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Calcd for C;H,,04: C, 74.37; H, 5.8; O, 19.83. Found: C, 74.3;
H, 5.8; O, 19.75.

Autoxidation of 35. A solution of 35 (1 M in methylene
chloride) was stirred at room temperature in darkness. Dry oxygen
was slowly bubbled through the solution for 2 days. The reaction
progress was followed by capillary GC. At the end of the 48 h
period, more than 98% of 35 was reacted. The mixture was
separated by preparative TLC (EtOAc-hexanes (1:1)) to obtain
two bands. The top band (R, 0.6) was isolated and the product
characterized as epoxide 36 by comparison of the spectral and
mp data with those of the authentic material® (yield 67%).

The lower band (R, 0.3) was isolated to obtain colorless crystals
of 37 (29%). The structure of 37 was established by its spectral
properties and X-ray crystal structure determination.?!
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The hydronation of mesityl oxide (4) is best followed by measuring the difference between chemical shifts
of signals for C(4) and C(3) (Ad), linearly extrapolated at infinite dilution. It was found that half-hydronation
occurs near Hy-4. The acidity dependence of C(4) and Ad° indicates, however, that the amount of positive charge
increases monotonically in stronger acids (100% H,SO,, CF,SO;H, 4:1 FSO;H~SbF}), far beyond the acidity level
where hydronation should be complete. The existence of a fast second hydronation of 4 is proposed; the same
conclusion comes from a study of acidity dependence of the slope of the Aé vs concentration of 4 line. The fast
second hydronation forms a dication with two hydrons attached to oxygen. The other dication, hydronated at
C(3) and at oxygen, is the intermediate in conversions of 4 in superacid. Its rate of formation is estimated from
the exchange of C(3)-H in FSO,D-SbF; to an extent of 60% in 20 min at 30 °C. Even though the second hydronation
at C(3) is slow, the rate-determining step for the conversion of 4 occurs after it.

Introduction

Our group has been studying reactions of carbocations
in superacids, involving dications as intermediates. Ion-
ization of chloroacyl cations 1 to acylalkyl dications 2 (eq
1) was already reported.! For our work on calibration of

R—CHCI—CHIR’—CHz—CO“ -

+
R—CH—CHl;’—CHz—CO*' ~ products (1)

strength of superacids? it was interesting to find that the
reactions of eq 1 are dependent upon acidity.

Earlier, Brouwer had discovered the same type of
chemistry in the conversions of cations of unsaturated
ketones 3 involving dications as intermediates (eq 2). The
reaction rates were acidity-dependent and were used to
rank superacids by strength.34

OH (IZ?H
R—Czz: CH:*=CRR” === R—C—CH, —CR'R” —= produdis (2)
3

(1) (a) Part I: Farcagiu, D.; Miller, G. J. Org. Chem. 1989, 54, 5423,
gb)sl;;rt II: Fércagiu, D.; Miller, G.; Sharma, S. J. Phys. Org. Chem. 1990,
" (2) (a) Farcasiu, D.; Fisk, S. L.; Melchior, M. T.; Rose, K. D. J. Org.
Chem. 1982, 47, 453. (b) Farcagiu, D. Acc. Chem. Res. 1982, 15, 46. (c)
Fiércagiu, D.; Marino, G.; Miller, G.; Kastrup, R. V. J. Am. Chem. Soc.
}986?, 1 Il 1,7210. (d) Fércasiu, D.; Ghenciu, A.; Miller, G. Submitted to
. Catal.
(3) (a) Brouwer, D. M. Rec. Trav. Chim. 1969, 88, 5305. (b) Brouwer,
D. M,; Van Doorn, J. A. Rec. Trav. Chim. 1970, 89, 553.

Recently, we also investigated the hydronation of an
a,B-unsaturated ketone, mesityl oxide (4, eq 3), to the

o OH
Me—C—CH=CMe, + [H'] == Me—C:zu:CH::CMe,  (3)
4 5

monocation 5 (3, R = R’ = R” = Me) as a means of acidity
measurement by 3C NMR spectroscopy in the range of
50-100% sulfuric acid. To remove the medium effects
(other than hydron transfer) on chemical shifts the pa-
rameter correlated with acidity was the difference between
chemical shifts of the signals for C(4) and C(3), As.2 We
discovered that Ad varies linearly with the total concen-
tration of indicator base (4 + 5), at least between 0.04 and
1.25 M. Its extrapolation to zero concentration of base
(infinite dilution), Ad%, can be used, therefore, to generate
a theoretically justified acidity function, like Hyp.2d The
A8® vs Hyf plot was a typical sigmoid curve with the in-
flection point corresponding to half hydronation around
H, -4 On the basis of this value observed for half-
hydronation we expected that 4 should be fully converted
to 5 around Hy-8. We found, however, that Ad° increased
further with solvent acidity up to Hy -12 (100% sulfuric

