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prepared from its bisulfite adduct,!! distilled, and purified further
by preparative GC (4 ft X !/, in. 10% SE 52 in series with 8 ft
X 1/, in. 20% DEGS on Chromosorb P). Preparation of all other
reagents was as previously described.® Base-catalyzed reaction
conditions were used to minimize thioketal formation, and sample
preparation for 3C NMR was similar to that for 'H NMR.®
Typically, an aliquot of neat 3-MPA (0.04 mL, 4.6 mmol) was
added to a 10-mm NMR tube containing anhydrous K,COj3 (13
mg, 90 umol). After bubbling subsided, dioxane (0.9 mL) and
cyclobutanone (0.2 mL, 2.7 mmol) were added. A 5-mm reference
tube containing D,O for the NMR field lock was held coaxially
in the NMR tube by a Teflon-brand sleeve.

NMR Spectra. 'H NMR spectra were recorded on an EM
390 90-MHz CW spectrometer or a 360-MHz Ft spectrometer
interfaced to a Nicolet computer. Pulse widths were routinely
5 us (90°), acquisition times were 4 s, and delay times were 1 s.
Redfield 2-1-4 and soft pulse sequences were used in a few cases
where small signals were measured in the presence of large ones.!?
For the pulse lengths used, the effective field of the carrier pulse
decreases significantly after a few hundred hertz. By placing the
carrier frequency midway between two signals to be measured,
the difference in the effective field of the two signals was mini-
mized. Measurements were made as soon as the addition reaction
came to equilibrium. Routine conditions were used for acquiring
13C gpectra (20° flip angle, 0.6 s acquisition time, and 1 s delay
time).

Registry No. D,0, 7789-20-0; 3-MPA-d,, 95193-08-1; cyclo-
butanone, 1191-95-3; cyclopentanone, 120-92-3; cyclohexanone,
108-94-1; cycloheptanone, 502-42-1; cyclooctanone, 502-49-8;
tetrahydropyran-4-one, 29943-42-8; 4-piperidone, 41661-47-6.
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A substantial number of methyl-substituted benzenium
ions ranging from methylbenzenium ion to heptamethyl-
benzenium ion have been prepared and studied.? The
charge distribution patterns in these ions have been dis-
cussed on the basis of their 'H and *C NMR data.>* Both
the X-ray structure® and CPMAS 3C NMR&7 spectrum
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Table I. GaCly-Catalyzed Isomerization of
Hexaalkylbenzenes in Freon-113 Solution at 30 °C*

isomer distribution

(%)
hexaalkylbenzene ortho meta para
0-(CyH,)5(CH,),Ce (1) 32.4 40.5 27.1
m-(C,Hs)2(CH;),Cs (2) 35.5 410 235
p-(C,Hy)o(CH,),Cq (3) 37.6 446 17.8

O-[CHgC(CHa)a]g(CHahCG (4) 41.5 31.8 26.7
m-[CH,C(CHy)lo(CH,) Co (3) 314 342 344
p'[CHzC(CHg)a]Z(CH3)4CG (6) 21.8 29.2 49.0

@ Average reaction time was 16 hs.

of isolated crystalline heptamethylbenzenium tetra-
chloroaluminate were reported. Ethyl-substituted ben-
zenium ions including the heptaethylbenzenium ion were
also reported. The heptaethylbenzenium ion was identified
in the “red-oil” complex layers which are formed during
the AlCl,-catalyzed ethylation of benzene with ethylene.?

We now report the Friedel-Crafts isomerization of a
series of mixed hexaalkylbenzenes, namely, isomeric di-
ethyltetramethylbenzenes and dineopentyltetramethyl-
benzenes. We also studied their intermediate protonated
hexaalkylbenzenium ions in FSO;H-SbF; (4:1)/S0, and
HF-SbF; (1:1)/SO,CIF solution at —20 to =70 °C. Pro-
tonation of hexaisopropylbenzene in FSO;H-SbF; (1:1)/
SO,CIF has also been carried out. Further we have also
generated and studied by *C NMR spectroscopy a series
of related heptaalkylbenzenium ions formed by low-tem-
perature ipso alkylation of hexamethyl- and hexaethyl-
benzene with Me,C*H and Me;C* generated in SbF;/
SO,CIF solution.

