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Abstract: Several substituted versions of 1,3-propanediol were ionized under a variety of superacidic conditions,
and the product carbocations and carboxonium species were characterized by13C NMR spectroscopy at low
temperatures. 1,1,3-Triphenyl-1,3-propanediol (19), and 1,1,3,3-tetraphenyl-1,3-propanediol (20), upon ionization
in FSO3H/SO2ClF or SbF5-FSO3H/SO2ClF solution at-78 °C gave the disproportionated cationic species,
1,1-diphenylethyl cation (24) and protonated benzaldehyde (25) or protonated benzophenone (26). At lower
temperatures (-130 °C) they yielded the allyl cations,29 and 30, as the only products. Diol23 was also
ionized at-78 °C to give a 1:1 mixture of tricyclopropylmethyl cation (27) and O-protonated dicyclopropyl
ketone (28). The ionization of 1,1,3,3-tetracyclopropyl-1,3-propanediol (21) in SbF5/SO2ClF, on the other hand,
gave the stable 1,3-carbodication, that is, 1,1,3,3-tetracyclopropyl-1,3-propanediyl dication (33). The structures
and the13C NMR chemical shifts for the carbodication33 and the allyl cations29 and30 were also computed
using DFT/IGLO methods.

Introduction

Carbodications, the readily observable species in the gas
phase, have received renewed interest both experimentally2 and
theoretically.3 Olah and co-workers have prepared many car-
bodications in which the charged centers are separated from
each other by at least two carbons, and their structural
information was probed through13C NMR spectroscopic stud-
ies.4 Interestingly, the carbodications show enhanced charge-
dispersal as compared to their related carbomonocations, as
reflected by their relatively shielded13C NMR absorptions for
the cationic centers. However, attempted preparations of the 1,3-
carbodications, in which the charge centers are separated by
only one methylene group, were mostly unsuccessful. The
ionization of 2,4-dichloro-2,4-dimethylpentane (1) and 2,3,3,4-
tetramethyl-2,4-pentanediol (3) did not yield the expected 1,3-
carbodications. The former reaction gave 3-penten-2-yl cation,5

whereas the latter gave only the products of disproportionation,

2,3-dimethyl-2-butyl cation (5), and the O-protonated acetone
(6). Higher level theoretical studies [up to Gaussian-2 (G2)
theory], however, predict that even the parent 1,3-propanediyl
dication (i.e., protonated allyl cation) is a minimum, with
significant hyperconjugative interactions.3c

More recently, in a study to probe Y-aromaticity, formally
1,3-carbodications involving Y-conjugationsthe hexaphenyl-
trimethylene)-methane dication (7) and its substituted versionss
were obtained by the ionization of their corresponding diols in
FSO3H/SbF5. The13C NMR spectra of these dications displayed
δ13C(C+) values around 208, quite similar to that of trityl cation,
implicating the absence of the Y-aromaticity due to the 2π-
electronY-conjugatedsystem in thesecarbodications.Theabsence
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of such aromaticity was also inferred from the failure to observe
the parent trimethylenemethane dication (8).6

Remarkably, Schleyer and co-workers, were able to observe
a σ-resonance stabilized carbodication, the 1,3-dehydro-5,7-
adamantanediyl dication (9), formed through the ionization of
1,3-dehydro-5,7-difluoroadamantane.7 The dication owes its
exceptional stability (up to 0°C) due to its unique three-
dimensional aromaticity; that is, the four p-orbitals overlap in
a tetrahedral fashion. The13C NMR spectrum of the carbodi-
cation shows uniquely shielded absorption (δ13C 6.6) for the
bridgehead carbons, even though they have formal positive
charges. It is interesting to note that the ionization of 1,3-
difluoroadamantane in a variety of superacids gave only the
monocation monodonor-acceptor complex (10).8 Attempted
preparation of other adamantane-1,3-diyl dications was also
futile, resulting in only the donor-acceptor complexes such as
11 and12.9

We have reasoned that by introducing positive charge-
stabilizing phenyl or cyclopropyl groups at the cationic centers
it would be possible to observe otherwise unstable acyclic 1,3-

carbodications. We describe here our attempts of preparing
several such dications and the preparation of a 1,3-carbodication,
stabilized by the cyclopropyl groups.

Results and Discussion

We have chosen the ionization of the appropriate 1,3-diols
to obtain the 1,3-carbodications. The required diols,19, 20, 21,
and23, were prepared as shown in Scheme 1.