(4) A different approach to superacidic strength evaluation based on
cation—dication equilibria consisted of the measurement of change in the
barrier to the rotation of the hydronated aldehyde group in the cation
of 4-methoxybenzaldehyde, upon equilibrium protonation of the methoxy
group: (a) Sommer, J.; Schwartz, S.; Rimmelin, P.; Drackenberg, J. J.
Am. Chem. Soc. 1976, 98, 2681. (b) Sommer, J.; Schwartz, S.; Rimmelin,
P.; Canivet, P. J. Am. Chem. Soc. 1978, 100, 2576.

(5) Rochester, C. Acidity Functions; Academic Press: New York, 1970.
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Table I. BC NMR Spectra of Mesityl Oxide in Solvents of Varying Acidity

chemical shifts® A
solvent H,  conc® of base (mol/L) C(2) C@3) C) meas calcd® (A8%) 'y

CDCl/ 0.79 198.50 124.20 154.90 30.70 30.70¢ 0
CH;COOH 0.0 0.79 200.84 123.69 157.15 33.87 33.87 0.00
CF;COOH -3.03 0.49 207.89 123.16 169.75 46.58 46.78 -0.20
52.3% H,S0, -3.63 0.49 208.54 123.49 172.31 48.82 50.9¢ -4.22
53.3% H,S0, ~-3.74 0.50 208.67 123.45 173.11 49.66 51.9¢ -4.48
55.0% H,S0, -3.91 0.50 209.02 123.23 175.54 52,31 55.2¢ -6.06
62.5% H,S0, -4.90 0.49 210.38 122.71 185.18 62.47 64.7¢ -4,61
80.8% H S0, -7.65 0.48 210.87 122,16 198.09 75.93 76.7¢ -1.57
100.0% H,SO, -12.0 0.48 210.48 121.93 202.87 80.94 81.2¢ -0.58
CF4S0,H -14.2 0.85 210.87 122.03 203.20 81.17

0.46 210.77 122.03 203.72 81.69

0.065 210.67 122.00 204.27 82.27 824 -1.41
4:1 FSOgH-SbFy (-21%) 1.08 210.19 121.58 205.14 83.56

0.56 210.09 121.51 205.37 83.85

0.1 209.99 121.45 205.56 84.11 84.2 -0.55

2Total moles of mesityl oxide (4 + 5) per liter. ®Measured from external (coaxial) deuterochloroform, taken as 77.00 ppm (ref 2d).
¢Difference between the chemical shifts of signals for C(4) and C(3). ¢Slope of the line correlating A$ with the total concentration of base.
¢Value of Aé at zero concentration of base (intercept of A5 = s X conc(base) + A8%. /Chemical shift measured from internal TMS at 0.00
ppm. £From ref 2d, where Ad values at other concentrations were given. *Reference 4 and Gold, V.; Laali, K.; Morris, K. P.; Zdunek, L. Z.

J. Chem. Soc., Chem. Commun. 1981, 769.
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Figure 1. Variation of slope of the linear correlation Aé vs total
concentration of base (4 + §) with solvent acidity (Hj).

acid), and we undertook an investigation to find the ex-
planation for this observation.

Results and Discussion

The carbon-13 NMR spectra of mesityl oxide recorded
in acids up to 100% sulfuric acid are compared in Table
I with the spectra obtained in two significantly stronger
acids.® One sees that both the chemical shift for C(4) and
the A&° parameter continue to increase with the acid
strength in the superacid range. The most likely expla-
nation for this behavior is the intervention of a fast (on
NMR time scale) second hydronation of 4.

We observed also that the slope of the linear correlation
of Ad with the total concentration of base changes with the
acidity of solvent.2d The slope (s) is the steepest (most
negative) in the acid in which 4 is 50% converted to 5,
where the degree of hydronation is the most sensitive to
changes in concentration. On the other hand, there should
be no variation with concentration in solutions where the
base is not hydronated at all, or where hydronation is
complete over the entire range of concentration studied,
because solvent effects other than hydron donation are
cancelled by the difference method employed in deriving
Aé.

