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1 Introduction  

 

Acyl fluorides play an important role as valuable intermediates in numerous reactions 

in organic chemistry and the introduction of fluorine or fluorine-containing moieties into 

molecules.[1-3] They are synthesized on a laboratory scale in various ways. A common 

method is reacting carboxylic acids with nucleophilic deoxyfluorination reagents such 

as diethylaminosulfur trifluoride (DAST)[4] or bis(2-methoxyethyl)aminosulfur trifluoride 

(Deoxo-Fluor),[5] or the conversion with electrophilic fluorinating agents like 

Selectfluor.[6] Other common preparative pathways are the reactions of carboxylic 

acids with Me4NSCF3[7] or Et3N·3 HF (see Scheme 1).[8] The synthesis starting from 

acyl chlorides by Halex reaction is possible with fluorinating agents like anhydrous 

potassium fluoride or antimony trifluoride, as illustrated in Scheme 1.[9-11] Furthermore, 

acyl fluorides can be prepared from aldehydes, alcohols, or ketones by the use of 

reagents like cesium fluoroxysulfate, or N-fluorobenzenesulfonimide (NFSI) (see 

Scheme 1).[12,13] 

 

�6�F�K�H�P�H���������3�U�H�S�D�U�D�W�L�Y�H���S�D�W�K�Z�D�\�V���I�R�U���W�K�H���V�\�Q�W�K�H�V�L�V���R�I���D�F�\�O���I�O�X�R�U�L�G�H�V�� 
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Due to moderate electrophilicity, acyl fluorides show a good balance between high 

stability and high reactivity. Acyl fluorides possess a stable C��F bond and are thermally 

more stable than other acyl halides and less sensitive to hydrolysis, but still show 

higher reactivity than acyl chlorides or bromides.[14,15] As acyl fluorides contain multiple 

functional groups, they are valuable synthons in preparative chemistry and have a 

variety of applications in recent transition metal-catalyzed chemistry, e.g. as an aryl 

source in decarbonylative couplings[16] or a fluorine source in fluorination reactions.[17] 

�7�K�H�\���D�U�H���D�O�V�R���R�I�W�H�Q���X�V�H�G���D�V���D�Q���³�$�U�&�2���´���V�R�X�U�F�H���L�Q���D�F�\�O���F�R�X�S�O�L�Q�J�V[18] and many chemical 

reactions, e. g. in Friedel-Crafts or Gatterman-Koch reactions.[19-21] Furthermore, acyl 

fluorides are prominent intermediates in organic synthesis and are used in amidation 

and esterification reactions,[22,23] or the solution- and solid-phase synthesis of 

peptides.[24] 

To gain a deeper understanding of these reactions, the stabilization of their key 

intermediates is of crucial interest. In the case of Friedel-Crafts or Gatterman-Koch 

reactions, the key intermediates are acyl cations.[19-21] These are highly reactive 

species and show versatile reactivity as C-, O-, S-, or N-acylating agents in many 

cases.[25] On a laboratory scale, acyl cations are synthesized most commonly from acyl 

fluorides by two different routes. First, by the so-�F�D�O�O�H�G���³�V�L�O�Y�H�U���V�D�O�W���P�H�W�K�R�G�´�����+�H�U�H�����W�K�H 

acyl fluoride is reacted with the respective anhydrous complex silver salt under the 

formation of silver fluoride as a precipitate, as illustrated in Equation 1. The second 

preparative pathway to synthesize acyl cations is the reaction of the respective acyl 

fluorides with Lewis acids and fluoride ion acceptors like BF3, AsF5, or SbF5 (see 

Equation 2).[25-27] 

 

The general mechanism of these types of reactions, which also corresponds to the first 

steps of the C��F acylation of Friedel-Crafts reactions, is illustrated in Scheme 2. The 
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initial step is the formation of an O-coordinated adduct of the Lewis acid with the acyl 

fluoride. The Lewis acid then shifts to the fluoride atom and subsequently, the acyl 

cation is formed after the abstraction of the fluoride.[28-30] Due to the high 

electronegativity of fluorine, the C��F bond is a very polar and very strong bond with a 

high dipole moment.[31,32] Therefore, strong Lewis acids are necessary for the fluoride 

abstraction. 

 

�6�F�K�H�P�H���������0�H�F�K�D�Q�L�V�P���R�I���W�K�H���L�Q�L�W�L�D�O���V�W�H�S�V���R�I���)�U�L�H�G�H�O���&�U�D�I�W�V���U�H�D�F�W�L�R�Q�V�� 

The first stable acyl cation was synthesized and isolated by SEEL in 1943 from the 

reaction of acetyl fluoride and the Lewis acid BF3 in the aprotic solvent SO2 (see 

Equation 3).[33] The high stability of the acetylium ion is due to the stabilization by 

hyperconjugation by the methyl group.[26] 

 

The smallest possible acyl cation is the formylium ion. The HCO+ cation is an important 

intermediate in the chemistry of carbon monoxide in acidic media and is assumed to 

be the formylating agent in electrophilic formylation reactions of aromatic compounds, 

e.g. the aforementioned Gatterman-Koch reactions.[19��21,28] The elusive cation also 

shows high astrochemical relevance as a frequently occurring positively charged 

species in space and has been detected in interstellar molecular clouds.[34-36] The 

observation of the highly reactive acyl cation in the condensed phase, however, has 

been elusive for a long time, despite high effort.[37,38] In 1997, HORVÁTH observed the 

HCO+ cation in the binary superacidic system HF/SbF5 under high pressure of carbon 

monoxide using NMR and IR spectroscopy,[39] whereas STOYANOV detected the elusive 

cation from the interaction of carbon monoxide and the solid carborane superacid 

H(CHB11F11) using IR spectroscopy.[40,41] 

The possibility of synthesizing and stabilizing highly reactive and cationic species, 

including superelectrophiles, is offered by the use of superacidic media.[20,42-45] The 

�W�H�U�P���³�V�X�S�H�U�D�F�L�G�´���Z�D�V���I�L�U�V�W���L�Q�W�U�R�G�X�F�H�G���E�\��HALL and CONANT in 1927[46] and defined by 
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GILLESPIE in 1971 as acids that are stronger than 100% sulfuric acid or perchloric 

acid.[47] To quantify the strength of superacids, HAMMETT and DEYRUP introduced the 

Hammett acidity function H0 (see Equation 4) in 1932 since the pH scale is limited to 

water as a solvent, with �- �»�Á�6 as equilibrium constant, C as the concentration, a as 

activity, and f as the activity coefficient.[48] 

�*�4 
L 
F�H�K�C�=�Á�6 �„
�Ù�³

�Ù�³�¹ �6

L��
F�Ž�‘�‰�- �»�Á�6 
E�Ž�‘�‰

�¼�³

�¼�³�¹ �6
 (4) 

As even in superacids the proton is not isolated but associated with the respective 

solvent or the acid itself, the Hammett acidity function is based on the equilibrium 

described in Equation 5.[49] 

 

The H0 values of the Brønsted superacids sulfuric acid (��12.1), fluorosulfonic acid 

(��15.1), or hydrogen fluoride (��15.1) are significantly decreased by the addition of 

strong Lewis acids, e.g. AsF5 or SbF5.[49,50] For the strongest binary superacidic system 

HF/SbF5, H0 values down to approximately ��23 were measured.[49] In the binary 

superacidic system HF/SbF5, HF acts both as a solvent and as a reactant.[49,51-54] The 

high acidity of the binary superacid system is based on the autoprotolysis equilibrium 

of the solvent aHF (Equations 6 and 7).[55] 

 

One of the pioneers in the field of superacid research was GEORGE OLAH. He used 

superacids to stabilize many highly reactive carbocations, which are key intermediates 

�L�Q�� �Q�X�P�H�U�R�X�V�� �R�U�J�D�Q�L�F�� �U�H�D�F�W�L�R�Q�V���� �7�K�H�U�H�E�\���� �K�H�� �R�I�W�H�Q�� �X�V�H�G�� �³�P�D�J�L�F�� �D�F�L�G�´�� �Z�L�W�K�� �D�S�U�R�W�L�F��

solvents like SO2, SO2ClF, or SO2F2.[49] For his work, he was awarded the Nobel Prize 

in 1994.[56] 

The properties of acyl fluorides in superacidic media have not been examined 

comprehensively, yet. In 1969, OLAH investigated the reactivity of acetyl fluoride in 

FSO3H/SbF5 using NMR spectroscopy and was able to determine the formation of the 

acetylium ion, as shown in Equation 8. Protonated acetyl fluoride was not observed 

under these conditions.[57] 
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The formation of the chloroacetylium ion and fluoroacetylium ion was observed by 

OLAH at low temperatures using NMR spectroscopy during his investigations on the 

properties of chloro- and fluoroacetyl fluoride with SbF5 in the aprotic solvent SO2.[58] 

 

However, the reactivity of acyl fluorides in superacids is more versatile than first 

assumed. Besides the fluoride abstraction and formation of acyl cations, the addition 

of fluoride to the carbonyl group was also observed under certain conditions. One of 

the most popular examples is COF2, which adds HF in the binary superacidic system 

HF/SbF5 to form CF3OH, which is subsequently protonated to [CF3OH2][SbF6].[55,59-63] 

Furthermore, protonation at the oxygen atom is also possible. Recently, the properties 

of fumaryl fluoride and malonyl difluoride were investigated in the binary superacidic 

systems HF/MF5 (M = As, Sb) by KORNATH and mono- and diprotonated species of 

both acyl fluorides were isolated as the first examples of protonated acyl fluorides (see 

Equations 10 and 11).[64,65] 

 

In the case of malonyl difluoride, the synthesis and isolation of the [FOCCH2��CO]+ 

cation by fluoride abstraction was also achieved by JESSEN and KORNATH from the 

reaction of malonyl difluoride with SbF5 in the aprotic solvent 1,1,1,2-tetrafluoroethane 

(R-134a) (see Equations 12).[66] 
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2 Objectives  

 

Acyl fluorides show versatile reactivity in superacidic media. While acetyl fluoride forms 

stable acetylium salts in the binary superacidic system FSO3H/SbF5,[57] mono- and 

diprotonated fumaryl fluoride and malonyl difluoride, respectively, were isolated as the 

first examples of protonated acyl fluorides from HF/SbF5.[64,65] In the case of malonyl 

difluoride, the respective acyl cation was also isolated from the reaction with SbF5 (see 

Scheme 3).[66] 

 

�6�F�K�H�P�H���������3�R�V�V�L�E�O�H���U�H�D�F�W�L�R�Q�V���R�I���D�F�\�O���I�O�X�R�U�L�G�H�V���L�Q���W�K�H���V�X�S�H�U�D�F�L�G�L�F���V�\�V�W�H�P���+�)���6�E�)�����R�U���Z�L�W�K���W�K�H���/�H�Z�L�V���V�X�S�H�U�D�F�L�G���6�E�)���� 

To get a more detailed insight into the versatile reactivity of acyl fluorides, further 

investigations on their properties towards strong Lewis acids are required. A suitable 

scaffold for this is provided by one of the simplest representatives of this compound 

class, acetyl fluoride and its derivates. As the reactivity of acetyl fluoride in superacidic 

media is strongly influenced by the stabilization of the acetylium ion by 

hyperconjugation, it is of particular interest to examine to what extent this stabilization 

can be reduced and to further investigate which reaction conditions enable the 

selective formation of protonated acyl fluorides or acyl cations, respectively. 