A modified Reformatsky reaction10 of benzophenone, benz-
aldehyde, and dicyclopropyl ketone with ethyl 2-bromoacetate
using Zn/Cu couple gave theâ-hydroxy esters,16, 17, and18.
The latter compounds were separately reacted with phenyl-
lithium and cyclopropyllithium under mild conditions to give
the variously substituted 1,3-propanediols (19, 20, and21). The
reaction of diethyl 1,1-cyclopropane dicarboxylate (22) with
cyclopropyllithium in diethyl ether afforded the 1,1,3,3-tetra-
cyclopropyl-2,2-ethanediyl-1,3-propanediol (23).

Our initial attempts of ionization of the diols,19, 20, and23
using FSO3H/SO2ClF or SbF5/FSO3H/SO2ClF resulted in the
observation of only disproportionated carbocationic species
(Scheme 2). Under these conditions, compound19 gave 1,1-
diphenylethyl cation (24) [(δ13C 229.1 (s, C+), 29.7 (q,J )
131 Hz, CH3), 146.2 (d,J ) 164 Hz, Co), 140.9 (s, Ci), 140.7
(d, J ) 167 Hz, Cp), 130.8 (d, J ) 168 Hz, Cm)], and
O-protonated benzaldehyde (25) [(δ13C 204.2 (d,J ) 191 Hz,
C+), 146.7 (d,J ) 217 Hz, Co), 144.3 (d,J ) 217 Hz, Co′),
132.3 (d,J ) 167 Hz, Cp), 130.8 and 130.7 (d,J ) 167 Hz, Cm

and Cm′)]. A similar ionization of compound23 gave a 1:1
mixture of tricyclopropylmethyl cation (27) [(δ13C 270.8 (s,
C+), 30.3 (d,J ) 175 Hz, CR), 28.7 (t,J ) 171 Hz, Câ)], and
protonated dicyclopropyl ketone (28) [(δ13C 235.4 (C+), 27.4,
24.6, 22.6, 17.9)]. Compound20, on the other hand, gave a
mixture of 1,1-diphenylethyl cation (24), O-protonated benzo-
phenone, and the allyl cation30, as a minor component. The
identity of the carbomonocations and the carboxonium ions is
verified from the independently prepared samples. The allyl
cation30 was the sole product when the ionization of diol20
was carried out at-130°C using liquid nitrogen/pentane slush
bath [(δ13C 194.5 (s, C+), 129.1, 130.1, 130.7, 132.9, 134.8,
135.7, 137.1, 138.9, 140.5, 140.6, 146.2 (aromatic carbons and
C2)].

Ionization of the diol19 in FSO3H/SO2ClF at -130 °C or
its bis-O-trifluoroacetate (19-(OTFA)2 in FSO3H at-78°C gave
only the allyl cation,29 [(δ13C 198.0 (s, C1), 179.1 (d,J )
160 Hz, C3), 129.1, 129.5, 130.2, 135.0, 136.7, 138.3, 138.5,
140.1, 140.4 and 145.4 (aromatic carbons and C2)]. The NMR
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Scheme 1.Synthesis of Substituted 1,3-Diols
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absorptions of the allyl cations,29 and 30, are in agreement
with the known similar allyl cations.11 Our earlier study
involving the ionization of 1,1-dicyclopropyl-2-(2-hydroxy-2-
adamantyl)ethanol similarly gave the allyl cation, 2-adaman-
tylidene-1,1-dicyclopropylethyl cation (32).12 In the latter case,
it was possible to observe the hydroxyl-protonated dication
below -100 °C. However, the intermediate 1,3-carbodication
could not be observed. The ionization of the23-(OTFA)2, on
the other hand, did not result in the formation of either the
disproportionated cationic species, or the 1,3-carbodication.
Instead, it gave a presumably rearranged structure with complex
1H and13C NMR spectral absorptions.

Encouraged by our earlier observations that the cyclopropyl
group is a better stabilizing group than phenyl, and noting that
the participation of the spirocyclopropyl group usually results
in rearrangement,13 we have synthesized and then ionized the
nonspirocyclopropyl analogue, diol21, separately in FSO3H/
SO2ClF, SbF5-FSO3H/SO2ClF and SbF5/SO2ClF. The former
two ionizations showed13C NMR absorptions for the dispro-
portionated products 1,1-dicyclopropylethyl cation, and proton-
ated dicyclopropyl ketone, among other uncharacterized absorp-
tions. However, ionization in SbF5/SO2ClF gave the expected
1,3-carbodication, the 1,1,3,3-tetracyclopropyl-1,3-propanediyl
dication (33) [(δ13C 262.8 (s, C+), 47.1 (t,J ) 134 Hz, C2),
39.6 (d,J ) 181 Hz) and 48.7 (d,J ) 179 Hz, cyclopropyl

CH), 38.2 (t,J ) 182 Hz) and 46.6 (t,J ) 171 Hz, cyclopropyl
CH2)]. Quenching the dication with methanol/K2CO3 at -78
°C, however, did not give the expected 1,3-dimethyl ether
product. Instead a complex mixture of products was obtained.

