W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202400354

www.chemeurj.org

Synthesis and Structure of the Small Superelectrophile

[C,(OH),Me,)**

Alan Virmani,” Christoph Jessen,” and Andreas J. Kornath*®

The acid-activation of 1,2-dicarbonyl compounds plays a key
role in a variety of electrophilic reactions, some of which are
only accessible in superacidic media when a superelectrophilic
dication is formed. To obtain structural and electronic informa-
tion about these elusive species, the vicinal dication
[C,(OH),Me,]** is synthesized and characterized by Raman
spectroscopy and X-ray diffraction. Since this superelectrophile

Introduction

The properties of the ethylene dication, the simplest vicinal
carbon-centered superelectrophile, have been a subject of
interest for a long time, especially in terms of geometry, charge
repulsion, and the influence of substituents in the case of its
derivatives."™ Schleyer and others calculated different geo-
metries of the parent compound [C,H,]*" and found that the
perpendicular D,y structure is the most efficient way to deloc-
alize the vicinal positive charges.™ Frenking compared differ-
ent geometries of substituted ethylene dications of the formula
[CXY,1*T (X, Y=F, OH, NH, SH).”” He concluded that the
introduction of second-row substituents led to a planar
structure due to the overlap of m-orbitals and hence an
electron-donating effect on the CC(n) bond, provided the steric
repulsion of the substituents is not too strong. To generate and
stabilize superelectrophiles in the condensed phase, superacids
are one of the most efficient tools. The first stable carbon-
centered dications synthesized in the condensed phase con-
tained large aromatic substituents to distribute the positive
charges over the whole molecule.® In a recent study, we were
able to determine the crystal structure of [C,(OH);Me][SbF],-HF
by diprotonation of pyruvic acid and discussed the geometry of
the carbon scaffold."”

Shudo et al. investigated acid-catalyzed reactions of selected
1,2-dicarbonyl compounds like 2,3-butanedione with benzene,
leading to geminal diphenylated ketones. The yield was usually
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could not be stabilized in convenient superacids, the usage of
liquid SO, turned out to be crucial. The experimental data are
discussed together with quantum-chemical calculations on the
B3LYP/aug-cc-pVTZ level of theory. Natural Bond Orbital (NBO)
analyses quantify the superelectrophilic interactions found in
the solid state.

higher when the acidity of the medium was increased, which
indicated the intermediate formation of the respective doubly-
charged superelectrophile.""'? However, geminal double phe-
nylation was only achieved when the electron deficiency of the
starting material was high enough to react with benzene, which
is most likely deactivated.

With only four w-electrons in total, diprotonated 2,3-
butanedione is a small and outstanding candidate to study the
conflicting effects of steric repulsion by the methyl groups and
n-donation by the hydroxy groups, as it is one of the simplest
possible vicinal carbon-centered superelectrophiles. Therefore,
we investigated the conditions to generate and stabilize this
compound. The results are reported herein.

Results and Discussion
Syntheses and Properties

Monoprotonated 2,3-butanedione [C,(0)(OH)Me,]* was isolated
as the [AsFg]™ and [SbF]™ salts by applying the superacidic
systems HF/AsF; and HF/SbF; with one equivalent of the
respective Lewis acid in anhydrous hydrogen fluoride (aHF) at
—50°C. The general equation is given below (Equation 1).

+

(0] OH
)J\H/ + HF/MFg HF )j\ﬂ/ + [MFgI
-50°C
0 0 m
M = As, Sb

The isolation of the diprotonated species with a twofold
amount of the mentioned Lewis acids did not succeed in aHF
solution. When 2,3-butanedione is dissolved in aHF with two
equivalents of SbF; at —70°C, a variety of side products is
detected. The 'F NMR spectrum (Figure S3, Supporting Infor-
mation) shows a quartet at —83.8 ppm, indicating the addition
of fluorine to at least one of the central carbon atoms, despite
the presence of excess Lewis acid. Another side product found
in the same sample is [H;CCOl*, as evidenced in the Raman
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(Figure S1) and the "*C NMR spectrum at —70°C (Figure S4). The
shifts occur at 146.9 ppm and 6.0 ppm as well as a Raman
frequency at 2308 cm'."*""*) When the solution is warmed up
to room temperature, a singlet occurs at 182.0 ppm in the *C
NMR spectrum (Figure S5) and is assigned to carbon
monoxide,"®'” indicating an HF-induced disproportionation of
2,3-butanedione.