A reasonable approach is to successively substitute the hydrogen atoms of the methyl 

group of acetyl fluoride for the electron-withdrawing halogen atoms chlorine and 

fluorine. Both are appropriate derivates to investigate if decreasing electron donation 

of the methyl group enables the isolation of protonated haloacetyl fluorides or if still 

acyl cations are formed, as in the case of acetyl fluoride. For this purpose, chloro-, 

dichloro-, fluoro-, difluoro-, and trifluoroacetyl fluoride are suitable substrates to 

investigate in both binary and Lewis superacidic media (Scheme 4). Furthermore, it 

will be investigated if the stabilization of highly reactive, triatomic acyl cations is 

possible when the stabilizing effect of the methyl group is completely removed by 

substituting the entire CH3 moiety for an electron-withdrawing chlorine atom or a simple 

hydrogen atom. 
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�6�F�K�H�P�H���������/�H�Z�L�V���V�W�U�X�F�W�X�U�H�V���R�I���V�H�O�H�F�W�H�G���K�D�O�R�D�F�H�W�\�O���I�O�X�R�U�L�G�H�V���W�R���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���L�Q�I�O�X�H�Q�F�H���R�I���H�O�H�F�W�U�R�Q���Z�L�W�K�G�U�D�Z�L�Q�J��
�V�X�E�V�W�L�W�X�H�Q�W�V���R�Q���W�K�H���U�H�D�F�W�L�Y�L�W�\���R�I���W�K�H���&�2�)���P�R�L�H�W�\�� 
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3 Summary  

3.1 Properties of Chloroacetyl Fluoride and Fluoroacetyl Fluoride in HF/ MF5 

(M = As, Sb)  

�7�K�H�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �D�F�H�W�\�O�� �I�O�X�R�U�L�G�H�� �L�Q�� �³�P�D�J�L�F�� �D�F�L�G�´�� ���)�6�23H/SbF5) were investigated by 

OLAH using NMR spectroscopy in 1969. Thereby, the formation of the acetylium ion 

was determined, whereas protonated acetyl fluoride was not observed.[57] 

Unlike acetyl fluoride, the substitution of one hydrogen atom of the methyl group for 

electron-withdrawing halogen atoms led to the isolation of protonated haloacetyl 

fluorides from HF/MF5 and DF/MF5 (M = As, Sb), as in the case of chloro- and 

fluoroacetyl fluoride (see Equations 13 and 14).[67] 

 

Single-crystal X-ray diffraction of the [SbF6]�� salts revealed a significant elongation of 

the C=O bonds and a significant shortening of the C��F bonds, due to the protonation 

of the COF moiety. The protonated species are stabilized in the solid-state phase by 

interionic C···F contacts of the carbonyl carbons with fluorine atoms of the anions, as 

well as strong hydrogen bonds of the protonated C=O bond (see Figure 1).[64,67-69] 

 

�)�L�J�X�U�H���������,�Q�W�H�U�L�R�Q�L�F���L�Q�W�H�U�D�F�W�L�R�Q�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�&�&�O�+���&���2�+���)�@�>�6�E�)���@�����G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K��
���������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  ���[���������\���������]�����L�L �  �����[���������������\�������������]�� 
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�1�%�2�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �R�Q�� �W�K�H�� �&�%�����;�'���D�X�J-cc-pVTZ-level of theory were performed 

alongside the calculations of Molecular Electrostatic Potentials (MEP) and Natural 

Population Analysis (NPA) charges to confirm a significant increase in the 

electrophilicity of the carbonyl carbons, due to the protonation (see Figure 2). The 

positive charges are stabilized by electron back-donation from fluorine lone pair 

electrons of the neighboring fluorine atoms. This results in the significant shortening of 

the C��F bonds and a blue-shift of the C��F stretching vibrations in the vibrational 

spectra, as well as a significant elongation of the C=O bonds and a red-shift of the 

v���&� �2�������7�K�L�V���L�V���H�V�W�D�E�O�L�V�K�H�G���L�Q���W�K�H���O�L�W�H�U�D�W�X�U�H���D�V���W�K�H���³���5-�H�I�I�H�F�W�´��[64,70-75] 

 

�)�L�J�X�U�H���������0�R�O�H�F�X�O�D�U�����������������E�R�K�U���������'���L�V�R�V�X�U�I�D�F�H�V���Z�L�W�K���P�D�S�S�H�G���H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O�V���D�V���D���F�R�O�R�U���V�F�D�O�H���I�U�R�P��
���������� �N�-���P�R�O ���U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������O�H�I�W�������D�Q�G���I�U�R�P������������ �N�-���P�R�O�����U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������U�L�J�K�W�������7�K�H��

�H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O���L�V�R�V�X�U�I�D�F�H�V���D�Q�G���W�K�H���1�3�$���F�K�D�U�J�H�V���K�D�Y�H���E�H�H�Q���F�D�O�F�X�O�D�W�H�G���I�R�U���&�+���)�&�2�)�����O�H�I�W�����D�Q�G��
�>�&�+���)�&���2�+���)�@�����+�)�����U�L�J�K�W�������6�H�O�H�F�W�H�G���1�3�$���F�K�D�U�J�H�V���D�U�H���J�L�Y�H�Q���L�Q���>�D���X���@�����&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���&�%�����;�'���D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I��

�W�K�H�R�U�\�� 

 

3.2 Properties of Acetoacetyl Fluoride in HF/ MF5 (M = As, Sb)  

The substitution of one hydrogen atom of the methyl group for electron-withdrawing 

halogen atoms enabled the protonation of the COF moiety. To investigate the influence 

of a positively charged electron-withdrawing substituent on the reactivity of the COF 

moiety in superacidic media, one hydrogen atom of the CH3 group was substituted for 

an acetyl group, which is also more basic than the COF moiety. As observed before 

�I�R�U���W�K�H���V�W�U�X�F�W�X�U�D�O�O�\���U�H�O�D�W�H�G���P�R�Q�R�S�U�R�W�R�Q�D�W�H�G���P�D�O�R�Q�L�F���D�F�L�G������-dicarbonyl compounds tend 

to show the formation of intramolecular O(��H)···O hydrogen bonds. [76] 
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Acetoacetyl fluoride (AcAcF) was synthesized first from OLAH in 1961 by reacting 

diketene in aHF (see Equation 15).[77-79] �$�V���D����-dicarbonyl compound, AcAcF shows a 

keto-enol equilibrium that depends on the temperature and the state of aggregation. 

As indicated by NMR spectroscopy, the keto tautomer is the predominant species at 

low temperatures.[77-79] 

 

Diketene was reacted in HF/AsF5 and HF/SbF5 according to Equations 16 and 17. 

Depending on the stoichiometric ratio of the Lewis acids and diketene, mono- and 

diprotonated AcAcF was obtained. 

 

Reacting diketene with equimolar amounts of the Lewis acids led to the formation of 

monoprotonated AcAcF, whereas the more basic carbonyl group was protonated. The 

crystal structure of the [SbF6]�� salt was elucidated by single-crystal X-ray diffraction 

and showed the formation of a moderate O(��H)···O hydrogen bond, resulting in a 

nearly planar structure of the cation.[68] The monoprotonated species is further 

stabilized by weak C(��H)···F and moderate O( ��H)···F hydrogen bonds as well as C···F 

contacts (see Figure 3).[68,69] 

By applying a fourfold amount of SbF5, diprotonated AcAcF was formed. The X-ray 

structure analysis of the [SbF6]�� salt revealed a dihedral angle that differed significantly 

from the nearly planar structure of the monoprotonated species, due to the absence of 

the intramolecular O(��H)···O hydrogen bond. The dication is stabilized in the solid -

state phase by C···F contacts and strong O( ��H)···F hydrogen bonds (see Figure 

4).[68,69] 
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�)�L�J�X�U�H���������,�Q�W�H�U�L�R�Q�L�F���L�Q�W�H�U�D�F�W�L�R�Q�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�&�+���&���2�+���&�+���&�2�)�@�>�6�E�)���@���+�)�����G�L�V�S�O�D�F�H�P�H�Q�W��
�H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  �����[���������\���������]�����L�L �  ���������[�������������\�������������]�� 

 

�)�L�J�X�U�H���������,�Q�W�H�U�L�R�Q�L�F���L�Q�W�H�U�D�F�W�L�R�Q�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�&�+���&���2�+���&�+���&���2�+���)�@�>�6�E�)���@�����+�)�����G�L�V�S�O�D�F�H�P�H�Q�W��
�H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  ���[�������\���������]�����L�L �  �����[���������\�������]�����L�L�L �  �����[�������\�������]�� 

Quantum chemical calculations on the MP2/aug-cc-pVTZ-level of theory were 

performed alongside the calculation of MEPs and NPA charges to investigate the 

influence of the acetyl group on the COF moiety. As the positive electrostatic potential 

of monoprotonated AcAcF is delocalized over the entire carbon backbone, the 

electrophilicity of the COF moiety is increased due to the protonation of the neighboring 

carbonyl group. This results in the strengthening of the C���)�� �E�R�Q�G�� �G�X�H�� �W�R�� �W�K�H�� �³���5-