The structure of the carbodication,33, was optimized using
density functional theory (DFT) at B3LYP/6-31G* level (C2

symmetry), and the13C NMR chemical shifts were calculated
using IGLO method. The calculated chemical shifts match
closely with those of experimental values, confirming the
assigned structure for the 1,3-carbodication,33. The allyl cations
29 and30 were also optimized at the ab initio HF/3-21G level
(C1 andC2 symmetry, respectively), and the13C NMR chemical
shifts were obtained using the IGLO method. Due to the low-
level calculations feasible for these molecules, the obtained13C
NMR chemical shifts deviate significantly from those of the
experimental values, and therefore the chemical shift values for
the aromatic carbons could not be assigned with certainty.
However, they reaffirm the experimentally obtained nonequiva-
lence of each of the aromatic carbons. Figures 1 and 2 show
the optimized structures and the IGLO chemical shift values
for carbocations29, 30, and 33, along with experimental
chemical shifts, where appropriate.

The cationic center of the carbodication33 (δ13C 262.8) is
shielded by 12 ppm as compared to that of the 1,1-dicyclopro-
pylethyl cation, showing the increased delocalization of the
charge from the cationic centers into the neighboring cyclo-
propyl groups. The enhanced charge delocalization into the
cyclopropyl groups, as compared to that of 1,1-dicyclopropyl-
ethyl cation, is also reflected in the relatively deshielded
absorptions for the cyclopropyl methine (∆δaverage) 13.8) and
methylene carbons (∆δaverage) 15.1) Despite the significant
charge delocalization, the carbodication is a classical species
as shown by the following chemical shift additivity analysis.
The sum of all the chemical shift values for the dication [(Σδ13C-
(R2+)] is 1089. Assuming a difference of 50 ppm between the
alcohol and the corresponding hydrocarbon, a total chemical
shift value of 188 ppm can be arrived at for the 1,1,3,3-
tetracyclopropylpropane [(Σδ13CR(OH)2 ) 288); (Σδ13C(RH)
) 288-100) 188)]. The total chemical shift difference between
the carbodication and the corresponding hydrocarbon is therefore
901; that is, 450 ppm per unit positive charge. In general, a
nonclassical carbocation would be expected to have a chemical
shift difference of about 250 ppm, or less.14 The difference of
the summation of the chemical shifts per unit positive charge
is much larger than would be accounted for by the nonclassical
structure, and is in fact of the same order as observed for a
classical carbocation such as the 1,1,4,4-tetracyclopropyl-1,4-
butanediyl dication (∆δ ) 893).15

Our observations further demonstrate the superiority of the
cyclopropyl group in the stabilization of the carbocationic
centers. All of our attempts of preparation of phenyl-substituted
1,3-carbodications yielded allyl cations, or the disproportionated
species. We were, however, able to prepare for the first time,

(11) Olah, G. A.; Reddy, V. P.; Rasul, G.; Prakash, G. K. S.J. Org.
Chem. 1992, 57, 1114-1118. Olah, G. A.; Spear, R. J.J. Am. Chem. Soc.
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Scheme 2. Ionization of Diols or Trifluoroacetates in
Superacids
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an acyclic 1,3-carbodication,33. The DFT/IGLO calculations
further reinforce the assignment of13C NMR chemical shifts
for the carbodication and confirm its structure.

Experimental Section

Diethyl ether, and THF were distilled from sodium-benzophenone
ketyl immediately before use. Lithium metal, cyclopropylmagnesium
bromide, dicyclopropyl ketone, benzophenone, benzaldehyde, and
phenylmagnesium bromide were purchased from Aldrich, and used as
received. Melting points were determined using a Mettler FP1 melting
point apparatus.1H and 13C NMR were recorded on a Varian Unity
300, or a Bruker-360 instrument, equipped with a variable temperature
probe, and were referenced with respect to the residual solvent
absorptions (δ1H CHCl3 ) 7.27, andδ13C CHCl3 ) 77.0). The spectra
were referenced with respect to the external capillary tetramethylsilane
for carbocations.

1,1,3-Triphenyl-1,3-propanediol (19). The compound19 was
prepared according to a literature procedure,10 mp 128°C.