In the course of our studies, we tried the diprotonation of
2,3-butanedione using the superacidic system HF/AsF; in aHF,
but no quantitative diprotonation was observed. Instead, a
ketal-like condensation product of the formula [CgH,5F,05][AsF]
crystallized from aHF within ten minutes at —45°C. An
attempted explanation, visualized in Scheme 1, is the AsFs-
induced addition of hydrogen fluoride to protonated 2,3-
butanedione, increasing the nucleophilicity of the hydroxy
group and allowing it to quickly react with another cation. The
adduct formed then reacts further in a similar fashion. In the
end, H;0" is eliminated while formally adding another fluoride
ion. The product was analyzed via single-crystal X-ray diffraction
and is characterized in the Supporting Information.

To generate [C,(OH),Me,]*", 2,3-butanedione was dissolved
with two equivalents of both HF and SbF; in SO, at —55°C. The
reaction is given in Equation 2. Employing SO, instead of aHF as
a solvent turned out necessary to prevent the superelectrophile
from reacting further. By changing the solvent, the protonating
species is not H,F* anymore, as it is in HF/SbFs. The acidity of a
superacidic system is limited to the acidity of the protonated
solvent, which is in this case SO,H™. It was found that the
removal of the solvent after mixing equimolar amounts of HF
and SbF; in SO, is crucial to prevent the precipitation of
[FSO,HIISb,Fs, i1 (x=1, 2),'® which drastically reduces the
acidity of the system. For more details, see the Supporting
Information.

0o o OH
+ 2HF/SbFy —2=2 » )J\”/ + 2 [SbFg]”
)Y -55°C [SoFel” ()
o) +OH

Raman Spectroscopy

Low-temperature Raman spectra of [C,(OH),Me,][SbF],-2 SO,
and [C,(O)(OH)Me,][AsF] are displayed in Figure 1. Selected

ﬁt\ﬁ - HyO*
F

OH* OH,"

Scheme 1. Proposed mechanism of the formation of the ketal-like product
from 2,3-butanedione with a twofold amount of AsF; in aHF.
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Figure 1. Stacked Raman spectra of 2,3-butanedione (bottom, black),
[C,(0)(OH)Me,][AsF¢] (middle, red), and [C,(OH),Me,][SbF],-2 SO, (top, blue).

experimental and quantum-chemically calculated frequencies
(B3LYP/aug-cc-pVTZ) of the dication are listed in Table 1. For a
full assignment, see Table S3 in the Supporting Information. The
cation [C,(0)(OH)Me,] ™ exhibits C, symmetry and has 21 A’ and
12 A” fundamental vibrations according to quantum-chemical
calculations, and is discussed in the Supporting Information.

The quantum-chemical optimization of the naked dication
[C,(OH),Me,]** reveals C, symmetry with a tilt of 37.48° around
the central C—C bond. In the X-ray structure analysis discussed
later, a planar G,, geometry is observed. Another structure
optimization including four HF molecules added to the dication
to simulate donor-acceptor interactions revealed C,, symmetry
(see Theoretical Study below). Subsequently, the frequency
analysis was performed. For C,, 36 fundamental vibrations
Tyip=12A,+7 A,+6B;+11B,) of the dication are expected,
of which all vibrations of the races A, and B, are Raman active,
but IR inactive due to the rule of mutual exclusion."™

Compared to the starting material?**" the symmetric CO
stretching vibration is red-shifted from 1719 cm™ to 1667 cm™'
as a result of the protonation, caused by the significant
importance of the hydroxycarbenium resonance structure.'*?
Furthermore, the stretching vibration of the central CC bond is
red-shifted from 1288 cm™ to 1216 cm™" On the other hand,

Table 1. Selected experimental and calculated vibrational frequencies of
[C,(OH),Me,]* .