Results and Discussion

When hexaethylbenzene was treated with AlCl; in
benzene solvent at 30 °C for 1 h no dealkylation or tran-
salkylation was observed. Similarly treatment of isomeric
diethyltetramethylbenzenes 1-3 with SbF; in 1,1,2-tri-
fluorotrichloroethane (Freon-113) solution at 30 °C over-
night gave no evidence of isomerization.

Addition of a proton source to the Lewis acid, however,
promotes isomerization. Thus in our studies of Friedel-
Crafts isomerization of hexaalkylbenzenes 1-6 we have
found that GaCl; in Freon-113 as solvent and in the
presence of a trace of water to provide a proton source is
an efficient isomerization catalyst. No byproduct could
be detected in these reactions. The results obtained are
summarized in Table I.

When same isomeric 1-6 were dissolved in FSO;H-SbF
(4:1)/S0, solution at —20 °C the 'TH NMR spectra of the
resulting benzenium ions in all cases indicated formation
and ready interchange of both possible, energetically sim-
ilar, benzenium ions resulting from protonation ipso to
methyl as well as ethyl groups. For example in case of 3

(5) Baenziger, N. C.; Nelson, A. D. J. Am. Chem. Soc. 1968, 90, 6602.
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Shubin, V. G. J. Chem. Soc., Chem. Commun. 1983, 1533.

(8) Olah, G. A.; Spear, R. J.; Messina, G.; Westerman, P. W. J. Am.
Chem. Soc. 1975, 97, 4051.

(9) Newman, M. S.; LeBlanc, J. R.; Karnes, H. A,; Axelrad, G. J. Am.
Chem. Soc. 1963, 86, 868.

(10) This compound was synthesized in four steps starting from 2,5-
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Notes
CH3 CHg
CHs CHCH3 HaC CH2CH3
CHs CHzCH3 HiC CHs
CHa CHZC H3
1 2
CH,CH3 CHz
HaC. CHsz HzC CH2C(CH3)3
HaC CHs HaC CHoCICHs)3
CHaCH3 CHs
3 4
CHs CHaC(CHa)
HaC CH2C(CHaly HzC CHz
HaC CHs HsC CH3
CHaC(CHa)y CHzC(CHy)3
5 6

in going from the hydrocarbon to the arenium ion the 'H
NMR shows a Aé of 0.89 ppm for the CH, group, 0.47 ppm
for the CHj; of the ethyl groups, and 0.95 ppm for the ring
methyls. This almost equal deshielding observed for the
methyl and methylene groups can be interpreted by the
approximately equal likelihood of protonation of any of
the ring positions, which would lead to a benzenium ion
mixture of about !/; 8a-H* and %/; as 3b-H*. The 'H
NMR data of the studied hexaalkylbenzenes and their
corresponding benzenium ions are summarized in Table
IL

CHaCHz H CH2CH3z
H3C CHs HaC CH3
FSOgH-SbFs (4:1) +
50z
HaC CHs HsC CHs
CHaCH3 CHaCH3
3 3a-H*
CHaCH3
HaC CH3
H
HaC CH3
CHaCHz
3b-H*

Quenching of the benzenium ion solutions resulting from
protonation of 1, 2, and 3 showed isomerization (25-30%),
i.e., formation of all three possible isomers from any given
suhstrate. No dealkylation or disproportionation was ob-
served. The 'H NMR spectra of the recovered hydro-
carbon mixtures showed no aromatic hydrogens and GLC
showed only three isomeric diethyltetramethylbenzene in
each case. The isomerizations thus are intramolecular in
nature, in accordance with the poor leaving group ability
of CH;* and C,H;*.

