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HF-addition to haloacetyl fluorides in superacidic
media†

Sebastian Steiner, * Zurwa M. Shafiq, Alexander Nitzer, Dirk Hollenwäger and
Andreas J. Kornath‡

The reactions of difluoroacetyl fluoride and trifluoroacetyl fluoride were investigated in the binary

superacid HF/SbF5 by low-temperature NMR spectroscopy. Whereas both haloacetyl fluorides form

oxonium species after the addition of HF, the protonated acyl fluorides were not observed. Protonated

1,1,2,2-tetrafluoroethanol was isolated as a solid and represents an example of a protonated a-

fluoroalcohol. The salt was characterized by low-temperature vibrational spectroscopy and single-crystal

X-ray diffraction. [CHF2CF2OH2][SbF6] crystallizes in the triclinic space group P%1 with two formula units

per unit cell. Protonated perfluoroethanol is only stable in solution. The reactivity of both haloacyl

fluorides is discussed based on quantum chemical calculations at the MP2/aug-cc-pVTZ-level of theory.

Introduction

Perfluorinated alcohols are of special interest in chemical synth-
eses. Due to their low nucleophilicity and high hydrogen bond
donor strength, they are used as versatile applicable solvents and as
precursors for the syntheses of weakly coordinating anions
(WCAs).1–6 As primary and secondary perfluoroalcohols are ther-
mally unstable due to facile HF-elimination, only a limited number
of isolated compounds are reported in the literature.7,8 The sim-
plest representative of this compound class, trifluoromethanol, was
synthesized first by Seppelt from trifluoromethyl hypochlorite and
hydrogen chloride at �110 1C.9 CF3OH is thermally unstable and
decomposes rapidly to COF2 and HF.10 On a laboratory scale,
perfluoroalcohols are synthesized by reacting either perfluorinated
ketones or acyl fluorides in aHF.7 By this method, heptafluorocy-
clobutanol was prepared by Baxter, and the first crystal structure
of an a-fluoroalcohol was elucidated by single-crystal X-ray
diffraction.11,12 In addition, perfluorinated methanol, ethanol,
and n-propanol were synthesized from the respective acyl fluorides,
and the temperature dependency of the HF-addition to these
compounds was investigated by NMR spectroscopy.13 Thus, the
respective acyl fluoride is the predominant species at room tem-
perature, but the addition of strong Lewis acids to HF enables the
shift of the equilibrium to the side of the perfluorinated alcohols
and the stabilization of these compounds as oxonium salts.13

In previous studies of our group, the properties of acetyl
fluoride and haloacetyl fluorides were investigated in the binary
superacidic systems HF/AsF5 and HF/SbF5. While acetyl fluoride
reacts under the formation of stable acetylium salts, the sub-
stitution of the CH3 moiety for electron-withdrawing groups
leads to the formation of protonated acyl fluorides, as in the
case of chloroacetyl fluoride and fluoroacetyl fluoride.14 When
even more electron-withdrawing groups such as the CCl2H
moiety were introduced, dichloroacetyl fluoride showed a differ-
ent reactivity. Thus, oxonium salts were formed when the Lewis
acid SbF5 was applied in excess. Thereby, the COF moiety is
protonated and then HF is added due to an increased electro-
philicity of the carbonyl carbon.15 Nevertheless, the intermediate
protonated dichloroacetyl fluoride was isolated as a solid and
characterized by single-crystal X-ray diffraction.15 This prompted
us to perform investigations on the properties of further haloa-
cetyl fluorides with even more electron-withdrawing groups in
superacidic media. It was the aim to investigate their reactivity
regarding the addition of HF to their carbonyl bonds and to find
out if there is a limit to isolating even more electron-deficient
protonated haloacetyl fluorides. We herein report the reactions
of difluoroacetyl fluoride and trifluoroacetyl fluoride in the
binary superacidic systems HF/SbF5 and DF/SbF5.