�H�I�I�H�F�W�´��[70-75] Thus, the protonation of the C=O bond is favored over a fluoride 

abstraction when further equivalents of SbF5 are applied. The protonation of the COF 

moiety results in a stronger localization of the positive charges on both carbonyl 

carbons, as shown in Figure 5. Diprotonated AcAcF is considered a gitonic 1,3-carbon-

centered superelectrophile, according to the classification by OLAH.[42] 
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�)�L�J�X�U�H���������0�R�O�H�F�X�O�D�U�����������������E�R�K�U���������'���L�V�R�V�X�U�I�D�F�H�V���Z�L�W�K���P�D�S�S�H�G���H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O�V���D�V���D���F�R�O�R�U���V�F�D�O�H���I�U�R�P��
���������� �N�-���P�R�O ���U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������O�H�I�W�������D�Q�G���I�U�R�P������������ �N�-���P�R�O�����U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������U�L�J�K�W�������7�K�H��

�H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O���L�V�R�V�X�U�I�D�F�H�V���D�Q�G���W�K�H���1�3�$���F�K�D�U�J�H�V���K�D�Y�H���E�H�H�Q���F�D�O�F�X�O�D�W�H�G���I�R�U���>�&�+���&���2�+���&�+���&�2�)�@�����+�)�����O�H�I�W�����D�Q�G��
�>�&�+���&���2�+���&�+���&���2�+���)�@�������� �+�)�����U�L�J�K�W�������&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���0�3�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�� 

In the course of these studies, the ring-opening of diketene in superacidic media was 

investigated with quantum chemical calculations on the BP/defTZVP- and 

BP/def2TZVP-levels of theory. For this purpose, pKA values for diketene protonated at 

all three possible protonation sites were calculated, indicating that the double bond is 

the most basic center in the molecule (see Scheme 5). The ring-opening after the 

protonation of the C=C double bond is associated with a very small energy barrier and 

is proposed as the preferred pathway for the ring-opening of diketene in superacidic 

media. 

 

�6�F�K�H�P�H���������3�R�V�V�L�E�O�H���S�U�R�W�R�Q�D�W�L�R�Q���V�L�W�H�V���R�I���G�L�N�H�W�H�Q�H���D�Q�G���F�D�O�F�X�O�D�W�H�G���S�.�$���Y�D�O�X�H�V���I�R�U���S�U�R�W�R�Q�D�W�H�G���G�L�N�H�W�H�Q�H�� 

 

3.3 Properties of Dichloroacetyl Fluoride in HF/ MF5 (M = As, Sb)  

The substitution of one hydrogen atom of the methyl group of acetyl fluoride for 

electron-withdrawing substituents enabled the isolation of protonated acetyl fluorides 

from HF/MF5 (M = As, Sb). To investigate the properties of even more electron-

deficient disubstituted haloacetyl fluorides in superacidic media, dichloroacetyl fluoride 

(Cl2AcF) was reacted in the binary superacidic systems HF/MF5 and DF/MF5 (M = As, 

Sb) according to Equation 18 and Equation 19.[80] 
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When equimolar amounts of the Lewis acids and the acyl fluoride were applied, O-

hemiprotonated species of dichloroacetyl fluoride were obtained, as shown in 

Equation 18. 

 

Subsequently, SbF5 was applied in excess to obtain the fully monoprotonated species 

of dichloroacetyl fluoride. Instead, a tertiary oxonium salt was isolated after the addition 

of HF to the carbonyl bond (see Equation 19). 

 

A mixed crystal containing the hemiprotonated Cl2AcF as well as its fully 

monoprotonated species was obtained by recrystallization of the hemiprotonated 

haloacetyl fluoride from aHF (see Figure 6). For both cations, a significant elongation 

of the C=O bonds and a significant shortening of the C��F bonds compared to 

dichloroacetyl fluoride was observed.[64,67] 

 

�)�L�J�X�U�H���������&�D�W�L�R�Q�V���L�Q���W�K�H���F�U�\�V�W�D�O���V�W�U�X�F�W�X�U�H���R�I���>���&�&�O���+�&�2�)�����+�@�>�&�&�O���+�&���2�+���)�@�>�6�E�)���@�>�6�E���)���� �@�����G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K��
���������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  �����[���������\���������]�� 

The oxonium species is stabilized in the solid-state phase by strong O(��H)···F 

hydrogen bonds and interionic Cl···F as well as F···F contacts, as illustrated in Figure 

7.[68,69] 
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�)�L�J�X�U�H���������,�Q�W�H�U�L�R�Q�L�F���F�R�Q�W�D�F�W�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�����G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K��
���������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  �[�������������\�����]�����L�L �  ���[�������������\�������]�����L�L�L �  ���[���������\���������]�� 

Low-temperature NMR spectra of the oxonium salt dissolved in aHF displayed an 

equilibrium between protonated dichloroacetyl fluoride and the oxonium species in the 

solution. 

The addition of HF to the carbonyl bond of dichloroacetyl fluoride was investigated by 

�T�X�D�Q�W�X�P�� �F�K�H�P�L�F�D�O�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �R�Q�� �W�K�H�� �&�%�����;�'���D�X�J-cc-pVTZ-level of theory. The 

monoprotonation of the carbonyl bond leads to a significant increase in the 

electrophilicity of the carbonyl carbon and initiates the HF-addition.[70-75] 

 

3.4 Properties of Difluoroacetyl Fluoride and Trifluoroacetyl Fluoride in 

HF/SbF5 

Since fully monoprotonated dichloroacetyl fluoride was isolated and characterized by 

single-crystal X-ray diffraction, it was the goal to further investigate the addition of HF 

to haloacetyl fluorides and to fathom if there is a limit to isolating even more electron-

deficient protonated haloacetyl fluorides. Therefore, the properties of difluoroacetyl 

fluoride (F2AcF) and trifluoroacetyl fluoride (F3AcF) in aHF and the binary superacidic 

systems HF/SbF5 and DF/SbF5 were investigated. 

As indicated by NMR spectroscopy, both haloacetyl fluorides form equilibria with their 

�F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �.-fluoroalcohols in aHF at low temperatures. Thereby, the haloacetyl 

fluorides are the predominant species. The addition of SbF5 enabled the shift of the 

�H�T�X�L�O�L�E�U�L�D�� �W�R�� �W�K�H�� �V�L�G�H�� �R�I�� �W�K�H�� �.-fluoroalcohols, which are stabilized as the respective 
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oxonium salts, due to protonation (see Equations 20 and 21).[59-61] The 

monoprotonated haloacetyl fluorides were not observed in the solutions. 

 

While protonated perfluoroethanol is only stable in the solution, protonated 1,1,2,2-

tetrafluoroethanol was isolated as a solid and characterized by single-crystal X-ray 

diffraction. The highly reactive cation is stabilized in the solid-state phase by O(��H)···F 

and C(��H)···F hydrogen bonds, [68,69] as demonstrated by a Hirshfeld surface analysis 

of the intermolecular contacts (see Figure 8).[81,82] 

 

�)�L�J�X�U�H���������,�Q�W�H�U�L�R�Q�L�F���F�R�Q�W�D�F�W�V���D�Q�G���+�L�U�V�K�I�H�O�G���V�X�U�I�D�F�H���R�I���W�K�H���>�&�+�)���&�)���2�+���@�����F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I��
�>�&�+�)���&�)���2�+���@�>�6�E�)���@�����P�D�S�S�H�G���Z�L�W�K���G�Q�R�U�P�����>�����������@���&�R�O�R�U���F�R�G�L�Q�J���R�I���W�K�H���+�L�U�V�K�I�H�O�G���V�X�U�I�D�F�H�����Z�K�L�W�H�����G�L�V�W�D�Q�F�H���G���H�T�X�D�O�V���9�'�:������

�E�O�X�H�����G���H�[�F�H�H�G�V���9�'�:���G�L�V�W�D�Q�F�H�������D�Q�G���U�H�G�����G���L�V���V�P�D�O�O�H�U���W�K�D�Q���9�'�:���G�L�V�W�D�Q�F�H�������)�R�U���W�K�H���K�\�G�U�R�J�H�Q���E�R�Q�G���&�������+�����������)���L�L�����R�Q�O�\��
�W�K�H���F�R�Q�W�D�F�W�L�Q�J���I�O�X�R�U�L�Q�H���D�W�R�P���L�V���V�K�R�Z�Q���I�R�U���D���E�H�W�W�H�U���Y�L�V�X�D�O�L�]�D�W�L�R�Q�����6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  ������ �[�����\�����]�����L�L �  �����[���������\���������]�� 

�4�X�D�Q�W�X�P���F�K�H�P�L�F�D�O���F�D�O�F�X�O�D�W�L�R�Q�V���R�Q���W�K�H���&�%�����;�'���D�X�J-cc-pVTZ-level of theory revealed 

that the substitution of the CCl2H moiety for the CHF2 and CF3 moieties leads to a 

�V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���W�K�H���H�O�H�F�W�U�R�S�K�L�O�L�F�L�W�\���R�I���W�K�H���S�U�R�W�R�Q�D�W�H�G���D�F�\�O���I�O�X�R�U�L�G�H�V�����7�K�H���Œ-hole 

of protonated Cl2AcF is significantly lower than that of protonated F2AcF and F3AcF 

(see Figure 9). The addition of HF to the C=O bond is therefore less favored and 

proceeds much slower, which enables the observation of protonated Cl2AcF in the 
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solution. The significantly increased electrophilicity of protonated F2AcF and F3AcF 

results in a more favored and thus faster addition of HF and prevents the observation 

of both protonated haloacetyl fluorides in the solution and the isolation as a solid.[70-75] 

 

�)�L�J�X�U�H���������0�R�O�H�F�X�O�D�U�����������������E�R�K�U���������'���L�V�R�V�X�U�I�D�F�H�V���Z�L�W�K���P�D�S�S�H�G���H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O�V���D�V���D���F�R�O�R�U���V�F�D�O�H���I�U�R�P��
���������� �N�-���P�R�O ���U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������W�R�S�������D�Q�G���I�U�R�P������������ �N�-���P�R�O�����U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������E�R�W�W�R�P�������7�K�H��
�H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O���L�V�R�V�X�U�I�D�F�H�V���K�D�Y�H���E�H�H�Q���F�D�O�F�X�O�D�W�H�G���I�R�U���&�O���$�F�)�����)���$�F�)�����D�Q�G���)���$�F�)�����W�R�S�������>�&�&�O���+�&���2�+���)�@�����+�)����

�>�&�+�)���&���2�+���)�@�����+�)�����D�Q�G���>�&�)���&���2�+���)�@�����+�)�����E�R�W�W�R�P�������&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���0�3�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�� 
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3.5 Isolation of Highly Reactive Haloacetylium Ions  

After investigating the influence of decreasing electron donation on the properties of 

acetyl fluoride and its derivates in the binary superacids HF/MF5 (M = As, Sb), the 

reactivity of the haloacetyl fluorides towards strong Lewis acids was examined in Lewis 

superacidic media. It was the goal to stabilize and isolate haloacetylium ions and to 

investigate the influence of the halogen substitution on their solid-state structure 

concerning the possibility of halogen back-donation[58,72-74,83] or inductive effects.[84,85] 

For this purpose, chloro-, dichloro-, fluoro-, and difluoroacetyl fluoride were reacted 

with selected Lewis acids and fluoride ion acceptors in the aprotic solvent SO2ClF. 