In order to obtain static (nonexchanging) benzenium
ions, we protonated compounds 1-3 in even stronger
superacid system HF-SbF; (1:1)/SO,CIF at lower tem-
peratures (75 °C). On the basis of the 'H NMR and 1°C
NMR spectra of the resulting benzenium ions (Tables III
and IV), protonation is found to occur preferentially at the
position ipso to the ethyl group, as evidenced by the ap-
pearance of an intense upfield triplet at 8 0.4 in the 'H
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NMR spectrum and an upfield C,-CHj absorption in the
13C NMR spectrum (8isc 7-8) for the methyl group of the
C;-ethyl, which is forced over the pentadienylic moiety,
hence resonating at unusually high field due to anisotropic
shielding. In contrast, protonation ipso to methyl gives
a C;-methyl resonance at normal field. The percentages
of the major benzenium ions were determined by com-
paring the appropriate integral ratios in the 'TH NMR
spectra and are shown below.

H CHaCH3 H  CHaCH3 H CHpCH3
CHs CHzCH3 HsC CH HaC CH3
CHj3 CH3 FaC CH,CHy  HsC CHa
CHs CHs CHeCHs
la-H* 8015% 2a-H* 95t5% 3a-H" 85%5%

The 'H NMR spectra also showed temperature depen-
dence, characteristic of highly substituted benzenium ions.
At —70 °C broadening of the methyl and ethyl resonances
commence, followed by (reversible) coalescence and
eventual sharpening so that at —20 °C only a single ethyl
and one (3a-H*) or two (1a-H* and 2a-H*) methyl reso-
nances were observed. In further experiments using the
FSO;H-SbF5(4:1) /SO,CIF acid system, it was found that
static benzenium ions can in fact be observed in this me-
dium too at lower temperatures (70 °C). A similar tem-
perature dependence of the !H NMR spectra was also
observed.

The preference for protonation at the ethyl-bearing
carbon is probably steric in origin, since the electronic
differences between methyl and ethyl groups are small.

We also prepared and studied by *C NMR spectroscopy
heptaalkylbenzenium ions by low-temperature alkylation
of hexaalkylbenzenes with Me,C*H and Me,C*.

Slow addition of a cold solution of isopropyl cation
generated from Me,CHCl in SbF;/SO,CIF to hexa-
methylbenzene in cold SO,CIF with efficient mixing gave
a homogeneous deep red solution. The 3C NMR spectrum
was consistent with the formation of isopropylhexa-
methylbenzenium ion (7) (Table V). Exchange broadening

FEB T

H

1

of the methyl groups was also observed, suggesting that
the ion was not completely frozen out. Raising the tem-
perature led to decomposition and formation of side
products. Similarly, addition of a cold solution of tert-
butyl cation which was generated from tert-butyl chloride
in SbF;/S0,CIF solvent to hexamethylbenzene in SO,CIF
gave tert-butylhexamethylbenzenium ion 8. As previously
shown for the heptaethylbenzenium ion,* extensive positive
charge is localized at positions ortho and para to the
sp3-hybridized C,-carbon as evidenced by strong de-
shielding of C,, C,, and C¢ resonances relative to C;, Cy
(meta) where only moderate deshielding is observed as
compared to the neutral precursor. Extending our studies,
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Table I1. 'H NMR Data on Diethyltetramethyl- and
Dineopentyltetramethylbenzenes and Their Corresponding
Benzenium Ions in FSO;H-SbF4(4:1)/S0, at ~20 °C