Results and discussion
Syntheses and properties

Difluoroacetyl fluoride (F2AcF) was reacted at �60 1C in the
binary superacidic system HF/SbF5. To trace the reactivity of the
haloacetyl fluoride in superacidic media, NMR spectroscopy
was performed at �60 1C, whereas one equivalent of the Lewis
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acid was applied. Accordingly, the measured 1H, 19F, and 13C
NMR spectra indicate the presence of [CHF2CF2OH2][SbF6] (1) in
the solution, as presented in eqn (1). The oxonium species 1 is
formed after the addition of HF to the carbonyl bond of F2AcF.

(1)

The measured NMR spectra also display an equilibrium in the
solution between F2AcF and 1, with the oxonium species being
predominant at �60 1C. Protonated F2AcF is not observed under
these conditions. To isolate 1 in the solid-state phase, all volatile
components were subsequently removed in a dynamic vacuum
at �78 1C, and [CHF2CF2OH2][SbF6] (1) was obtained as a color-
less solid. To obtain salts of the analog D-isotopomeric species,
F2AcF was reacted at�60 1C in the binary superacidic system DF/
SbF5. As presented in eqn (2), [CHF2CF2OD2][SbF6] (2) was
obtained as a colorless solid after the removal of all volatile
components at �78 1C.

(2)

1 and 2 are salts of protonated 1,1,2,2-tetrafluoroethanol and
show thermal decomposition at �55 1C.

To investigate the reactivity of trifluoroacetyl fluoride (F3AcF)
in HF/SbF5, NMR spectroscopy was performed at �70 1C with
one equivalent of SbF5 being applied. Analog to the observed
reactivity of F2AcF in superacidic media, the measured NMR
spectra indicate the presence of [CF3CF2OH2][SbF6] (3) in the
solution (see eqn (3)), but also the formation of an equilibrium
between F3AcF and the oxonium species 3. As previously
reported by Christe,13 the equilibrium is strongly shifted to the
side of 3. Here, as in the case of F2AcF, protonated F3AcF is also
not observed under these conditions.

(3)

Subsequently, all volatile components were removed in a
dynamic vacuum at �78 1C. However, the isolation of 3 as a
solid was not possible and only HF/SbF5 remained in the reactor.
We assume that this is due to the selected temperature of
�78 1C, at which the volatile components are removed in the
dynamic vacuum. Since �78 1C is the lowest temperature
feasible for removing HF due to its melting point, the isolation
of 3 from HF/SbF5 at lower temperatures is not possible. As HF
and F3AcF, which are both present in the equilibrium in the
solution, are in a liquid and gaseous state, respectively, at
�78 1C, they are removed from the equilibrium in the dynamic
vacuum. The equilibrium is then consequently shifted to the
reactant side according to Le Chatelier’s principle, which pre-
vents the isolation of 3 as a solid.

NMR spectroscopy

To trace the reactivity of difluoroacetyl fluoride and trifluoroa-
cetyl fluoride in aHF and the binary superacidic system HF/
SbF5, 1H, 19F, and 13C NMR spectra were measured at �60 1C
and �70 1C, respectively, with acetone-d6 as an external stan-
dard. In Table 1, the observed NMR shifts of both starting
materials, 1, and 3 are summarized. The measured NMR
spectra and the complete NMR data of F2AcF, F3AcF, 1, and 3
are listed in the ESI† (Fig. S5–S14).

The 1H, 19F, and 13C NMR spectra of F2AcF dissolved in aHF
display an equilibrium in the solution between the acyl fluoride
and the corresponding a-fluoroalcohol that is formed after
HF-addition. As depicted in Scheme 1, the acyl fluoride is the
predominant species under these conditions as the equilibrium
is strongly shifted to the side of F2AcF (see Fig. S5 and S6, ESI†).