Unlike acetyl fluoride, the substitution of one hydrogen atom of the methyl moiety for 

electron-withdrawing halogen atoms led to the isolation of adducts of chloroacetyl 

fluoride (ClAcF) and fluoroacetyl fluoride (FAcF), respectively, with O-coordinated AsF5 

and SbF5, when the acyl fluorides were reacted with equimolar amounts of the Lewis 

acids (see Equation 22). ClAcF and FAcF showed no reactions with the weaker Lewis 

acids BF3, GeF4, and PF5.  

 

After reacting ClAcF and FAcF with two equivalents of AsF5 and SbF5, respectively, 

salts of the chloro- and fluoroacetylium ions were obtained from the reactions with SbF5 

(see Equation 23).  

 

When even more electron-withdrawing substituents were introduced, dichloroacetyl 

fluoride (Cl2AcF) and difluoroacetyl fluoride (F2AcF) both formed O-coordinated 

adducts only with SbF5, when the Lewis acid was applied in equimolar amounts (see 

Equation 24).  
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The reactions of Cl2AcF with two equivalents of SbF5 led to the isolation of the 

dichloroacetylium ion, as presented in Equation 25. The difluoroacetylium ion was not 

observed when reacting F2AcF with an excess of SbF5. 

 

Single-crystal X-ray diffraction of the haloacetylium salts revealed a significant 

elongation of the C��C bonds compared to the C��C bond of [CH3CO]+.[26] The 

haloacetylium ions are stabilized in the solid-state phase by interionic C···F contacts 

of a tetracoordinated carbonyl carbon atom with fluorine ligands of the [Sb2F11]�� anions, 

as well as weak and moderate hydrogen bonds of the halogen-substituted methyl 

groups (see Figure 10).[68,69] 

 

�)�L�J�X�U�H������ �����,�Q�W�H�U�L�R�Q�L�F���F�R�Q�W�D�F�W�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�&�+���)�&�2�@�>�6�E���)���� �@�����G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K����������
�S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  �����[���������������\���������]�����L�L �  ���� �[�����\�����]�����L�L�L �  ���� �[�����\���������]�� 

NBO calculations on the MP2/aug-cc-pVTZ-level of theory were performed to 

investigate the stabilization of the cations in the solid state. Thus, the haloacetylium 

ions are stabilized by intermolecular electron donation from the fluorine ligands of the 

anions[86,87] as well as intramolecular hyperconjugation of the halogen-substituted 

methyl groups.[26] However, the hyperconjugation is weakened compared to the 

acetylium ion, due to the substitution of the hydrogen atoms for electron-withdrawing 
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halogen atoms. This results in a weakening and elongation of the C��C bonds 

compared to [CH3CO]+. The bonds are further weakened by negative hyperconjugation 

of the halogen lone pairs (both see Figure 11). In the case of [CHF2CO]+, the strongly 

electron-withdrawing CHF2 moiety leads to a large electrostatic repulsion of two 

positively charged carbon atoms and consequently a fast decarbonylation of the cation. 

 

�)�L�J�X�U�H������ �����,�Q�W�U�D�P�R�O�H�F�X�O�D�U���K�\�S�H�U�F�R�Q�M�X�J�D�W�L�R�Q���R�I���W�K�H���>�&�&�O�+���&�2�@�����F�D�W�L�R�Q�����&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���0�3�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I��
�W�K�H�R�U�\�� 

As the reactivity of the haloacetyl fluorides towards the Lewis acids is correlating to the 

electron pull of the substituents and the strength of the Lewis acids, fluoride ion 

affinities of the haloacetylium ions were calculated in the gas phase and solution on 

the BP/def2SVPP-level of theory, anchored by the COF2 system of CHRISTE.[88-92] The 

Lewis acidity of the cations as well as the strength of the C��F bonds of the haloacetyl 

fluorides increases the more electron-withdrawing the halogen substituents become. 

Therefore, stronger Lewis acids are required for the fluoride abstraction and the 

formation of the haloacetylium ions. 

 

3.6 Isolation of the ClCO + Cation  

Salts of the chloro-, dichloro-, and fluoroacetylium ions were isolated from the aprotic 

solvent SO2ClF by reacting the respective acyl fluorides with SbF5. As the 

difluoroacetylium ion represented the limit that allowed the isolation of electron-

deficient haloacetylium ions, it was investigated if the stabilization of highly reactive 

acyl cations is possible when the stabilizing effect of the methyl group by 

hyperconjugation is completely removed and the entire methyl group of acetyl fluoride 

is substituted for an electron-withdrawing halogen atom.  
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One simple case is to substitute the methyl group of the acetylium ion for a chlorine 

atom, which results in the ClCO+ cation. The triatomic cation has been synthesized 

before and was characterized by NMR spectroscopy by OLAH in 1991,[93] as well as 

vibrational spectroscopy by AUBKE in 1999.[94] Since the crystal structure of the cation 

has not been elucidated, salts of the ClCO+ cation were synthesized by reacting either 

carbonyl chloride fluoride or oxalyl chloride with three equivalents of SbF5 in the aprotic 

solvent 1,1,1,2-tetrafluoroethane (R-134a), as presented in Equations 26 and 27.[93-95] 

 

The crystal structure of the chlorocarbonyl cation was elucidated by recrystallization of 

the salts from R-134a and revealed a C��Cl bond with a significant double bond 

character, as well as a C��O bond length in the range between a formal double bond 

and a triple bond.[96] The bond lengths of the cation are in accordance with the 

corresponding C��O and C��Cl bonds of the isoelectronic molecules OCS and 

ClCN.[97,98] The cation is stabilized in the solid-state phase by interionic C···F contacts 

of a tetracoordinated carbonyl carbon atom with fluorine ligands of the [Sb3F16]�� anions, 

as well as Cl···F and O···F contacts, as presented in Figure 12.[69] 

 

�)�L�J�X�U�H������ �����,�Q�W�H�U�L�R�Q�L�F���F�R�Q�W�D�F�W�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�&�O�&�2�@�>�6�E���)���� �@�����G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K����������
�S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  ���[�� �\�������\���������������]�����L�L �  �[���������� �\�����]�����L�L�L �  ������ �[���������� �\�����]�����L�Y �  �����\�����[���\�������������]�����Y �  ������ �[����

������ �\�����]�� 
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�1�%�2�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �R�Q���W�K�H�� �&�%�����;�'���D�X�J-cc-pVTZ-level of theory, as well as a Natural 

Resonance Theory (NRT) analysis, were performed alongside the calculation of 

Wiberg bond indices (WBI) to get a more detailed insight into the bonding situation of 

the cation.[99,100] Thus, the positive charge is mainly located at the carbonyl carbon but 

also strongly delocalized over all three atoms of the cation. It is stabilized by back-

donation from chlorine lone pair electrons (see Figure 13),[70-75] as well as electron 

donation of the fluorine ligands of the anions.[86,87] This results in the shortening of the 

C��Cl bond as well as an increase in the C��Cl bond order. 

 

�)�L�J�X�U�H������ �����6�H�O�H�F�W�H�G���1�%�2�V���I�R�U���W�K�H���E�R�Q�G���&�����2�����D�Q�G���W�K�H���O�R�Q�H���S�D�L�U�V���R�I���&�O�����Z�L�W�K���R�F�F�X�S�D�Q�F�L�H�V���R�I���>�&�O�&�2�@�����+�)�� 

In the course of these studies, the properties of oxalyl chloride in the binary superacidic 

systems HF/SbF5 and DF/SbF5 were investigated. Reacting the acyl chloride with 

equimolar amounts of SbF5 led to the isolation of monoprotonated oxalyl chloride, 

which represents the first example of a protonated acyl chloride (see Equation 28). 

When an excess of the Lewis acid was applied, diprotonated oxalyl chloride was 

formed, as presented in Equation 29. The superelectrophilic dication is only stable in 

solution and was characterized with low-temperature NMR spectroscopy.[42] 
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The crystal structure of monoprotonated oxalyl chloride was elucidated by single-

crystal X-ray diffraction and revealed a significant elongation of the C=O bond and a 

significant shortening of the C��Cl bond compared to oxalyl chloride. The cation is 

stabilized in the solid-state phase by strong O(��H)···F hydrogen bonds as well as 

interionic C···F and Cl···F contacts (see Figure 14).[68,69] 

 

�)�L�J�X�U�H������ �����,�Q�W�H�U�L�R�Q�L�F���F�R�Q�W�D�F�W�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�&���2���2�+���&�O���@�>�6�E�)���@�����G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K��
���������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  ������ �[�����\�����]�����L�L �  �����[�������������\���������]�� 

�4�X�D�Q�W�X�P�� �F�K�H�P�L�F�D�O�� �F�D�O�F�X�O�D�W�L�R�Q�V�� �R�Q�� �W�K�H�� �&�%�����;�'���D�X�J-cc-pVTZ-level of theory were 

performed to investigate the shortening of the C��Cl bond. As observed before for 

protonated haloacetyl fluorides, the protonation of the COCl moiety results in a 

significantly increased electrophilicity of the carbonyl carbon (see Figure 15). The 

positive charge is stabilized by electron back-donating of chlorine lone pair electrons, 

�G�H�V�S�L�W�H���F�K�O�R�U�L�Q�H���E�H�L�Q�J���D���Z�R�U�V�H���Œ-donor than fluorine.[70-75] This results in the significant 

shortening of the C��Cl bond.  