1,1,3,3-Tetraphenyl-1,3-propanediol (20).Ethyl 3-hydroxy-3,3-
diphenyl-propanoate (4 g, 11.8 mmol), prepared using a general method
described earlier,10 was treated with phenylmagnesium bromide (11.8
mL of 3 M solution in diethyl ether, 35.5 mmol) in 25 mL of dry THF
at 0 °C and refluxed for 30 min. The contents were poured into 10%
aqueous NH4Cl solution and extracted with methylene chloride (3×
20 mL). The combined organic layers were dried (MgSO4), and the
solvents were removed under reduced pressure. The diol20 (2 g, 36%)
was obtained as a white crystalline material after two recrystallizations
from 60% hexane in toluene: mp 152-153 °C; 13C NMR δ13C 50.1
(t, J ) 127 Hz, CH2), 78.7 (s, C-OH), 125.8 (dt,J ) 157 Hz, 6.3 Hz,
Cm and Cm′), 126. 6 (dt,J ) 152 Hz, 6.8 Hz, Cp), 128.1 (dd,J ) 159
Hz, 7.2 Hz, Co, and Co′), 147.4 (s, Ci).

1,1,3,3-Tetracyclopropyl-1,3-propanediol (21).Ethyl 3-hydroxy-
3,3-dicyclopropylpropanoate (4.0 g, 20.2 mmol), prepared using a
general procedure described earlier,10 was treated with cyclopropyl-
magnesium bromide, obtained from the reaction of cyclopropyl bromide
(7.81 g, 64.6 mmol) and magnesium turnings (1.7 g, 70 mmol) in 20
mL of dry THF. The reaction mixture was stirred at 0°C for 5 min
and refluxed for 30 min. After extractive workup, as described above,
and removal of the solvent, diol21 (2.5 g, 52.4%) was obtained as a
white crystalline material after two recrystallizations from 1:1 hexane-
CH2Cl2: mp 97.2°C; 13C NMR δ13C 72.2 (s, C-OH), 50.9 (t,J )
13.6 Hz, C2), 20.5 (d,J ) 161 Hz), and 0.7 (t,J ) 161 Hz), cyclopropyl
CH2).

1,1,3,3-Tetracyclopropyl-2,2-ethanediyl-1,3-propanediol (23).Di-
ethyl 1,1-cyclopropanedicarboxylate (2 g, 10.7 mmol) was treated with
cyclopropyllithium, prepared from the reaction of cyclopropyl bromide
(6.49 g, 53.7 mmol) and lithium wire (1.49 g, 215 mmol), in 20 mL of
dry ether, as described earlier13 to give compound23 (1.2 g, 43%) as
a white crystalline material after two recrystallizations from 10% CH2Cl2
in hexane: mp 98°C; 13C NMR δ13C 73.2 (C-OH), 19.4 (CH), 7.5
(spirocyclopropyl CH2), 2.8 and 0.8 (cyclopropyl CH2).

Preparation of Carbocations. SO2ClF, SbF5, and FSO3H were
freshly distilled samples. Approximately 5-fold excess of the Magic
acid (1:1 SbF5 and FSO3H) or FSO3H in SO2ClF was added to a
suspension of the diols or19-OTFA (obtained from the reaction of the
diol 19 with 2 equiv of (CF3CO)2O in CH2Cl2) in 5-mm NMR tubes at
the specified temperatures (-78 °C using a dry ice-acetone bath, and
-130 °C using pentane/liquid nitrogen slush). The solution was
efficiently mixed using a Vortex stirrer and the NMR spectra were
recorded immediately.

Figure 1. HF/3-21G optimized structures, IGLO DZ//HF/3-21G13C NMR chemical shifts (in parentheses) and observed13C NMR chemical shifts
[in brackets].

Figure 2. B3LYP/6-31G* optimized structure, IGLO DZ//B3LYP/6-
31G* 13C NMR chemical shifts (in parentheses) and observed13C NMR
chemical shifts [in brackets].
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Calculational Method. Geometry optimizations were performed
using the GAUSSIAN-9816 package of programs.13C NMR chemical
shifts were calculated by IGLO method17 using IGLO program.18 The
structures29 and30 were fully optimized at the ab initio HF/3-21G
level, and the structure33was optimized at the DFT19 B3LYP/6-31G*

level. The13C NMR chemical shifts of29 and30 were calculated at
the IGLO/DZ using HF/3-21G geometries (i.e., IGLO/DZ//HF/3-21G
level) and the13C NMR chemical shifts of33 were calculated at the
IGLO/DZ using B3LYP/6-31G* geometries (i.e., IGLO/DZ//B3LYP/
6-31G*).
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