By first dissolving equimolar amounts of SbF5 compared to
F2AcF in HF and then adding the acyl fluoride, 1 is formed. The
1H NMR spectrum shows a triplet at 5.60 ppm, which is
assigned to the CHF2 moiety, and a singlet at 9.81 ppm for
the OH2

+ group. The 19F NMR spectrum displays a singlet at
�90.62 ppm and a doublet at �141.33 ppm for the CF2OH2 and
CHF2 moieties, respectively. The NMR resonance of the CF2OH2

moiety is consistent with values reported in the literature.13,15

In the 13C NMR spectrum two triplets of triplets are observed at
115.6 ppm and 105.8 ppm for the CF2OH2 and CHF2 moieties,
respectively. Further, in the 19F NMR spectrum, the resonance
at �129.19 ppm is assigned to the anion [SbF6]�.16

The 1H, 19F, and 13C NMR spectra of F2AcF dissolved in HF/
SbF5 also show an equilibrium between the oxonium species 1
and F2AcF in the solution (see Fig. S7–S9, ESI†). According to

Table 1 Selected 1H, 19F, and 13C NMR chemical shifts [ppm] of F2AcF, F3AcF, 1, and 313

F2AcFa 1b F3AcFa 3b 13

d 1H obs [ppm] 5.72 (td) (CHF2) 9.81 (s) (CF2OH2) — 9.82 (s) (CF2OH2)
5.60 (t) (CHF2)

d 19F obs [ppm] 17.74 (t) (COF) �90.62 (s) (CF2OH2) 11.07 (q) (COF) �88.53 (s) (CF2OH2)
�132.65 (dd) (CHF2) �141.33 (d) (CHF2) �78.86 (d) (CF3) �90.97 (s) (CF3)

d 13C obs [ppm] 155.1 (dt) (COF) 115.6 (tt) (CF2OH2) 147.0 (dq) (COF) 115.9 (qt) (CF3)
104.7 (td) (CHF2) 105.8 (tt) (CHF2) 112.6 (qd) (CF3) 113.3 (tq) (CF2OH2)

a aHF as solvent. b In HF/SbF5.
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Scheme 2, the equilibrium is strongly shifted to the side of the
protonated a-fluoroalcohol 1.

Interestingly, protonated F2AcF is not observed under these
conditions. This contrasts with the observed reactivity of dichlor-
oacetyl fluoride (Cl2AcF) in the binary superacidic system HF/
SbF5. Here, an equilibrium between the analog oxonium species
[CCl2HCF2OH2][SbF6] and protonated Cl2AcF was observed in
the superacidic solution at �60 1C.15 This is discussed in the
theoretical section below.

In the case of F3AcF, similar results to those of F2AcF were
found. The observed NMR resonances are in accordance with
values previously reported by Christe.13 The measured NMR
spectra and the complete NMR data of F3AcF dissolved in aHF
and HF/SbF5 are listed in the ESI† (see Fig. S10–S14).

Vibrational Spectra of [CHF2CF2OH2][SbF6] (1) and
[CHF2CF2OD2][SbF6] (2)

The low-temperature Raman (Ra) and Infrared (IR) spectra of
[CHF2CF2OX2][SbF6] (1, 2) (X = H, D) and F2AcF are illustrated in
Fig. 1. In Table 2, selected observed Raman and IR frequencies
of 1 and 2 are listed together with quantum chemically calcu-
lated frequencies of the HF-complexed cation [CHF2CF2OH2]+�
2HF, which is discussed later. The complete vibrational fre-
quencies of 1 and 2 as well as difluoroacetyl fluoride are
provided in the ESI† (Fig. S1 and Tables S1–S3).