 

�)�L�J�X�U�H������ �����0�R�O�H�F�X�O�D�U�����������������E�R�K�U���������'���L�V�R�V�X�U�I�D�F�H�V���Z�L�W�K���P�D�S�S�H�G���H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O�V���D�V���D���F�R�O�R�U���V�F�D�O�H���I�U�R�P��
���������� �N�-���P�R�O ���U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������O�H�I�W�������D�Q�G���I�U�R�P������������ �N�-���P�R�O�����U�H�G�����W�R������������ �N�-���P�R�O�����E�O�X�H�������U�L�J�K�W�������7�K�H��

�H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O���L�V�R�V�X�U�I�D�F�H�V���D�Q�G���W�K�H���1�3�$���F�K�D�U�J�H�V���K�D�Y�H���E�H�H�Q���F�D�O�F�X�O�D�W�H�G���I�R�U���&���2���&�O�������O�H�I�W�����D�Q�G���>�&���2���2�+���&�O���@�����+�)��
���U�L�J�K�W�������6�H�O�H�F�W�H�G���1�3�$���F�K�D�U�J�H�V���D�U�H���J�L�Y�H�Q���L�Q���>�D���X���@�����&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���&�%�����;�'���D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�� 
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3.7 Isolation of the Elusive HCO + Cation  

Since the ClCO+ cation was isolated and characterized by single-crystal X-ray 

diffraction, any electronic interaction with the CO+ moiety was completely removed by 

substituting the methyl group of acetyl fluoride for a simple hydrogen atom. Therefore, 

the properties of formyl fluoride towards SbF5 were investigated in the aprotic solvent 

R-134a to achieve the isolation of the elusive formylium ion HCO+. 

Pure formyl fluoride was prepared from sodium formate, benzoyl chloride, and 

potassium bifluoride in acetonitrile. The deuterated species DCOF was obtained 

analogously from sodium formate-d.[101,102] Reacting both acyl fluorides with equimolar 

amounts of SbF5 in the aprotic solvent R-134a at low temperatures led to the isolation 

of HCOF and DCOF, respectively, with O-coordinated SbF5 (see Equations 30 and 31). 

 

HCOF was subsequently reacted with two equivalents of SbF5 at ��30 °C to obtain 

[HCO][Sb2F11] as a colorless, crystalline precipitate, as presented in Equation 32. A 

reaction time of seven days is required to isolate [HCO][Sb2F11] as a pure solid. When 

the solvent was removed after less than seven days, a mixture of the elusive cation 

and HCOF·SbF5 was observed using Raman spectroscopy. 

 

In the course of our studies on the properties of haloacetyl fluorides towards strong 

Lewis acids in aprotic solvents, a second preparative pathway to isolate the elusive 

HCO+ cation was observed. As illustrated in Equations 33 and 34, recrystallizing 

CHF2COF·SbF5 from R-134a at ��50 °C led to the isolation of [HCO][Sb2F11] as 

colorless crystals after several days. We were not able to determine the mechanism of 

the formation but identified CO and CHF3 as by-products in the gas phase with IR 

spectroscopy.  
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[HCO][Sb2F11] was characterized by low-temperature vibrational spectroscopy and the 

crystal structure of the elusive cation was elucidated for the first time by single-crystal 

X-ray diffraction. The v���&�A�2���� �R�I�� �W�K�H�� �V�D�O�W�� �Z�D�V�� �R�E�V�H�U�Y�H�G��red-shifted compared to 

gaseous carbon monoxide[38] and to values obtained before for HCO+ in the gas 

phase,[38] in HF/SbF5,[39] as well as in the solid state from the interaction of CO and the 

carborane superacid H(CHB11F11).[40,41] The elusive cation is stabilized in the solid-

state phase by C···F contacts of a tetracoordinated carbon atom with fluorine ligands 

of the [Sb2F11]�� anions as well as a moderate C(��H)···F hydrogen bond (see Figure 

16).[68,69]  

 

�)�L�J�X�U�H������ �����,�Q�W�H�U�L�R�Q�L�F���F�R�Q�W�D�F�W�V���R�I���W�K�H���F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�+�&�2�@�>�6�E���)���� �@�����G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K����������
�S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V���������� �[�����\�����]�����L�L �  �����[���������������\�������������]�����L�L�L �  �����[���������\���������]�� 

The oxygen atom forms significantly weaker O···F contacts to the anions, which have 

less influence on the structure and stabilization of the cation in the solid-state phase, 

as demonstrated by a Hirshfeld surface analysis of the intermolecular contacts (see 

Figure 17).[69,81,82] 
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�)�L�J�X�U�H������ �����,�Q�W�H�U�L�R�Q�L�F���F�R�Q�W�D�F�W�V���D�Q�G���+�L�U�V�K�I�H�O�G���V�X�U�I�D�F�H���R�I���W�K�H���>�+�&�2�@�����F�D�W�L�R�Q���L�Q���W�K�H���F�U�\�V�W�D�O���S�D�F�N�L�Q�J���R�I���>�+�&�2�@�>�6�E���)���� �@��
���P�D�S�S�H�G���Z�L�W�K���G�Q�R�U�P�����>�����������@���&�R�O�R�U���F�R�G�L�Q�J���R�I���W�K�H���+�L�U�V�K�I�H�O�G���V�X�U�I�D�F�H�����Z�K�L�W�H�����G�L�V�W�D�Q�F�H���G���H�T�X�D�O�V���9�'�:�������E�O�X�H�����G���H�[�F�H�H�G�V���9�'�:��
�G�L�V�W�D�Q�F�H�������D�Q�G���U�H�G�����G���L�V���V�P�D�O�O�H�U���W�K�D�Q���9�'�:���G�L�V�W�D�Q�F�H�������)�R�U���W�K�H���&�������)���F�R�Q�W�D�F�W�V���&���������)�������&���������)���L�����&���������)���L�L�����D�Q�G���&���������)�����L��
�R�Q�O�\���W�K�H���F�R�Q�W�D�F�W�L�Q�J���I�O�X�R�U�L�Q�H���D�W�R�P�V���D�U�H���V�K�R�Z�Q���I�R�U���D���E�H�W�W�H�U���Y�L�V�X�D�O�L�]�D�W�L�R�Q�����6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  ������ �[�����\�����]�����L�L �  �����[���������������\����

���������]�����L�L�L �  �����[���������\���������]�� 
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4 Conclusion  

 

The versatile reactivity of acyl fluorides towards strong Lewis acids was investigated 

by reacting selected acyl fluorides in both binary and Lewis superacidic media. One of 

the simplest acyl fluorides, acetyl fluoride, forms stable acetylium salts with weak Lewis 

acids such as BF3, regardless of the choice of a protic or aprotic solvent, due to the 

high stabilization of the acetylium ion by hyperconjugation. When the electron donation 

of the methyl group is successively reduced by the introduction of electron-withdrawing 

substituents like halogen atoms or an acetyl group, the selective isolation of either 

protonated acyl fluorides or oxonium salts is enabled in binary superacidic media, 

whereas highly reactive acyl cations were isolated in aprotic Lewis superacidic media. 

In both binary and Lewis superacidic media, protonated difluoroacetyl fluoride and the 

difluoroacetylium ion represent the limit that allowed the isolation of electron-deficient 

protonated haloacetyl fluorides or haloacetylium ions. The substitution of the entire 

methyl group for an electron-withdrawing chlorine atom or a simple hydrogen atom led 

to the isolation of the highly reactive ClCO+ cation as well as the elusive HCO+ cation 

by reacting carbonyl chloride fluoride or formyl fluoride, respectively, with SbF5 in Lewis 

superacidic media. 

The stabilization of the isolated compounds was investigated by single-crystal X-ray 

diffraction and quantum chemical calculations. The protonation of the COF moiety 

results in a significant increase in the electrophilicity of the carbonyl carbon and a 

stabilization of the positive charge by back-donation of fluorine lone pair electrons. In 

the case of protonated difluoroacetyl fluoride, the addition of HF to the protonated 

carbonyl bond is strongly favored due to an extraordinarily strong electrophilicity and 

prevents the observation of the protonated haloacetyl fluoride. The highly reactive 

haloacetylium ions are stabilized by hyperconjugation of the C��H bonds of the 

halogenated methyl groups. The introduction of halogen atoms, however, also leads 

to a destabilization by negative hyperconjugation of the chlorine and fluorine lone pairs. 

In the case of the difluoroacetylium ion, the negative hyperconjugation of both fluorine 

lone pairs is too large to stabilize the highly reactive cation in the solid-state phase. For 

both, protonated difluoroacetyl fluoride as well as the difluoroacetylium ion, the 

destabilization is greater than the stabilization and results in an altered reactivity or the 

decomposition of the cations, respectively. When the stabilization of the cations by 
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hyperconjugation is completely removed by substituting the entire methyl group for an 

electron-withdrawing chlorine atom, the ClCO+ cation is stabilized by mesomeric 

effects. When any electronic interaction of the CO+ moiety is completely removed, the 

elusive HCO+ cation is only stabilized by intermolecular contacts with the anions in the 

solid state. 

In this thesis, preparative approaches are presented to enable convenient access to 

several compound classes and elusive cations, which were characterized in the solid-

state phase for the first time. The results can be transferred to similar compounds to 

investigate the influence of further electron-withdrawing or donating substituents on 

the reactivity of the COF moiety towards Lewis acids, concerning the possibility of 

protonation or fluoride abstraction and the isolation of further elusive cations.
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6 Appendix  

The following appendix contains a list of publications and conference contributions, as 

well as the manuscripts, supporting information and cover pictures, which are 

published in the scope of this dissertation. The first two manuscripts have been peer-

reviewed and published in scientific journals. The other five manuscripts are currently 

in the process of being published. The publications are listed thematically, in the same 

way as they are summarized in this thesis. 