substr CH, ring CH, side chain ring CH
1 2.61 (4 H) 2.02(6H) 1.03(6H)
(q,J=76Hz) 209(6H) (t,J=176Hz)
1-H* 3.32 3.02(6H) 127 4.68
(g, J=75Hz) 3.08(6H) (t,J=75Hz)
2 2.58 (4 H) 2.03 (6 H) 1.00 (6 H)
(q,/J=76Hz) 209(6H) (t,J=76Hz)
2.16 (3 H)
2-H* 317 270 BH) 1.17 4.63
(q,J =7 Hz) 3.07(9H) (t,J=7Hz)
3 2.58 (4 H) 2.03 (12 H) 0.95
(g, J = 7.25 Hz) (t, J = 7.25 Hz)
3-H* 347 298 (12 H) 142 4.80
(t,J = 7 Hz)
4 2.86 (2 H) 2.03 (6 H) 0.81 (18 H)
2.98 (2 H) 2.15 (6 H)
4-H* 3.50 2.80 (6 H) 1.45 4.82
3.17 (6 H)
5 2.74 (4 H) 2.03 (3 H) 0.85 (18 H)
2.13 (6 H)
2.23 (3 H)
5-H* 351 277 (6 H) 140 4.77
3.15 (6 H)
6 2.78 (4 H) 2.14 (12 H) 0.85 (18 H)
6-H* 3.38 2.80 6 H) 1.39 4.73
3.28 (6 H)

we found that hexaethylbenzene can be ipso alkylated with
Me,C*H as well as with Me;C* in SbF;/SO,CIF solution
at low temperature. The §-methyl group of the ethyl
substituent at the C, (ipso) carbon is shifted upfield in
these benzenium ions 9, 10, reflecting a pseudoaxial con-
firmation similar to that previously observed for hexa-
ethylbenzenium ions and for 1-3 in the present study. The
methyl, methylene, and a-carbons of the isopropyl and
tert-butyl groups in benzenium ions 9 and 10 showed ex-
change broadening even at -80 °C. On increasing the

Notes

temperature (above —60 °C), additional signals appeared
(irreversible) and some decomposition occurred.

Attempts to alkylate hexaisopropylbenzene with
Me,C*H at low temperature was not successful, and under
more forcing conditions at more elevated temperatures
dealkylation and oligomerization were observed. On the
other hand, protonation of hexaisopropylbenzene could be
achieved by its slow addition to cold magic acid in SO,CIF
at ~75 °C under efficient mixing. The *C NMR spectrum
of the resulting red solution is consistent with the for-
mation of hexaisopropylbenzenium ion (11). The C;-
carbon of 11 is observed at d1:c 76.06 and is the most de-
shielded sp®-hybridized C, observed so far in hexaalkyl-
benzenium ions. It is deshielded by 17.86 ppm compared
to the C;-carbon of hexaethylbenzenium ion (g 58.2).8

The crowded benzenium ions 8-10 exhibit slight none-
quivalence of the C,, C; absorptions (meta) in the 13C
NMR spectra. For ion 11 the nonequivalence of both ortho
(C,, Cg) and meta (Cg, C;) carbons is observed which is
similar to the reported *C (CPMAS) NMR spectrum of
the heptamethylbenzenium ion in the solid state.®’

Experimental Section

Isomerization of Hexaalkylbenzenes. To hexaethylbenzene
(1 mmol) dissolved in anhydrous benzene (10 mL) was added AICI,
(1 mmol) with efficient magnetic stirring at 30 °C. After 1 h the
reaction mixture was quenched in ice/bicarbonate, extracted in
ether, separated, dried (MgSO,), and analyzed by GLC.

To the hexaalkylbenzene substrates 1-3 (1 mmol) in Freon-113
(20 mL) was added a solution of SbF; (1 mmol) in Freon-113 (5
mL) with efficient stirring at 0 °C. The reaction was allowed to
continue at room temperature overnight before workup and GC
analysis,

To the hexaalkylbenzene substrates 1-6 (1 mmol) dissolved
in Freon-113 (20 mL) was added with efficient stirring GaCl; (1
mmol) and a drop of water. After 16 h at 30 °C the reaction was
quenched in ice/bicarbonate, extracted as before, and analyzed
by GC.