For the [CHF2CF2OH2]+ cation with C1 symmetry 24 funda-
mental vibrational modes are expected, all of which are Raman
and IR active. The n(O–H) is superposed by condensed water in
the IR spectra due to the measuring method. Further, the O–H
stretching vibration shows low intensity in the Raman spectra due
to the poor polarizability of the O–H group, which does not apply
to the O–D group.17 The O–D stretching vibrations of the D-
isotopomeric species 2 are observed at 2403 cm�1 and 2286 cm�1

in the Raman spectra and at 2403 cm�1 and 2330 cm�1 in the IR
spectra. The O–D stretching vibrations are in good agreement
with values reported in the literature.14,15 The C–F stretching
vibrations of the CF2 moiety appear significantly blue-shifted
by up to 110 cm�1 in comparison to the neutral compound at
1362 cm�1, 1251 cm�1 (1), 1359 cm�1, and 1251 cm�1 (2) (Ra) as

well as 1364 cm�1, 1256 cm�1 (1), 1358 cm�1, and 1256 cm�1 (2)
(IR).18 They are in good agreement with the values reported for
[CCl2HCF2OH2][SbF6].15 Further, the formation of the oxonium
species is indicated by the C–O stretching vibration at 836 cm�1

and 816 cm�1 (2) in the Raman spectra and at 835 cm�1 (1) and
814 cm�1 (2) in the IR spectra. The n(C–O) is in accordance with
values reported for protonated alcohols in the literature19,20 but
significantly red-shifted by approximately 200 cm�1 compared to
the ns(C–O) of the analog oxonium salt [CCl2HCF2OH2][SbF6].15

The n(C–C) of 2 is observed at 758 cm�1 (Ra) and 756 cm�1 (IR)
red-shifted by nearly 100 cm�1 compared to F2AcF.18

For the anion [SbF6]� with ideal octahedral symmetry more
vibrations are observed than expected due to interionic inter-
actions leading to a symmetry distortion.17

Crystal structure of [CHF2CF2OH2][SbF6] (1)

[CHF2CF2OH2][SbF6] (1) crystallizes in the triclinic space group
P%1 with two formula units per unit cell. The molecular unit of 1
is illustrated in Fig. 2. Crystal data and structure refinement are
provided in the ESI† (Table S4). Selected geometric data are
listed in Table 3.

The bond length C1–O1 (1.424(4) Å) is significantly elongated
compared to difluoroacetyl fluoride (1.180(5) Å)18,21 and is in the
range of a formal C–O single bond (1.432 Å).22 The C1–O1 bond
length is consistent with the corresponding C–O bond length
reported for [CCl2HCF2OH2][SbF6] (1.418(3) Å)15 but significantly
shorter than values of oxonium species or protonated alcohols
reported in the literature.19,23,24 The bond lengths C1–F1
(1.318(4) Å) and C1–F2 (1.325(4) Å) are slightly shortened com-
pared to the starting material (1.342(7) Å)18,21 and are in accor-
dance with the C–F bond lengths of [CCl2HCF2OH2][SbF6]
(1.325(2) Å).15 Further, the bond C1–C2 (1.524(5) Å) remains
unchanged compared to F2AcF (1.514(7) Å).18,21

The Sb–F bond lengths of [SbF6]� are in the range between
1.853(2) Å and 1.925(2) Å and correspond with values reported

Scheme 1 Equilibrium of F2AcF dissolved in aHF at �60 1C.

Scheme 2 Equilibrium of F2AcF dissolved in HF/SbF5 at �60 1C.

Fig. 1 Low-temperature Raman and IR spectra of [CHF2CF2OX2][SbF6] (1, 2)
(X = H, D) and vibrational spectra of CHF2COF.

NJC Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 9

/4
/2

02
4 

6:
49

:0
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nj02884h


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024 New J. Chem., 2024, 48, 13846–13853 |  13849

in the literature.25–27 Due to solid-state effects, the anion dis-
plays distorted octahedral symmetry. The bonds Sb1–F5 and
Sb1–F6 are significantly longer than the other Sb–F bonds
because they are involved in hydrogen bonding.