[C,(OH),Me,][SbF], [C,(OH),Me,]** -4 HF Assignment

exp. Ra" calc.” (IR/Ra)

1667 (31) 1682 (0/19) Ay v,(CO)
1216 (2) 1232 (0/4) Ay v(CQ)
726 (12) 718 (0/10) A, (GXale)

[a] Calculated at the B3LYP/aug-cc-pVTZ level of theory. [b] Experimental
Raman intensities are scaled to the most intensive line to be 100.
[c] Abbreviations: v=stretch, s = symmetric.
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v4((H;O)C) occurs at 726 cm™' and thus is blue-shifted with
respect to the parent compound 2,3-butanedione (693 cm™).

For the anion [SbF¢]~, more frequencies than expected are
detected (Table S3). This results from a distorted O,, symmetry,
as confirmed by the crystal structure analysis. The most
intensive line at 1146 cm™' is attributed to v(SO,) of SO, which
co-crystallized in the solid state.”

Crystal Structure of [C,(OH),Me,][SbF¢],-2 SO,

Single crystals of [C,(OH),Me,][SbF],-2 SO, were obtained by
recrystallizing the colorless substance from a mixture of equal
amounts of SO, and SO,CIF at —70°C. [C,(OH),Me,][SbF],-2 SO,
crystallizes in the monoclinic space group P2,/c with four
formula units per unit cell. The cation with short contacts is
displayed in Figure 2, Table 2 contains selected structural
details. The formula unit is given in Figure S1, and X-ray data
and parameters are shown in TableS2 (see Supporting
Information).

The C1-C2 bond with a distance of 1.443(4) A shortens
significantly compared to the starting material (1.476(6) A).?"
The shortening of the C1—C2 bond of this dication is more
pronounced than in other protonated ketones,"**? and even
more comparable with fluorine-substituted carbenium ions.”
Comparing the C1—C1/ bond of [C,(OH),Me,]>* (1.549(4) A) with

F2ii

Figure 2. The dication of [C,(OH),Me,][SbF],-2 SO, with its short interionic
contacts, which are visualized as dashed lines (50% probability displacement
ellipsoids). Symmetry operations: i=-x, -y, -z; ii=-x, 0.5+, 1.5-z; iii=Xx,
1.5-y,-05+z

Table 2. Selected bond distances, intermolecular interactions [A], bond

angles, and dihedral angles [°] of [C,(OH),Me,][SbF¢],-2 SO,. Symmetry

operations: i=-x, 2-y, 1-z; ii=-x, 0.5+, 1.5-z; iii=x, 1.5-y, -0.5+Zz.

Bond lengths [A] Intermolecular interactions D(—H)--A [A]

a1-Ci 1.549(4) C1--F2ii 2.520(3)

-2 1.443(4) C1--F2iii 2.625(4)

C1-01 1.250(4) O1(—H1)-F3 2.476(3)

Bond angles [deg] Dihedral angles [deg]

C2-C1-Cli 121.3(2) 01-C1-C1i-01i —180.0(3)

2-C1-01 126.9(3) C2-C1-C1i—C2i 180.0(3)

01-C1-C1i 111.7(2) C2-C1-C1i—01i —2.1(4)
O01-C1-C1i—C2i 2.1(4)
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that in parent 2,3-butanedione (1.540(6) A),?* surprisingly no
significant difference can be noted. The distances are compara-
ble to other non-conjugated C(sp?)—C(sp? bonds like oxalic acid
and oxamide.”®” The C1-01 distance extends from
1.209(6) A®¥ to 1.250(4) A as a result of charge delocalization
and is shorter than other protonated ketones.”?

Regarding the bond angles of the cation, several significant
changes relative to 2,3-butanedione are observed. The
C2—C1-01 angle widens slightly from 124.5(3)° to 126.9(2)° as a
direct result of the protonation, enhancing the repulsion
between oxygen and the methyl group.*” Consequently, the
angle O1-C1-C1i is decreased from 118.8(2)° to 111.7(2)°,
whereas the C2—C1-C1i angle expands from 116.7(2)° to
121.3(2)°. These angles amount to approximately 360°, under-
lining the sp® hybridization of the central carbon atoms. The
dihedral angles of 2.1(4)° and —2.1(4)° are close to a planar G,
structure of the carboxo skeleton.