 

6.1 List of Publications and Conference Contributions  

6.1.1 Publications  

1. S. Steiner, C. Jessen, A. J. Kornath, Synthesis and Structural Investigation of 

Protonated Haloacetyl Fluorides, Z. Anorg. Allg. Chem. 2022, 648, e202200060. 

DOI: 10.1002/zaac.202200060  Cover DOI: 10.1002/zaac.202200181 

2. S. Steiner, U. Blumenschein, Z. M. Shafiq, C. Jessen, A. Nitzer, C.Taeschler, A. 

J. Kornath, Ring-Opening of Diketene in Superacidic Media, publication in 

preparation. 

3. S. Steiner, A. Nitzer, C. Jessen, A. J. Kornath, Reactions of Dichloroacetyl 

Fluoride in Superacidic Media, Z. Anorg. Allg. Chem. 2024, 650, e202400013. 

DOI: 10.1002/zaac.202400013 

4. S. Steiner, Z. M. Shafiq, A. Nitzer, D. Hollenwäger, A. J. Kornath, HF-Addition to 

Haloacetyl Fluorides in Superacidic Media, publication in preparation. 

5. S. Steiner, C. Jessen, A. Nitzer, V. Bockmair, A. J. Kornath, Synthesis and 

Stabilization of Highly Reactive Haloacetylium Ions, publication in preparation. 

6. S. Steiner, K. Djordjevic, D. Hollenwäger, V. Bockmair, A. J. Kornath, Protonated 

Oxalyl Chloride and the ClCO+ Cation, publication in preparation. 

7. S. Steiner, T. Kuhn, C. Jessen, V. Bockmair, A. Virmani, A. J. Kornath, 

Convenient Synthesis and Crystal Structure of the HCO+ Cation, publication in 

preparation. 
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6.1.2 Conference Contributions  

6.1.2.1 Poster Presentation  

1. S. Steiner, C. Jessen, A. J. Kornath, Protonation of Chloroacetyl Fluoride and 

Fluoroacetyl Fluoride in Superacidic Media, 20th European Symposium on 

Fluorine Chemistry, Berlin (Germany), August 15-19, 2022. 

2. S. Steiner, C. Jessen, V. Bockmair, A. Virmani, A. J. Kornath, Synthesis and 

Crystal Structure of the HCO+ Cation, 23rd International Symposium on Fluorine 

Chemistry & 9th International Symposium on Fluorous Technologies, Quebéc City 

(Canada), July 23-28, 2023. 

 

6.1.2.2 Oral Presentation  

1. S. Steiner, C. Jessen, A. Nitzer, A. J. Kornath, Versatile Reactivity of Acetyl 

Fluoride and Haloacetyl Fluorides in Superacidic Media, 19. Deutscher Fluortag, 

Schmitten/Ts. (Germany), September 19-21, 2022. 

2. S. Steiner, C. Jessen, V. Bockmair, A. J. Kornath, Synthesis and Stabilization of 

Highly Reactive Acyl Cations, 2nd South African Fluorine Symposium, Sun City 

(South Africa), February 11-15, 2024. 

6.2 Manuscripts, Supporting Information, and Cover Pictures  

6.2.1 Synthesis and Structural Investigations of Protonated Haloacetyl 

Fluorides  

6.2.2 Ring -Opening of Diketene in Superacidic Media  

6.2.3 Reactions of Dichloroacetyl Fluoride in Superacidic Media  

6.2.4 HF-Addition to Haloacetyl Fluorides in Superacidic Media  

6.2.5 Synthesis and Stabilization of Highly Reactive Haloacetylium Ions  

6.2.6 Protonated Oxalyl Chloride and the ClCO + Cation  

6.2.7 Convenient Synthesis and Crystal Structure of the HCO + Cation  
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Supporting Information  

 
Table S1. Low temperature Raman and IR spectra of [CH3CO][AsF6] (1) and [CH3CO][SbF6] (2) and calculated vibrational frequencies [cm�í1] of [CH3CO]+. 
 
Figure S1. Low temperature Raman and IR Spectra of [CH3CO][AsF6] (1), [CH3CO][SbF6] (2) and CH3COF. 
 
Table S2. Low temperature Raman and IR spectra of [CClH2C(OX)F][AsF6] (3, 5) and [CClH2C(OX)F][SbF6] (4, 6) (X = H, D) and calculated vibrational 
frequencies [cm�í1] of [CClH2C(OH)F]+.HF. 
 
Figure S 2. Low temperature Raman and IR Spectra of [CClH2C(OX)F][AsF6] (3, 5), [CClH2C(OX)F][SbF6] (4, 6) (X = H, D) and CClH2COF. 
 
Table S3. Low temperature Raman and IR spectra of CClH2COF and calculated vibrational frequencies [cm�í1] of CClH2COF. 
 
Table S4. Low temperature Raman and IR spectra of [CH2FC(OX)F][AsF6] (7, 9) and [CH2FC(OX)F][SbF6] (8, 10) (X = H, D) and calculated vibrational 
frequencies [cm�í1] of [CH2FC(OH)F]+.HF. 
 
Figure S 3. Low temperature Raman and IR Spectra of [CH2FC(OX)F][AsF6] (7, 9), [CH2FC(OX)F][SbF6] (8, 10) (X = H, D) and CH2FCOF. 
 
Table S5. Low temperature Raman and IR spectra of CH2FCOF and calculated vibrational frequencies [cm�í1] of CH2FCOF. 
 
Table S6. X-ray data and refinement of 4 and 10. 
 
Table S7. Bond lengths [Å] and bond angles [°] of [CClH2C(OH)F][SbF6] (4) as well as donor-acceptor distances in 4. 
 
Figure S 4. Layer structure of 4 (displacement ellipsoids with 50% probability). Symmetry codes: i = �íx, 1�íy, 1�íz; ii = 1�íx, 0.5+y, 1.5�íz; iii = 1+x, 1.5�íy, 0.5+z. 
 
Table S8. Bond lengths [Å] and bond angles [°] of [CH2FC(OD)F][SbF6] (10) as well as donor-acceptor distances in 10. 
 
Figure S 5a-c. NMR Spectra of CClH2COF in aHF, �í50 °C. 
 
Figure S6a-c. NMR Spectra of [CClH2C(OH)F][SbF6] (4) in aHF, �í50 °C. 
 
Figure S7a-c. NMR Spectra of CH2FCOF in aHF, �í20 °C. 
 
Figure S8a-c. NMR Spectra of CH2FCOF in aHF, �í50 °C. 
 
Figure S9a-c. NMR Spectra of [CH2FC(OH)F][SbF6] (8) in aHF, �í50 °C. 
 
Figure S 10. Calculated gas-phase structures of [CClH2C(OH)F]+.HF and [CH2FC(OH)F]+.HF. 
 
Table S9. Calculated bond lengths [Å] and bond angles [°] of [CClH2C(OH)F]+, [CClH2C(OH)F]+.HF, [CH2FC(OH)F]+ and [CH2FC(OH)F]+.HF as well as bond 
lengths [Å] and bond angles [°] of [CClH2C(OH)F]+ (4) and [CH2FC(OH)F]+ (10). 
 
Table S10. Output Orientations of [CClH2C(OH)F]+.HF and [CH2FC(OH)F]+.HF. 
 
Table S11. Calculated NPA charges of CClH2COF, [CClH2C(OH)F]+.HF, CH2FCOF and [CH2FC(OH)F]+.HF. 
 
Figure S 11. Molecular 0.0004 bohr-3 3D isosurfaces with mapped electrostatic potential as a color scale ranging from �í0.04 a.u. (red) to 0.04 (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated for CClH2COF. 
 
Figure S 12. Molecular 0.0004 bohr-3 3D isosurfaces with mapped electrostatic potential as a color scale ranging from 0.11 a.u. (red) to 0.27 (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated for [CClH2C(OH)F]+. 
 
Figure S 13. Molecular 0.0004 bohr-3 3D isosurfaces with mapped electrostatic potential as a color scale ranging from 0.11 a.u. (red) to 0.23 (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated for [CClH2C(OH)F]+.HF. 
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Table S1. Low temperature Raman and IR spectra of [CH3CO][AsF6] (1) and [CH3CO][SbF6] (2) and calculated vibrational frequencies [cm�í1] of [CH3CO]+. 

[CH3CO][AsF6] (1) [CH3CO][SbF6] (2) [CH3CO]+ Assignment 

Raman  IR Raman IR calc.[a,b] (IR/Raman)[c]  

3001(27) 2995 w 3009(23) 3009 w 2980(62/43) ��5 E ��as(C-H) 

3001(27) 2995 w 2986(32) 2980 w 2980(62/43) ��6 E ��s(C-H) 

2919(86) 2918 w 2915(100) 2910 w 2890(81/148) ��1 A1 ��s(CH3) 

2308(69) 2309 m 2305(59) 2301 w 2311(226/47) ��2 A1 ��s���&�A�2�� 

 1623 w       

 1548 w       

1377(11) 1371 m 1381(10)  1346(20/5) ��7 E �2(CH3) 

1377(11) 1371 m 1375(11) 1367 w 1346(20/5) ��8 E �!(CH3) 

1334(27) 1332 m 1335(22) 1334 m 1313(41/7) ��3 A1 �/s(CH3) 

 1230 w       

 1016 m  1014 m 992(25/0) ��9 E �/as(C-H) 

 1016 m  1014 m 992(25/0) ��10 E �/as(C-H) 

902(13) 901 w 904(11) 901 m 869(2/3) ��4 A1 ��s(C-C) 

 825 w       

407(7)  414(4)  406(3/0) ��11 E �/s(C-�&�A�2�� 

407(7)  409(4) 409 s 406(3/0) ��12 E �/as(C-�&�A�2�� 

  159(10)      

  106(14)      

118(15)        

687(100) 698 vs      ��(M-F) 

  685(5)     ��(M-F) 

  664(25)     ��(M-F) 

  658(37) 658 vs    ��(M-F) 

  651(98) 648 vs    ��(M-F) 

580(24) 582 vs      �/��M-F) 

373(32) 374 vs      �/��M-F) 

  280(27)     �/��M-F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Figure S1. Low temperature Raman and IR spectra of [CH3CO][AsF6] (1), [CH3CO][SbF6] (2) and CH3COF. 
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Table S2. Low temperature Raman and IR spectra of [CClH2C(OX)F][AsF6] (3, 5) and [CClH2C(OX)F][SbF6] (4, 6) (X = H, D) and calculated vibrational frequencies 
[cm�í1] of [CClH2C(OH)F]+.HF. 