In the crystal structure of 1 the ions are arranged into chains
along the a-axis by the strong hydrogen bonds O1(–H1)� � �F6i

(2.471(3) Å) and O1(–H2)� � �F5 (2.452(3) Å) (see Fig. 3 and
Fig. S2, ESI†).28 The ions also form chains along the c-axis by
the weak hydrogen bond C2(–H3)� � �F7ii (3.129(4) Å) and the
O� � �F interaction O1� � �F9iv (2.689(3) Å) (see Fig. 3 and Fig. S3,
ESI†). Further, dimers of cation–anion pairs are formed by the
intermolecular F� � �F contacts F5� � �F3v (2.888(3) Å) and F5� � �F9iv
(2.890(2) Å) as well as the weak hydrogen bond C2(–H3)� � �F10iv
(3.166(4) Å) (see Fig. S4, ESI†). All interatomic O� � �F and F� � �F
contacts are below the sum of their van der Waals radii (2.99 Å,
and 2.94 Å).29 Interatomic distances are listed in Table 3.

Theoretical calculations

Quantum chemical calculations were performed at the oB97XD/
aug-cc-pVTZ-level of theory.30 F2AcF, F3AcF, and [CHF2CF2OH2]+�
2HF were calculated in the gas phase for a better assignment of
the vibrational modes and to compare the theoretical and
experimentally determined geometric parameters. Solid-state
effects and intermolecular interactions were simulated by add-
ing additional HF molecules to the cation in the gas phase.31 In
the ESI† (Fig. S15), [CHF2CF2OH2]+�2HF is illustrated with
selected bond lengths and angles in comparison to the crystal
structure. The calculated values of the HF-complexed cation are
in good agreement with the experimentally obtained data.

As observed in the experimental section, the NMR spectra of
F2AcF and F3AcF dissolved in HF/SbF5 both show equilibria
between the oxonium species 1 and 3, respectively, and their

Table 2 Selected experimental vibrational frequencies [cm�1] of [CHF2CF2OH2][SbF6] (1) and [CHF2CF2OD2][SbF6] (2) as well as calculated vibrational
frequencies [cm�1] of [CHF2CF2OH2]+�2HF

[CHF2CF2OH2][SbF6] (1) [CHF2CF2OD2][SbF6] (2)
[CHF2CF2OH2]+�2HF

AssignmentsRaman IR Raman IR calc.ab (IR/Raman)c

3055(25) 3055(50) 3053 m 2983(5/81) v1 A v(C–H)
1362(13) 1364 s 1359(19) 1358 w 1406(14/1) v5 A v(C–F)
1251(11) 1256 s 1251(12) 1256 m 1235(236/2) v6 A v(C–F)
1164(5) 1151 s 1144(6) 1152(181/2) v9 A v(C–F)
1124(13) 1125(15) 1121 m 1102(6/4) v10 A v(C–F)
836(34) 835 s 816(30) 814 m 1045(89/3) v12 A v(C–O)

758(3) 756 w 755(67/5) v14 A v(C–C)

a Calculated at oB97XD/aug-cc-pVTZ-level of theory. b Frequencies are scaled with a factor of 0.956. c IR intensity in [km mol�1] and Raman
intensity in [Å4 u�1].Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, vs = very weak.

Fig. 2 Molecular unit of [CHF2CF2OH2][SbF6] (1) (displacement ellipsoids
with 50% probability).

Table 3 Selected bond lengths [Å] and angles [1] of [CHF2CF2OH2][SbF6]
(1) and donor–acceptor distances. Symmetry codes: i =�1 + x, y, z; ii = 1�
x, �y, 2 � z; iii = 1 � x, 1 � y, 1 � z; iv = x, 1 + y, z; v = 1 � x, 1 � y, 2 � z

Bond lengths [Å]
C1–C2 1.524(5) C2–F3 1.341(4)
C1–F1 1.318(4) C2–F4 1.346(4)
C1–F2 1.325(4) C1–O1 1.424(4)

Bond angles [1]
C2–C1–O1 109.1(3) F1–C1–O1 106.3(3)
F1–C1–C2 111.9(3) F1–C1–F2 110.0(3)
F3–C2–C1 108.1(3) F3–C2–F4 108.5(3)

Dihedral angles [1]
F3–C2–C1–F1 55.0(3) F3–C2–C1–O1 –62.4(3)
F3–C2–C1–F2 178.0(2) F4–C2–C1–F1 171.8(2)