In the crystal packing, the [C,(OH),Me,]*" cation is
surrounded by four anions, two of which form strong hydrogen
bonds O1--F3 and O1i~F3i (Figure2) with a distance of
2.476(3) A. The other two anions are connected directly to the
central carbon atoms, amounting to four C--F contacts in total.
These interactions span a rhomboid with intermolecular
distances of 2.520(3) A (C1--F2ii and C1i--F2iii) and 2.625(4) A
(C1i--F2ii and C1--F2iii), which are approximately 21% and 17 %
less than the sum of the van-der-Waals radii (3.17 A),
respectively.”®

The Sb—F bonds of the anion with distances between
1.857(3) A and 1.928(2) A are in good agreement with previ-
ously observed values.”3? The Sb1-F2 and Sb1-F3 bonds,
which are involved in donor-acceptor interactions, are signifi-
cantly longer than the other Sb—F bonds, resulting in a
distortion of the ideal O, symmetry. Co-crystallized SO, displays
S—0 bond lengths (both 1.425(3) A) which are comparable to
previously reported distances in literature.””

Theoretical Study

Structure optimizations and vibrational frequencies were calcu-
lated by applying the DFT method B3LYP and the basis sets
aug-cc-pVTZ and aug-cc-pVQZ, respectively. As mentioned
earlier, the quantum-chemically calculated gas-phase structure
of the naked dication [C,(OH),Me,]** (B3LYP/aug-cc-pVQZ) has
C, symmetry following from a tilt of 37.48° around the central
C—C bond. However, as shown by the Raman spectroscopic and
X-ray structure analyses, the cation exhibits C,, symmetry. To
evaluate the difference between these conformers, we first
calculated the rotational scan around the central C—C bond of
the naked cation on the B3LYP/aug-cc-pVTZ level of theory. The
structure was optimized after every rotation of 1°, starting from
a dihedral angle (C1-C2—C3-02 and O1-C2—C3—-C4, respec-
tively) of 0°. The energy scan is displayed in Figure S15. The
lowest energies were calculated for a dihedral angle of 36° and
—36° (C, symmetry). After a rotation of 180°, the dication has C,
symmetry (syn position of the OH groups), representing the
energy maximum with an energy difference of +12.17 kJ-mol™'
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compared to the G, symmetric structure. The experimentally
observed G, structure is represented at a local maximum at 0°
with a small energy difference of +0.79 kJ-mol™".

The question arises as to why in the solid-state G,
symmetry is formed, whereas the calculated optimization of the
bare cation has a torsion angle of 37.48°. Either the cation is
constrained into the C,, symmetry by the crystal packing or
intermolecular interactions have a stabilizing effect on the
planar structure. Hence, for a more representative investigation,
four HF molecules were added to the gas-phase structure of the
dication to simulate donor-acceptor interactions, similar to the
insights from the X-ray structure analysis. The complex was
optimized at the B3LYP/aug-cc-pVTZ level of theory, revealing
Gy, symmetry. This indicates a higher electronic occupancy of
the p(n) orbitals of the central carbon atoms than without
intermolecular contacts. To evaluate the individual interactions
separately, we additionally calculated the optimized gas-phase
structures of the cation with the two differently bonded HF
molecules, hydrogen bridges and C-F interactions. The calcu-
lated structures are displayed in Figure 3.

The optimization of [C,(OH),Me,]*" with two hydrogen-
bonded HF molecules exhibits dihedral angles of 35.60°. Hydro-
gen bridges were expected to reduce the oxonium character of
the protonated keto groups, facilitating mn-donation of the
hydroxy groups. Yet, in our case, it only makes a difference of
less than 2°. The optimization of the dication with two
perpendicular HF molecules however exhibits a C1-C2—C3-02
angle of 0.08° and an O1-C2—C3—C4 angle of —0.04°, thus very
close to a planar structure. In conclusion, the energy gain by
the electron donation into the central CC(n) bond solely by the
C--F interactions is high enough to defy the sterical strain of the
substituents.

