. Cantuniari,
Ber., 69, 2244 (1936).

(13) S. Danilov and E. Vanus-Danilov, ibid., 59, 377 (1926).

(14) N. C. Deno and P. S. Schol! (unpublished results) report rear-
rangement in ! min at 25° in 95 %, H2SO..
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hydride shift to give protonated methyl isopropyl
ketone. No evidence was found under these condi-
tions for the rearrangement of isobutyraldehyde to
methyl ethyl ketone, which would require the inter-
mediacy of a secondary carbonium ion.

Experimental Section

Materials. All aldehydes were commercially available materials
and were distilled just prior to use. Methylene-4; chloride and
acetaldehyde-d; were obtained from Merck Sharp and Dohme,
Ltd. and were 99 % isotopically pure.

Nmr Spectra. Varian Associates Model A56-60A and HA-60-1L
nmr spectrometers with variable-temperature probes were used for
all spectra. Coupling constants (Table I) are believed accurate to
=+0.1cps.

Preparation of Protonated Aldehydes. Samples of protonated
aldehydes were prepared by dissolving approximately 1.5 ml of

HSO;F-SbF; (1:1 molar solution) in an equal volume of sulfur
dioxide and cooling to —76°, The aldehyde (approximately 0.2
ml) was dissolved in 1 ml of sulfur dioxide, cooled to —76°, and
with vigorous agitation slowly added to the acid solution. Samples
prepared in this manner gave nmr spectra which showed no appre-
ciable chemical shift difference with temperature or small concen-
tration variations. The acid was always in excess of the aldehyde
as indicated by the large acid peak at about —10.9 ppm.

Protonated formaldehyde and protonated formaldehyde-d; were
prepared by passing formaldehyde from the pyrolysis of paraformal-
dehyde over the surface of a cooled, stirred solution of HSO;F-
SbF; (1:1) diluted with SO: or by the reaction of methylene chloride
(or methylene-d: chloride) with HSO3;F-SbF; (1 :1) diluted with SO;
and heated for a few minutes to —10°,
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Abstract:
troscopy at —60°.

The protonation of a series of aliphatic ketones was studied in HSO;F-SbFs~SQ, solution by nmr spec-
Exchange rates were negligible under the used conditions.

Analysis of the spectra allowed

the elucidation of the structure of protonated ketones in the strong acid solution.

Our recent investigation of protonated alcohols,?
ethers,® sulfides,* and aldehydes!® lead us now
to the investigation of protonated ketones. Protona-
tion of ketones in acidic solutions has been indicated
by ultraviolet and infrared measurements.® Birchall
and Gillespie studied the nmr spectra of protonated
acetone and aromatic ketones.® Substituted benzo-
phenones were also investigated.” No systematic
nuclear magnetic resonance study of the structure of
protonated aliphatic ketones has been made.

Results and Discussion

We wish to report the nmr observation of protonated
aliphatic ketones in the extremely strong acid system,

FSO;H-SbF;, using SO, as diluent. Analysis of the
FSO;:H-SbF:—S0,

R:C=0 o — R.C==OH"* SbF:FSO;~

resonance positions and the coupling constants leads to
strong evidence for the structure of protonated ketones
in acidic solutions.™
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Protonated ketones give well-resolved nmr spectra
below —20° showing very slow exchange rates. Chem-
ical shift values and coupling constants for the pro-
tonated aliphatic ketones studied are summarized in
Table 1.8

The Proton on Oxygen. The proton on oxygen in
protonated ketones was found substantially deshielded
and is generally between —13.5 and —15.0 ppm. This
large deshielding of the proton on oxygen indicates

R! R,
N + \\ +
=0OH <«—> C—OH
/
R; R:
Ia Ib

that the positive charge resides mainly on oxygen (Ia)
and that resonance form Ib (e.g., the dialkylhydroxy-
carbonium ion) is of lesser significance. The relatively
small deshielding of the hydrogens on the a-carbon
atom (~1.2 ppm) when compared to the deshielding of
hydrogens a to a carbonium ion center® (~3.0 ppm)
is consistent with this suggestion.

in protonated acetone and methy! ethy! ketone were reported as
singlets in SO-FSO3H-SbF; solution at —60°. We have no explana-
tion for the lack of observation of coupling and fine structure under
conditions similar to those reported in our present paper. Assignment of
the conformation of isomers is based in our work primarily on the
analysis of coupling constants which we consider an essentia! part of our
work. Similarly we must call attention to the fact that in protonated
cyclic ketones the C=OH* proton generally gives rise to well observ-
able coupling and fine structure, not, as reported by Brookhart, et al,, to
singlets. Our work in this regard is being published in detail.

(8) For simplicity, the solvent acid peaks were deleted from Table I
and the spectra.

(9) G. A. Olah, E. B. Baker, J. C. Evans, W. S. Tolgysei, J. S. Mc-
Intyre, and I. J. Bastien, J. Am. Chem. Soc., 86, 1360 (1964).