Interatomic contacts [Å]
O1(–H1)� � �F6i 2.471(3) O1� � �F9ii 2.689(3)
O1(–H2)� � �F5 2.452(3) F5� � �F3v 2.888(3)
C2(–H3)� � �F7iii 3.129(4) F5� � �F9iv 2.890(2)
C2(–H3)� � �F10iv 3.166(4)

Fig. 3 Interionic contacts of 1 (displacement ellipsoids with 50% prob-
ability). Symmetry codes: i = �1 + x, y, z; ii = 1 � x, �y, 2 � z; iii = 1 � x, 1 �
y, 1 � z; iv = x, 1 + y, z.
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corresponding haloacetyl fluorides. In both cases, the protonated
haloacetyl fluorides were not observed. This is in contrast with
recent studies of our group on the reactivity of dichloroacetyl
fluoride in the binary superacidic system HF/SbF5.15 Here, the
measured NMR spectra of Cl2AcF dissolved in HF/SbF5 at �60 1C
displayed an equilibrium between [CCl2HCF2OH2][SbF6] and proto-
nated Cl2AcF.15 The addition of HF to the carbonyl bond of Cl2AcF
was also only observed after the protonation of the CQO bond, as
the carbonyl carbon displayed an increased electrophilicity due to
the protonation.15 To get a more detailed insight into the versatile
reactivity of the haloacetyl fluorides in HF/SbF5, quantum chemical
calculations were performed at the MP2/aug-cc-pVTZ-level of theory.
Therefore, Cl2AcF, F2AcF, F3AcF, as well as [CCl2HC(OH)F]+�HF,
[CHF2C(OH)F]+�HF, and [CF3C(OH)F]+�HF were optimized and
molecular electrostatic potentials (MEPs) were calculated alongside
natural population analysis charges (NPAs) (see Tables S6, S7 and
S9–S13, ESI†). The calculated MEPs are shown in Fig. 4 and the
calculated NPA charges are listed in Table S13 (ESI†).

As illustrated, the MEPs of the haloacetyl fluorides as well
as of the protonated species show electron-deficient moieties,

so-called p-holes, in the region of the carbonyl carbon.14,15,32–35

These indicate that electrophilic regions of the molecules are
located at the carbon atoms. To quantify the influence of the
electron-withdrawing substituents on the electrophilicity of
Cl2AcF, F2AcF, and F3AcF as well as the protonated species,
the associated MEP values at the p-holes of the calculated
molecules are highlighted in Fig. 4. Accordingly, the most
positive MEP values that were found on the MEP surfaces of
the haloacyl fluorides are 73.2 kJ mol�1 (Cl2AcF), 113.9 kJ mol�1

(F2AcF), and 140.8 kJ mol�1 (F3AcF). Thus, the p-holes become
significantly larger the more electron-withdrawing the adjacent
substituent is. Further, the electrophilicity of the carbonyl
carbon is therefore significantly increased the more electron-
withdrawing the adjacent substituent is.

In the case of the protonated species, the observed MEP
values at the p-holes are significantly higher than for the acyl
fluorides.14,15,35 Thus, the electrophilicity of the haloacetyl fluor-
ides is significantly increased due to the protonation.14,15,35

Interestingly, as depicted in Fig. 4, the MEP value for the p-
hole of [CHF2C(OH)F]+�HF is significantly higher than for