To quantify this effect, we performed Natural Bond Orbital
(NBO) calculations of the optimized structure of [C,(OH),Me,]**
with two perpendicular HF molecules at the MP2/aug-cc-pVTZ
level of theory. The LUMO is represented by the two anti-
bonding w*(C—0O) orbitals and the bonding n(C—C) orbital,

c, | Ca

02 2y @
HZ C1 1 JFZ 2
G1 ” 9 4
>
H3 e ?7 c3 Fd
d |99 H?_‘"y
‘/HS o1 Cd
Fielf HS
o1 -— 3
9 vz e,
iy @ 9 c J 22
C1 HA F2 H3 >
{) c3 sk
- s c S 2
9 Ha
J 9 o1 ”"ﬂ:: o1 i cs
9 ol qu JHS

Figure 3. Optimized gas-phase structures of [C,(OH),Me,** -n HF (n=0, 2, 4).
The left column shows calculated optimizations that reveal C, symmetry, and
G, on the right. Calculated on the B3LYP/aug-cc-pVTZ level of theory.
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respectively (Figure 4). The occupation of both these orbitals
(m*(C2—01) and ©*(C3—02)) is 0.121 electrons.

The second-order perturbation theory analysis shows intra-
molecular donor-acceptor interactions into the n*(C—O) orbitals
that are identified as m-donation and c-conjugation (Table 3
and Table S13). Interestingly, we find additional intermolecular
interactions of the n(C—C) orbital with one lone pair of each of
the coordinating fluorine atoms, displayed in Figure 4. For the
F1 atom, stabilization energies of 16.7 (n*(C2—01)) and
17.2kJ-mol™" (n¥(C3—02)) are calculated. For F2, the energies
amount to 17.2 (x*(C2-01)) and 16.7 kJ-mol™" (x*(C3—02)). The
energy of this donor-acceptor interaction into the CC(n) bond
sums up to 67.8 kJ-mol~". It is thus nearly twice as big as the
contribution of n-donation (36.8 kJ-mol™"), which was identified
as the main source of stabilizing energy in previous theoretical
investigations of the geometry of small carbon-centered
superelectrophiles.”

To fathom the extreme electrophilicity of the dication,
Molecular Electrostatic Potentials (MEP) are calculated at the
MP2/aug-cc-pVTZ level of theory for the naked diprotonated
species [C,(OH),Me,]**, constrained into a planar G,, structure,
and for the starting material for comparison. The MEPs are
illustrated in Figure 5.

As 2,3-butanedione is already an electrophile, the highest
positive electrostatic potential is located on the central C—C
bond, while the methyl groups have a slightly less positive
potential. The n-hole in the middle of the C—C bond has a
calculated positive electrostatic potential of 108.4 kJ-mol ™.
After diprotonation, the highest electrostatic potential is
completely focused on the central carbon atoms, where it is

Figure 4. Intermolecular donor-acceptor interactions of two perpendicular
HF molecules into the n(C—C) orbital. Hydrogen atoms of the HF ligands are
omitted for clarity.

Table 3. Selected energies of donor-acceptor interactions from the
second-order perturbation theory analysis of [C,(OH),Me,]*" -2 HF. Calcu-
lated at the MP2/aug-cc-pVTZ level of theory.
Donor Acceptor Stabilizing Assignment
NBO NBO energy

[kJ-mol™]
n(C2—-01) n*(C3-02) 18.4 n-donation
n(C3—-02) n*(C2-01) 184 n-donation
n(F1) w*(C2-01) 16.7 Donor-acceptor interaction
n(F1) n*(C3-02) 17.2 Donor-acceptor interaction
n(F2) n*(C2—-01) 17.2 Donor-acceptor interaction
n(F2) w*(C3-02) 16.7 Donor-acceptor interaction
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0.0413 a.u.
108.4 kJ-mol™

i —0.0460 a.u.

I 0.4130 a.u.

1082.4 kJ-mol™

I 0.2750 a.u.