Table III. 'H NMR Chemical Shifts® for the Diethyltetramethylbenzenium Ions

proton chemical shifts and multiplicities®

ionb Hl CHQ CH3
1a-H* 4.44, br 2.8-3.0° C,-CH,, 0.42, t; C;-CH,, 141, t; Cy5-CH,, 2.48, s; C,-CH,, 2.94, 5; Co-CH,, 2.75, 5
2a-H* 4.33, br 2.8-3.0° C,-CHj, 0.38, t; Cy6-CHj, 2.76, s; C5-CHj, 1.28, t; C,-CHj, 2.93, s; C5-CHj, 2.41, s
3a-H* 4.39, br 2.8-3.0¢ C,;-CHj, 040, t; C,4-CH,, 2.70, s; C35-CHj, 2.46, s; C4-CH,, 1.685, t

3 Proton chemical shifts are in ppm relative to external (capillary) Me,Si multiplicities are given by s = singlet or t = triplet. °In HF-

SbF5/SO,CIF at -75 °C. °¢Partially obscured by methyl resonances.

Table IV. Carbon-13 Chemical Shifts® for the Diethyltetramethylbenzenium Ions

carbon-13 chemical shifts

ionb Cl Cz, Cs C3, C5 C4

alkyl

la-H* 619 1963 1415
141.1

193.4 Cl'CHg, 32.3; CTCHQ, 29.2; CI'CHa, 7.6; Cg'CHa, 12.9; 03,5'CH3, 14.6; C4'6'CH3, 23.2, 23.7

2a-H* 63.9 193.5° 1469, C, 191.9° C,-CH,, 32.7; C;-CH,, 22.1; C,-CH,, 7.0; Cy45-CH,, 22.1, 22.7, 22.9; Cy-CH,, 11.6; C5-CH,, 14.4

192.8° 142.3, C;
3a-H* 63.7 195.2 140.7

194.0 Cl'CHz, 32.3; C4'CH2, 28.9; Cl'cHa, 7.2; Cg,s-CHa, 27,6; 03,5'CH3' 11.7; C4'CH3, 13.9

4 Chemical shifts are in ppm relative to external (capillary) Me,Si. ?In HF-SbF;/SO,CIF at -70 °C. °Specific assignments uncertain.

Table V. Carbon-13 Chemical Shifts® for Some Heptaalkylbenzenium Ions in SbF,/S0,CIF or HFSO,-SbF(1:1)/SO,CIF

ion temp, °C 01 Cg, Cs C3, C5 C4

additional

7 ~75 65.2 197.07 140.79

189.63 C,-CH(Me),, 21.94; C,-CH(Me),, 14.55; C,-Me, 16.78; C,5-Me, 23.15
146.76, 138.51 198.1 C;-C(Me)y,? 24.77; C,-C(Me),, 16.97; C,-Me, 18.99; Cy5-Me, 14.09; Cp¢-Me,

21.32; C,-Me,® 24.49

8 -55 67.8 188.80
9 =70 71.03 138.34
10 =70 71.23 198.02

147.1, 148.46  207.63 C,-Me, 8.3; remaining Me, 13-14; C,-CH(Me),, 28.5; -CH,, 25-26
148.15, 153.98 207.60 C;-Me, 6.8; remaining Me 13-14; C,-C(Me);, 31.5; -CH,, 27-28

11 =70  76.06 213.44,211.33 150.03, 131.71 202.67 C,-CH(Me)s, 34.49; C;-CH(Me),, 16.99; Cy¢-CH(Me),, 37.97; Cyi-CH(Me),,
19.79; Cy5-CH(Me),, 33.60; Cy5-CH(Me),, 18.79; C,-CH(Me),, 36.37;
C,-CH(Me),, 20.63

4 Chemical shifts are in ppm relative to external Me,Si. °Relative assignment uncertain.
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Preparation of Ions. The protonation of arenes in HF-SbF;
(1:1), FSO3H-SbF; (4:1), and FSOgH-SbF; (1:1) was analogous
to the methods already described.® For the reactions of isopropyl
or tert-butyl cation with the substrates, the alkyl cation (2-3 equiv)
was first generated from the halide precursor in SbF;/SO,CIF
and was then added slowly to a cold slurry (75 °C) of the aromatic
compound (1 equiv) in SO,CIF with efficient vortex mixing.