Fig. 4 Molecular 0.0004 bohr�3 3D isosurfaces with mapped electrostatic potential as a color scale from �91.9 kJ mol�1 (red) to 113.9 kJ mol�1 (blue)
(top), and 249.4 kJ mol�1 (red) to 679.8 kJ mol�1 (blue) (bottom). The electrostatic potential isosurfaces have been calculated for Cl2AcF, F2AcF, F3AcF
(top), [CCl2HC(OH)F]+�HF, [CHF2C(OH)F]+�HF, and [CF3C(OH)F]+�HF (bottom). Calculated at the MP2/aug-cc-pVTZ-level of theory.
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[CF3C(OH)F]+�HF. We assume that this is due to the stabilizing
effects of CF3 moieties due to hyperconjugation and was
observed before for CF3-substituted carbocations.36 In Table S13
(ESI†), the NPA charges of the calculated protonated species are
listed. Accordingly, as observed before for protonated acyl
fluorides, the NPA charges of the fluorine atoms that are bound
to the carbonyl groups are strongly increased compared to the
neutral compounds. This indicates that the positive charges
located at the carbon atoms are stabilized by electron-donation
of the directly bound fluorine atoms (‘‘+R-effect’’).14,15,32–35 To
further examine these trends and to quantify the influence of
the electron-withdrawing substituents on the back-donation of
the fluorine lone-pair electrons, NBO analyses were performed
at the MP2/aug-cc-pVTZ-level of theory for Cl2AcF, F2AcF, F3AcF,
and all protonated species. Thus, for all calculated molecules
strong interactions between the p*(CQO) and the in-plane
fluorine lone-pairs were found.14,15,35 The stabilization energies
of these interactions, according to the second-order perturba-
tion theory analyses, are summarized in Table 4.

As expected, the stabilization energies are significantly
higher in the case of the protonated acyl fluorides compared
to the neutral compounds due to the increased back-donation
of fluorine lone-pair electrons.14,15,35 Furthermore, for both the
acyl fluorides and the protonated species, the stabilization
energies of the n(F) - p*(CQO) interactions increase the more
electron-withdrawing the adjacent substituents become. Only
in the case of F2AcF and F3AcF, approximately the same
stabilization energies were found, which is probably again
due to the hyperconjugation of the CF3 moiety.36 Thus, these
trends also suggest that the p-holes and therefore the electro-
philicities of the CQO moieties increase as the neighboring
substituents become more electron-withdrawing.

We therefore consequently assume that the reactivity of
Cl2AcF, F2AcF, and F3AcF dissolved in HF/SbF5 is directly
correlated to the electrophilicity of their carbonyl carbons. As
illustrated in Fig. 4, the substitution of the CCl2H moiety for the
CHF2 and CF3 moieties leads to a significantly increased
electrophilicity of the neutral compounds as well as the proto-
nated species. This results in the favoring of the HF-addition to
the carbonyl bond and consequently the shift of the observed
equilibria in HF/SbF5 to the side of the protonated oxonium
species. Since the p-hole in the case of protonated Cl2AcF is
significantly lower than in the cases of protonated F2AcF or
F3AcF, the addition of HF to the CQO bond is less favored and

proceeds much slower. This enables the observation of the
protonated intermediate in the solution and even the isolation
of the species as a solid.15 In the cases of protonated F2AcF and
F3AcF, the significantly increased electrophilicity of the species
leads to a more favored and faster HF-addition to the carbonyl
bonds. Therefore, the protonated haloacyl fluorides were not
observed in the solutions even at low temperatures. Accord-
ingly, the substitution of the CCl2H moiety for the CHF2 moiety
represents the limit that allows the isolation of electron-
deficient protonated haloacetyl fluorides from the binary super-
acidic system HF/SbF5.

In addition to the calculations relating to the HF-addition,
quantum chemical calculations were performed to evaluate the
stability of the oxonium species 1. As observed in the crystal-
lographic section, the solid-state phase of 1 is strongly influenced
by O(–H)� � �F and C(–H)� � �F hydrogen bonds. Interestingly, the
optimization of the free cation [CHF2CF2OH2]+ in the gas phase as
an energetic minimum was only possible with a strongly extended
C–O bond length compared to the crystal structure of 1. Only the
addition of HF molecules to the cation in the gas phase to
simulate the strong hydrogen bonds enabled the optimization
with an appropriate C–O bond length. This indicates that the
intermolecular contacts have a significant influence on the bond
lengths of the cation of 1 as well as on the stabilization of the
compound in the solid-state phase. To further investigate this, a
Hirshfeld surface analysis37,38 of the intermolecular contacts was
performed for the cation of 1. In Fig. 5, the mapped Hirshfeld
surface with dnorm of the [CHF2CF2OH2]+ cation in 1 is shown,
whereas the strong hydrogen bonds O1(–H1)� � �F6i (2.471(3) Å)