[CClH2C(OH)F][AsF6] 
(3) 

[CClH2C(OD)F][AsF6]  
(5) 

[CClH2C(OH)F][SbF6]  
(4) 

[CClH2C(OD)F][SbF6] 
(6) 

[CClH2C(OH)F]+.HF Assignment 

Raman IR Raman IR Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

2977(48) 2976 s 2976(47) 2974 w 2993(17) 2976 w 2993(20) 2978 s 2958(24/48) ��1 A ��(C-H) 

2938(81) 2939 m 2938(77) 2939 w 2951(35) 2939 w 2953(40)  2928(839/201) ��2 A ��(C-H) 

        2909(1404/34) ��3 A ��(O-H) 

  2307(4) 2347 w   2308(8) 2341 s    ��(O-D) 

1694(16) 1691 s 1694(14) 1695 w 1692(5) 1691 w 1689(9) 1693 s 1652(275/7) ��4 A ��(C=O) 

1415(6) 1419 m 1415(5)  1438(4) 1425 w 1416(6)  1441(206/5) ��5 A �/(COH) 

1374(36) 1375 s 1373(34) 1372 w 1378(32) 1369 w 1376(24) 1365 m 1333(72/11) ��6 A �/(CH2) 

1240(5) 1286 m 1240(4) 1240 w 1285(4) 1290 w 1240(5) 1238 m 1255(72/2) ��7 A �����&�+2) 

    1201(6) 1205 w       

1200(39) 1213 s 1201(38) 1198 w 1192(14) 1194 w 1192(13) 1196 m 1187(104/1) ��8 A ��(C-F) 

 1169 m           

     1078 w  1107 m 1169(0/2) ��9 A �2(CH2) 

1008(11) 1024 s 1008(10) 1005 w  1030 w 1005(5) 999 m     

     968 w   942(109/0) ��10 A �/(COH) 

907(10) 908 s 907(10) 906 w 909(10) 908 w 911(5) 903 m 892(23/1) ��11 A ��(C-C) 

879(9) 860 m 880(9) 878 w   864 w 876(4) 879 m 869(16/0) ��12 A �����&�+2) 

812(79) 818 s 812(75) 806 w 815(38) 814 m 807(27) 808 m 803(37/9) ��13 A ��(C-Cl) 

780(4)      779(4) 773 m     

608(12)  608(11) 613 w         

593(32) 592 m 592(30) 588 w 593(23) 592 w 594(20)  615(15/1) ��14 A �/(COF) 

510(7) 501 s 510(6) 503 w 513(6) 503 504(8) 492 m 493(0/0) ��15 A �����&-C=O) 

428(20)  428(18) 428 w         

409(31)  409(31)  408(23) 409 w 407(20) 407 m 398(5/3) ��16 A �/(C-C-F) 

279(6)  280(5)  272        

243(18)  243(17)  230(5)  230(8)  165(1/1) ��17 A �/(C-C-F) 

    193(6)        

178(17)  179(16)  172(6)        

148(21)  147(21)          

126(17)  127(16)  123(14)        

103(19)  103(18)  104(11)  105(11)  71(3/0) ��18 A �����&�+2) 

735(4)  736(4)         ��(M-F) 

712(49)  712(58)         ��(M-F) 

703(100) 702 vs 702(94) 700 vs        ��(M-F) 

 
 



          

5 
 

 
    695(4) 692 m 692(11)     ��(M-F) 

  684(3)    681(14)     ��(M-F) 

675(99) 673 s 674(100) 675 m 667(100) 665 m 665(100) 660 s    ��(M-F) 

 644 s   636(29) 636 m 633(11)     ��(M-F) 

  578(5)         ��(M-F) 

  564(7)  564(2)       ��(M-F) 

  395(14)         �/(M-F) 

 390 vs 386(46) 390 s  383 vw      �/(M-F) 

 374 s 366(28) 372 m        �/(M-F) 

 359 s 358(27) 359 m 360(6)       �/(M-F) 

    287(20)  286(19)     �/(M-F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

Figure S 2. Low temperature Raman and IR spectra of [CClH2C(OX)F][AsF6] (3, 5), [CClH2C(OX)F][SbF6] (4, 6) (X = H, D) and CClH2COF. 
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Table S3. Low temperature Raman and IR spectra of CClH2COF and calculated vibrational frequencies [cm�í1] of CClH2COF. 

CClH2COF CClH2COF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3006(22)  3023(1/47) ��1 A' ��as(C-H) 

2962(95) 2974 m 2970(10/110) ��11 A'' ��s(C-H) 

2799(3)     2��4 

 1894 s    ��s(C=O) 

 1880 vs    ��s(C=O) 

1859(32) 1867 vs 1878(256/14) ��2 A' ��s(C=O) 

1406(28) 1414 m 1391(24/6) ��3 A' �/s(C-H) 

1310(4) 1310 m 1281(11/1) ��4 A' �����&�+2) 

1280(2) 1280 m     

 1230 s     

1189(12)  1164(0/2) ��12 A'' �2(CH2) 

1105(6) 1097 vs 1070(271/2) ��5 A' �/s(C-F) 

926(3) 926 m 904(8/0) ��13 A'' �����&�+2) 

880(16) 876 s 864(64/1) ��6 A' ��s(C-C) 

801(100) 798 m 785(22/14) ��7 A' ��s(C-Cl) 

665(7) 667 m     

629(12) 619 s 605(21/2) ��8 A' �/s(COF) 

562(5) 559 m     

530(5)  514(5/0) ��14 A'' �����&�&�2�� 

451(6)      

411(14)      

393(64) 381 m 380(1/3) ��9 A' �/s(C-C-F) 

302(5)      

224(28)  203(2/1) ��10 A' �/s(CCO) 

  82(6/0) ��15 A'' �����&�+2) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Table S4. Low temperature Raman and IR spectra of [CH2FC(OX)F][AsF6] (7, 9) and [CH2FC(OX)F][SbF6] (8, 10) (X = H, D) and calculated vibrational frequencies 
[cm�í1] of [CH2FC(OH)F]+.HF. 

[CH2FC(OH)F][AsF6] 
(7) 

[CH2FC(OD)F][AsF6]  
(9) 

[CH2FC(OH)F][SbF6]  
(8) 

[CH2FC(OD)F][SbF6] 
(10) 

[CH2FC(OH)F]+.HF Assignment 

Raman IR Raman IR Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

 3155 w    3236 vs      ��s(O-H) 

2998(33) 2997 w 2998(56) 2995 w 3004(22)  3004(22) 3003 w 2935(9/55) ��13 A'' ��as(C-H) 

2978(14) 2974 w 2973(63) 2972 w 2979(21) 2987 w 2977(28) 2974 w 2898(167/204) ��1 A'  ��s(C-H) 

        2874(2052/40) ��2 A' ��s(O-H) 

2950(32)    2952(16) 2955 w       

  2307(4) 2353 w   2285(2) 2347 m    ��s(O-D) 

       1981 m     

   1821 w         

 1772 w      1782 s     

1697(22) 1692 w 1692(35) 1678 w 1699(19) 1701 w 1696(19) 1688 m 1667(298/7) ��3 A' ��s(C=O) 

1604(6) 1607 vw  1595 w 1603(3) 1612 w       

1485(6) 1481 w 1476(10) 1470 w 1482(6) 1472 w 1472(4) 1473 w 1457(170/3) ��4 A' �/s(COH) 

1409(58) 1408 w 1408(90) 1400 w 1405(61) 1404 w 1404(47) 1398 s 1372(40/15) ��5 A' �/s(CH2) 

1332(6) 1333 w 1325(13) 1323 w 1332(6) 1340 w 1324(7) 1323 m 1313(98/1) ��6 A' �����&�+2) 

1246(26) 1242 m 1246(37) 1240 w 1249(26) 1247 w 1248(19) 1244 w 1216(0/4) ��14 A'' �2(CH2) 

    1221(4) 1212 w  1223 m 1208(103/1) ��7 A' ��s(C-F) 

1112(7) 1105 m 1110(16) 1101 m 1104(10) 1107 m 1105(9) 1103 s 1144(105/3) ��8 A' ��s(CH2-F) 

 1016 m 1018(6) 1016 m   1013(2) 1013 m 986(2/0) ��15 A'' �����&�+2) 

     996 m   943(122/0) ��16 A'' �/as(COH) 

898(33) 897 w 902(14) 906 w 897(39) 895 m 906(6) 908 m 857(15/5) ��9 A' ��s(C-C) 

 829 m  845 w         

    810(6) 813 w 806(7) 810 w     

591(33) 608 m 590(40) 588 m 586(31) 590 w 585(32) 588 m 633(17/1) ��10 A' �/s(COF) 

 569 m           

519(10) 525 m 505(18) 523 m 521(9) 524 m 504(15) 518 s 510(1/0) ��17 A'' �����&-C=O) 

485(22)  482(30) 484 m 483(24) 501 m 480(25) 480 m 462(32/2) ��11 A' �/s(C-C-F) 

283(6)  277(10)  286(29)  279(43)  305(45/0) ��12 A' �/s(C-C=O) 

147(16)  145(22)  150(18)  148(19)  123(4/0) ��18 A'' �����&�+2) 

706(100) 698 vs 702(100) 700 vs        ��(M-F) 

 681 s 684(69)    687(6)     ��(M-F) 

673(96)  672(79) 673 s 669(100) 667 s 664(100) 663 vs    ��(M-F) 

653(8)    652(96)       ��(M-F) 

    639(41) 640 m 641(80) 644 s    ��(M-F) 
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499(13)    500(12) 501 m      �/(M-F) 

365(45) 359 s 366(61) 368 s        �/(M-F) 

 459 w 466(15)         �/(M-F) 

380(34) 397 vs 380(38) 393 vs 387(5) 372 w      �/(M-F) 

    320(6)       �/(M-F) 

365(45) 359 s 366(61) 368 s        �/(M-F) 

    279(37)       �/(M-F) 

    269(22)  268(19)     �/(M-F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 

 
 

 

Figure S 3. Low temperature Raman and IR spectra of [CH2FC(OX)F][AsF6] (7, 9), [CH2FC(OX)F][SbF6] (8, 10) (X = H, D) and CH2FCOF. 
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Table S5. Low temperature Raman and IR spectra of CH2FCOF and calculated vibrational frequencies [cm�í1] of CH2FCOF. 