The variation of s with solvent acidity (H,) is shown in
Figure 1. An interesting feature of the plot is its asym-

(6) The ®C NMR spectrum of 4 in 1:1 FSO;H-SbF; was reported
before (Olah, G. A.; Halpern, Y.; Mo, Y. K.; Liang, G. J. Am. Chem. Soc.
1972, 94, 3554). The chemical shift for C(4) printed there is off by more
than 20 ppm, possibly due to a transcribing or printing error.

metry on the two sides of the minimum (s = —6.06 at H,
-3.9). On the weaker acid side, s changes abruptly from
the minimum value to zero. On the stronger acid side, s
changes much more slowly and does not become zero even
in 4:1 FSO;H-SbF;. Thus, both chemical shifts and the
slope of Ad vs concentration of base indicate the existence
of a fast interconversion of 5 with the corresponding di-
cation at high acidities. This hydron exchange is still fast
at —60 °C because the line shapes in the 'H NMR spectrum
of mesityl oxide in FSOgH-SbF; do not change between
+20 and -60 °C. If the equilibrium involved hydronation
at C(3) (6, eq 4) mesityl oxide should rapidly average its

H H
\t
o/
| .
Me—Cz===CH==:CMe,
OH /ast 7
H .
Me—Cz=:CHz2:CMe, + [H'] (4)
2N\
30°C
OH

* * slow
Me —-C—CH,—CMe, ———=» products

58 °C

6

C(3) hydrogen with the acid, a proposition contradicted,
however, by the observation of two distinct signals for
C(3)-H (5 6.91) and for the acid (5 11.3). We investigated,
therefore, the isotope exchange between 4 and 1:1 FSOg-
D_SbFs.

The 'H NMR spectra showed no deuterium incorpora-
tion in 5 at —-60 °C in a few hours or at -10 °C in 23 min.
Significant exchange (about 60% from statistical equilib-
rium with the acid) was achieved only after 20 min at 30
°C. It appears, therefore, that the fast second hydronation
must involve the oxygen atom of 5 and give 7 (eq 4).

One could speculate about the reason for the easier
formation of 7 than of 6, but a better understanding should
be gathered by theoretical calculations on the two carbo-
dications.” It is noteworthy that a double hydronation

(7) Theoretical investigations of the C(2)-protonated allyl cation
(analogue of 6) and theoretical and mass-spectral studies of O-di-
protonated formaldehyde (the simplest analogue of 7) have been re-
viewed: Lammertsma, K.; Schleyer, P. v. R.; Schwarz, H. Angew. Chem.
1989, 101, 1313.
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of a carbonyl oxygen was observed before by Gold for
2,6-dimethylpyrone.8?

H H
o) o’ " N
H'] ']
0.2 0.2 o
Me” ~O” "Me Me” "O” "Me Me” 0" “Me

The half-life for the overall reaction of 8 (isomerization,
dehydrogenation, and cracking) initiated by formation of
6 in 1:1 FSO,H-SbF; was determined as 630 s at 58.5 °C®.
As we observed no conversion of 4 in the time needed for
60% exchange, the rate-determining step in the conversion
must occur after the relatively slow hydronation at C(3).
This representation is at variance with the earlier view that
the dication once formed rearranges rapidly.®®

(8) Gold, V.; Mah, T. J. Chem. Soc., Perkin Trans. 2 1981, 812.

(9) After completion of this work it has been reported that trifluoro-
methanesulfonic acid catalyzed alkylation of benzene with 3-phenyl-2-
propen-1-ones is accelerated upon addition of SbFy. A second protonation
at oxygen was postulated to account for this effect: Ohwada, T.; Yama-
gata, N.; Shudo, K. J. Am. Chem. Soc. 1991, 113, 1364.

Experimental Section

All manipulations of superacids and the preparation of samples
were conducted in a dry box. A. R. chemicals were used
throughout. Mesityl oxide was dried on molecular sieves. An-
hydrous trifluoromethanesulfonic acid was prepared by mixing
the commercial (98%) acid with its anhydride and allowing several
days for the reactions in a stoppered flask warmed occasionally
with a hot air blower. Commercial 4:1 FSO;H-SbF; was used as
received. FSO,D and SbF; were mixed in equimolar amounts.
For the exchange experiments, 12 mmol of this composite acid
was diluted with 1.5 mL of CISO.F and cooled in dry ice, and a
solution of 2.6 mmol of 4 in 1.5 mL of CISO,F was added from
a capillary funnel, also cooled with dry ice. The pipets used to
transfer the samples to the NMR tubes were cooled in liquid
nitrogen before use.