Table 4 Selected energies of n(F) - p*(CQO) interactions from second-
order perturbation theory analyses of Cl2AcF, F2AcF, F3AcF,
[CCl2HC(OH)F]+�HF, [CHF2C(OH)F]+�HF, and [CF3C(OH)F]+�HF

Haloacetyl fluoride Stabilization energya [kJ mol�1]

Cl2AcF 167.7
F2AcF 173.0
F3AcF 172.0
[CCl2HC(OH)F]+�HF 270.4
[CHF2C(OH)F]+�HF 283.7
[CF3C(OH)F]+�HF 296.4

a Calculated at the MP2/aug-cc-pVTZ-level of theory.

Fig. 5 Interatomic contacts and Hirshfeld surface of the [CHF2CF2OH2]+

cation in 1 (mapped with dnorm).37,38 Color coding of the Hirshfeld surface:
white (distance d equals VDW), blue (d exceeds VDW distance), and red (d
is smaller than VDW distance). For the hydrogen bond C2(–H3)� � �F7ii, only
the contacting fluorine atom is shown for a better visualization. Symmetry
codes: i = �1 + x, y, z; ii = 1 � x, 1 � y, 1 � z.
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and O1(–H2)� � �F5 (2.452(3) Å) as well as the weak hydrogen bond
C2(–H3)� � �F7ii (3.129(4) Å) are highlighted. The 2D fingerprint
plots of the intermolecular contacts are depicted in the ESI† (see
Fig. S18).

As illustrated, the O(–H)� � �F and C(–H)� � �F hydrogen bonds
are the predominant intermolecular contacts in the coordina-
tion sphere of the cation in 1, with their distances being below
the sum of their van der Waals radii (2.99 Å, 3.17 Å).29 This is
confirmed by the 2D fingerprint plots of the intermolecular
contacts (see Fig. S18, ESI†). Thus, although the F� � �F contacts
occur more often in the coordination sphere of the cation in 1
in terms of area, they have a significantly smaller influence on
the structure and stability of the cation, due to their distances
being equal or exceeding the van der Waals radii (2.94 Å).29 The
H� � �F contacts occur less than the F� � �F contacts in terms of
area, but are stronger and thus more relevant for the crystal
structure of 1.

Conclusions

The reactivity of difluoroacetyl fluoride and trifluoroacetyl
fluoride was investigated in aHF and the binary superacidic
system HF/SbF5. As indicated by low-temperature NMR spectro-
scopy, the haloacetyl fluorides form equilibria with their corres-
ponding a-fluoroalcohols in aHF. While the acyl fluorides are
the predominant species in aHF at low temperatures, the
addition of the strong Lewis acid SbF5 enables the shift of the
equilibria to the side of the a-fluoroalcohols and the stabili-
zation of these compounds as oxonium salts. Protonated
1,1,2,2-tetrafluoroethanol was isolated as a solid and character-
ized by low-temperature vibrational spectroscopy as well as
single-crystal X-ray diffraction. Protonated perfluoroethanol is
only stable in solution. Quantum chemical calculations reveal
that the substitution of the CCl2H moiety for the CHF2 and
CF3 moieties leads to a significant increase in the electrophi-
licity of the protonated acyl fluorides and represents the
limit that allows the isolation of electron-deficient protonated
acyl fluorides from HF/SbF5. The O(–H)� � �F and C(–H)� � �F
hydrogen bonds have a significant influence on the structure
and stability of protonated tetrafluoroethanol, as demonstrated
by Hirshfeld surface analysis of the intermolecular contacts.
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