Figure 5. Molecular 0.0004 bohr 3D isosurfaces with mapped electrostatic
potential as a color scale from —0.0460 a.u. (red) to 0.0413 a.u. (blue) for 2,3-
butanedione (top) and from 0.2750 a.u. (red) to 0.4130 a.u. (blue) for the
diprotonated species (bottom).

even higher than at the protons added to the system. This -
hole directly above the C—C bond has an electrostatic potential
of 1082.4 kJ-mol~". As shown in the X-ray structure analysis, the
C—C bond of [C,(OH),Me,]** remains unchanged compared to
the starting material, despite an approximately tenfold increase
in the m-hole. Considering this, the intermolecular C--F
interactions seem to play a crucial role in the stabilization of the
superelectrophile.

Conclusions

The synthesis of the simple superelectrophile [C,(OH),Me,]*" in
condensed phase by diprotonation of 2,3-butanedione is
presented. The compound undergoes side reactions in anhy-
drous hydrogen fluoride and thus cannot be stabilized in
convenient superacids, the usage of SO, as a solvent turned out
crucial. The isolated product is analyzed by Raman spectroscopy
and single-crystal X-ray diffraction. The central C—C bond length
of the superelectrophile cannot be distinguished from the
starting material and is stabilized by intermolecular C--F
interactions. MEP calculations quantify the extreme electro-
philicity, and NBO analyses show that this hyperconjugation
found in the solid state has a significant influence on the
geometry of the dication, which is to the best of our knowledge
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the smallest vicinal, carbon-centered superelectrophile analyzed
to date in the solid state.

Experimental Section

Caution! Avoid contact with any of these materials. Hydrogen
fluoride will be formed by the hydrolysis of these compounds. HF
burns the skin and causes irreparable damage. Safety precautions
should be taken when using and handling these materials.

Apparatus and materials. All reactions were carried out at standard
Schlenk conditions by using FEP/PFA reactors closed with a
stainless-steel valve and a stainless-steel vacuum line. All vessels
have been dried with fluorine prior to use. Raman spectroscopic
analyses were rendered at —196°C with a Bruker MultiRAM FT-
Raman spectrometer with an Nd:YAG laser excitation up to
1000 mW (L=1064 nm) in a usable range between 50 cm™' and
4000 cm™". Single-crystal X-ray structure investigations were carried
out with an Oxford Xcalibur3 diffractometer equipped with a
Spellman generator (50 kV, 40 mA) and a KappaCCD detector. The
measurements were performed with Mo-K, radiation (A=
0.71073 A). For data collection, the software CrysAlis CCD,** for
data reduction the software CrysAlis RED®” was used. The solution
and refinement were performed with the programs SHELXT®® and
SHELXL-97%” implemented in the WinGX software package® and
checked with the software PLATON.® The absorption correction
was achieved with the SCALE3 ABSPACK multi-scan method."”
Quantum-chemical calculations were performed with the Gaussian
09“" and the Gaussian 16“? program package. Calculations were
carried out employing the B3LYP functional and the basis sets aug-
cc-pVTZ and aug-cc-pVQZ. NBO calculations were performed on the
MP2/aug-cc-pVTZ level of theory. For visualization of the structures
and vibrational modes, the program GaussView 6.0 was
employed. NMR spectra were recorded either on a Jeol ECX400
NMR or a Bruker AV400 NMR instrument. The spectrometers were
externally referenced to CFCl; for '°F and to tetramethylsilane for 'H
and "*C NMR spectra. The spectra were recorded inside 4 mm FEP
NMR tube inliners. Acetone-d6 was employed for external shim-
ming when aHF was used as a solvent for the respective
compounds. 2,3-Butanedione (Aldrich) was used as purchased,
antimony pentafluoride (VWR) was distilled three times prior to use.
Arsenic pentafluoride was synthesized from the elements and
purified by fractionated distillation.

Deposition Numbers 2123235 (for [C,(OH),Me,][SbF¢]-2 SO,) and
2123236 (for [CgH,5F,0;][AsF,]) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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The synthesis of the small superelec-
trophile [C,(OH),Me,]** turned out to
be a challenging task since stabilizing
it in convenient superacids was not
possible. Quantum chemical calcula-
tions predict a reduced G, symmetry,
yet experimental data confirms C,,
symmetry in the solid state. The origin
of this finding is fathomed based on
X-ray structure analysis together with
quantum chemical calculations.
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