The NMR experiments were conducted as described.?d The
linearity of the Aé vs concentration plot in H;SO, was checked
for 0.05-1 M 4 in solution and found to be very good (r > 0.998,
except in 55% H,SO,, where r = 0.996).
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The absolute proton affinities and gas-phase basicities for a series of related alky] and silyl ethers, (SiH;),0,
H;SiOCHj, (CH,);0, HgSiOSiH;CH;g, HCOSiH,CHj, HgSiOC,H;, H;COC,H;, HgSiOC(CH,;)s, HCOSi(CHj)g,
and HgCOC(CHj);, have been computed via ab initio molecular orbital calculations. Geometry optimizations
were carried out at the Hartree-Fock level with the 3-21G and 6-31G(d) basis sets, and correlation energies were
computed with second- and third-order Meller-Plesset theory. Vibrational energy changes were also included
from 3-21G calculations. It is found that the range of proton affinities spans from 187 to 205 kcal mol™. Comparisons
with available experimental data indicate that the predicted thermodynamic results are accurate to within 3
keal mol™. The low gas-phase basicity of disiloxanes is confirmed, while the similar results for dialkyl ethers
and analogous alkyl silyl ethers are particularly notable. The structures of the protonated molecules are also

characterized in detail.

Introduction

In a previous study,! the low oxygen basicity of disi-
loxanes (disilyl ethers) relative to dialkyl ethers was ra-
tionalized by examining highest occupied molecular or-
bitals (HOMO). Ab initio molecular orbital calculations
revealed lower energies and smaller oxygen components
for the HOMO of disiloxanes that could explain the ob-
served diminished basicity.2® The relative basicity of the
intermediate case, alkyl silyl ethers, is less certain. Despite
widespread use of organosilicon compounds in organic
chemistry, many thermodynamic data, including proton

(1) Shambayati, S.; Blake, J. F.; Wierschke, S. G.; Jorgensen, W. L.;
Schreiber, S. L. J. Am. Chem. Soc. 1990, 112, 697.

(2) Varma, R.; MacDiarmid, A. G.; Miller, G. Inorg. Chem. 1964, 3,
;gg: Sternbach, B.; MacDiarmid, A. G. J. Am. Chem. Soc. 1961, 83,
(3) Keck, G. E,; Castellino, S. Tetrahedron Lett. 1987, 28, 281. Keck,
G. E,; Boden, E. P. Tetrahedron Lett. 1984, 25, 265.

17 8(4)5 West, R.; Wilson, L. S.; Powell, D. L. J. Organomet. Chem. 1979,
(6) Sauer, J. Z. Chem. 1982, 22, 60.

(8) Pitt, C. G.; Bursey, M. M.; Chatfield, D. A. J. Chem. Soc., Perkin

Trans. 2 1976, 434.

affinities, remain essentially qualitative.5” Additionally,
there are no experimental structures available for pro-
tonated alkyl or silyl ethers.

The most accurate methods of determining relative
proton affinities involve measurements of gas-phase
equilibrium constants for proton-transfer reactions with
bases of similar strength using either ion cyclotron reso-
nance (ICR) or high-pressure mass spectroscopy (HPMS).8
Combined with heats of formation, relative proton affin-
ities can be “anchored”, yielding absolute proton affinities
for use in thermodynamic cycles. However, equilibrium
methods are often problematic for compounds containing
silyl groups. The tendency to undergo fragmentation
rather than proton transfer often precludes an accurate
measurement of the proton affinity.%*12 Through de-

(7) Lias, S. G.; Liebman, J. F.; Levin, R. D. J. Phys. Chem. Ref. Data
1984, 13, 695.

(8) Aue, D. H.; Bowers, M. T. In Gas Phase Ion Chemistry; Bowers,
M. T, Ed.; Academic Press: New York, 1979; Vol. 2, p 1.

(9) Shea, K. J.; Gobeille, R.; Bramblett, J.; Thompson, E. J. Am.
Chem. Soc. 1978, 100, 1611.

(10) Li, X.; Stone, J. A. Can. J. Chem. 1987, 65, 2454,
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