Nuclear Magnetic Resonance Spectra and GC Analyses.
1H NMR spectra were obtained with a Varian Model A56/60A
instrument equipped with a variable-temperature probe. 13C
NMR spectra were recorded on a Varian FT80 equipped with a
low-temperature setup using external Me,Si as reference or a
Varian XL-200 instrument using acetone-dg as external lock and
reference. GC analyses were performed on a Varian Model 3700
gas chromatograph with a 50-m capillary column (OV101) and
an on-line automatic integrator.
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Pyroangolensolide, obtained from pyrolysis at 305 °C
of methyl angolensate (1), has been assigned structure 2
on the basis of spectral data (IR, 'H NMR, MS, UV, and
CD).2 The configuration about the carbon [C(18), limo-
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noid numbering] bearing the a-oriented furan ring in
structure 2 is based solely on a positive Cotton effect which
is similar in profile and position to that of methyl ango-
lensate. Pyroangolensolide has also been obtained by
treatment of calodendrolide (3), a naturally occurring

(1) On leave from the University of Natal, Pietermaritzburg, South
Africa.

(2) Davis, d. B.; Godfrey, V. M.; Jewers, K.; Manchanda, A. H.; Rob-
inson, F. V.; Taylor, D. A. H. Chem. Ind. (London) 1970, 201.

(3) Cassady, J. M,; Liu, C.-S. J. Chem. Soc., Chem. Commun. 1972, 86.

C,5-degraded limonoid,* with hydriodic acid. It should
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be pointed out that the structure assigned to caloden-
drolide is based on its conversion into pyroangolensolide.
In view of the harsh conditions which were employed above
for the formation of pyroangolensolide, and the fact that
the configuration at C(18) in structure 2 rests solely in its
optical rotatory dispersion curve, we set out to prepare
both di-pyroangolensolide and di-epi-pyroangolensolide
(cf. structure 4). We detail below a short synthesis of
racemic 2 and 4, both crystalline, which, via single-crystal
X-ray analysis, unambiguously established the structure
of pyroangolensolide as 2 and confirmed the structural
assignment put forth by Cassady and Lui for caloden-
drolide.

Tokoroyama and co-workers® have published an eight-
step synthesis of dl-pyroangolensolide and epi-pyroango-
lensolide. Physical data, including a detailed 'H NMR
analysis of 2 and 4 are provided; however, in the absence
of a single-crystal X-ray analysis of either 2 or 4, the
complete structural assignments for pyroangolensolide and
epi-pyroangolensolide remain suspect.

Our synthesis of di-pyroangolensolide and di-epi-py-
roangolensolide, which was carried out via a four-step se-
quence, features an aqueous Diels-Alder reaction.’
Condensation of sodium 4-methyl-3(E),5-hexadienoate!?

l:de
N 1) Hp0, 50°C, 2 h Lr~CHO
_——’—
+
2) CH2N2 ‘!‘
CO0PNG® 78% COOMe
5

with methacrolein in water (50 °C, 2 h) afforded after
esterification with ethereal diazomethane a 78% isolated
yield of the endo Diels—Alder adduct 5. Less than 5% of
the exo adduct 6 could be detected by 'H NMR analysis
of the crude reaction product. Addition of 3-furyllithium
in tetrahydrofuran—ether (3:4) to aldehyde 5 gave rise to
a mixture of lactones 7 and 8 in a ratio of 4:1. In contrast,
Tokoroyama and co-workers reported that addition of
3-furyllithium to 9 gives rise directly to a mixture of dl-
pyroangolensolide and di-epi-pyroangolensolide in a ratio
of 7:3. Note, the structures of 7 and 8 follows from a
single-crystal X-ray analysis of our synthetic di-epi-py-
roangolensolide (vide infra).
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