CH2FCOF CH2FCOF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3001(33) 2981 w 2978(3/51) ��11 A'' ��as(C-H) 

2962(100) 2962 w 2930(13/127) ��1 A' ��s(C-H) 

2863(7)     2��4 

2772(11)      

 1906 s    ��s(C=O) 

1871(53) 1890 s 1885(295/18) ��2 A' ��s(C=O) 

 1454 w    �/s(C-H) 

1437(40) 1439 w 1414(17/7) ��3 A' �/s(C-H) 

 1388 w    �/s(C-H) 

1252(22) 1238 m 1363(3/0) ��4 A' �����&�+2) 

 1224 m     

 1157 w 1227(2/4) ��12 A'' �2(CH2) 

1139(13) 1132 w 1117(1/4) ��5 A' ��s(CH2-F) 

1074(10) 1095 vs 1077(373/0) ��6 A' ��s(C-F) 

878(67) 879 w 998(1/0) ��13 A'' �����&�+2) 

828(10) 824 w 851(20/6) ��7 A' ��s(C-C) 

706(11)     ��8+��15 

642(17) 640 w 623(27/2) ��8 A' �/s(COF) 

 621 w     

534(6) 597 w     

456(47) 553 w 517(9/0) ��14 A'' �����&-C=O) 

 466 w 441(2/2) ��9 A' �/s(C-C-F) 

287(10) 392 w     

263(12)  241(4/0) ��10 A' �/s(C-C=O) 

  114(10/0) ��15 A'' �����&�+2) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Table S6. X-ray data and refinement of 4 and 10. 

 [CClH2C(OH)F][SbF6] (4) [CH2FC(OD)F][SbF6] (10) 

formula C2H3ClF7OSb C2H2DF8OSb 

Mr [g mol-1] 333.24 316.79 

crystal size [mm3] 0.21 x 0.13 x 0.08 0.52 x 0.46 x 0.26 

crystal system monoclinic triclinic 

space group P21/c P�s 

a [Å] 5.2976(2) 4.9566(3) 

b [Å] 13.0856(4) 7.6512(7) 

c [Å] 12.1986(4) 9.7112(7) 

�.��[°] 90 78.650(7) 

����[°] 99.460(3) 80.241(6) 

����[°] 90 85.234(6) 

V [Å³] 834.14(5) 355.39(5) 

Z 4 2 

�!calc [g cm-3]  2.654 2.960 

µ [mm-1] 3.700 3.990 

��MoK�. [Å]  0.71073 0.71073 

F(000) 616 292 

T [K] 110(2) 130(2) 

hkl range �í7:6, �í17:15, �í16:16  �í7:5, �í10:10, �í13:12 

refl. measured 7299 3662 

refl. unique 2067 2157 

Rint 0.0317 0.0329 

parameters 113 113 

R(F)/wR(F²) a (all reflexions) 0.0290/0.0440 0.0341/0.0670 

weighting scheme b 0.0168/0.0000 0.0305/0.0000 

S (GooF) c 1.014 1.043 

residual density [e Å-3] 0.515/�í0.404 1.106/�í2.155 

device type Oxford XCalibur Oxford XCalibur 

solution SHELXT[1] SHELXT[1] 

refinement SHELXL-2018/3[2] SHELXL-2018/3[2] 

CCDC 2023176 2023175 

a R1 = �����_�_F0|�í|FC�_�_�������_F0|; 
b wR2 = �>���>w(F2

0 �í F2
C)2�@��������F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

c GooF = [�� [(F2
0 �í F2

C)2]/(n�íp)]1/2 (n = number of reflexions; p = total numbers of parameters). 
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Table S7. Bond lengths [Å] and bond angles [°] of [CClH2C(OH)F][SbF6] (4) as well as donor-acceptor distances in 4. 

[CClH2C(OH)F][SbF6] (4) 

Bond lengths [Å] 

C1-Cl1 1.753(3) Sb1-F2 1.923(2) 

C1-C2 1.469(4) Sb1-F3 1.857(2) 

C2-O1 1.231(3) Sb1-F4 1.863(2) 

C2-F1 1.285(3) Sb1-F5 1.864(2) 

O1-H1 0.84(2) Sb1-F6 1.856(2) 

  Sb1-F7 1.857(2) 

Bond angles [°] 

Cl1-C1-C2 112.4(2) F3-Sb1-F5 90.81(8) 

C1-C2-F1 116.4(2) F3-Sb1-F6 176.48(8) 

C1-C2-O1 124.2(2) F3-Sb1-F7 89.47(8) 

O1-C2-F1 119.4(2) F4-Sb1-F5 91.47(8) 

F2-Sb1-F3 87.77(8) F4-Sb1-F6 90.18(7) 

F2-Sb1-F4 88.34(7) F4-Sb1-F7 176.34(8) 

F2-Sb1-F5 178.57(8) F5-Sb1-F6 92.71(8) 

F2-Sb1-F6 88.72(7) F5-Sb1-F7 92.08(9) 

F2-Sb1-F7 88.09(8) F6-Sb1-F7 90.54(8) 

F3-Sb1-F4 89.58(8)   

Dihedral angles [°] 

Cl1-C1-C2-O1 6.4(4) Cl1-C1-C2-F1 �í174.2(2) 

Donor-acceptor distances [Å] 

O1-(H1) . . . F2 2.421(3) C1-(H2B) . . . F3ii 3.029(3) 

C1-(H2A) . . . F4i  3.048(3) C2 . . . F4i 2.704(3) 

C1-(H2A) . . . F7iii 3.141(3) C2 . . . F5ii 2.651(3) 

 
 
 
 
 

 
 

 
 
 

 
 

 
 

 
 
 
 
 

 
 
 

  

Figure S 4. Layer structure of 4 (displacement ellipsoids with 50% probability).  
Symmetry codes: i = �íx, 1�íy, 1�íz; ii = 1�íx, 0.5+y, 1.5�íz, iii = 1+x, 1.5�íy, 0.5+z. 
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Table S8. Bond lengths [Å] and bond angles [°] of [CH2FC(OD)F][SbF6] (10) as well as donor-acceptor distances in 10. 

[CH2FC(OD)F][SbF6] (10) 

Bond lengths [Å] 

F2-C2 1.359(5) Sb1-F3 1.868(2) 

C2-C1 1.484(5) Sb1-F4 1.871(2) 

C1-O1 1.227(5) Sb1-F5 1.858(2) 

C1-F1 1.278(4) Sb1-F6 1.875(2) 

O1-H1 0.84(4) Sb1-F7 1.929(2) 

  Sb1-F8 1.854(2) 

Bond angles [°] 

F2-C2-C1 108.9(3) F4-Sb1-F6 90.87(9) 

C2-C1-F1 115.8(3) F4-Sb1-F7 177.50(9) 

C2-C1-O1 123.2(3) F4-Sb1-F8 91.74(9) 

O1-C1-F1 121.0(3) F5-Sb1-F6 89.60(9) 

F3-Sb1-F4 94.13(9) F5-Sb1-F7 88.02(9) 

F3-Sb1-F5 90.31(9) F5-Sb1-F8 176.77(9) 

F3-Sb1-F6 175.00(9) F6-Sb1-F7 86.68(9) 

F3-Sb1-F7 88.32(9) F6-Sb1-F8 90.22(9) 

F3-Sb1-F8 89.60(9) F7-Sb1-F8 88.76(9) 

F4-Sb1-F5 91.49(9)   

Dihedral angles [°] 

F2-C2-C1-O1 0.1(5) F2-C2-C1-F1 �í179.0(3) 

Donor-acceptor distances [Å] 

O1-(D1) . . . F7 2.465(3) C1 . . . F3i 2.618(4) 

C2-(H2A) . . . F8 3.113(4) C1 . . . F6i 2.622(4) 

C2-(H2B) . . . F4i 3.219(4)   
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Figure S 5a-c: NMR Spectra of CClH 2COF in aHF, �í50 °C 
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CClH2COF: 
1H NMR [400 MHz, �±60 °C, (CD3)2�&�2���@�����/��� ��3.81 (d, J = 2.5 Hz, CClH2). 
19F NMR [377 MHz, �±60 °C, (CD3)2�&�2���@�����/��� ��31.52 (s, COF).   
13C NMR [101 MHz, -60 °C, (CD3)2�&�2���@�����/��� ��164.5 (d, J = 358.0 Hz, COF), 37.5 (d, J = 71.4 Hz, CClH2).  

  



          

15 
 

 
Figure S6a-c: NMR Spectra of [CClH 2C(OH)F][SbF 6] (4) in aHF, �í50 °C 
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[CClH2C(OH)F][SbF6] (4): 
1H NMR (400 MHz, (CD3)2CO): �/ = 9.92 (m, 1H, COH), 4.58 (d, J = 3.3 Hz, 2H, CClH2). 
19F NMR (376 MHz, (CD3)2CO): �/ = 46.60 (s, C(OH)F), �í126.07 (s, SbF6). 
13C NMR (101 MHz, (CD3)2CO): �/��� �����������������G����J = 379.7 Hz, C(OH)F), 38.4 (d, J = 30.1 Hz, CClH2).   
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Figure S7a-c:  NMR Spectra of CH 2FCOF in aHF, �í20 °C 
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CH2FCOF: 
1H NMR [400 MHz, �±60 °C, (CD3)2�&�2���@�����/��� ��4.71 (dd, J = 45.4, 3.7 Hz, CH2F). 
19F NMR [377 MHz, �±60 °C, (CD3)2�&�2���@�����/��� ��21.30 (dt, J = 44.8, 4.5 Hz, COF), �í235.61 (q, J = 47.3 Hz, CH2F). 
13C NMR [101 MHz, -60 °C, (CD3)2�&�2���@�����/��� ��164.8 (dd, J = 359.7, 25.2 Hz, COF), 75.0 (dd, J = 182.4, 75.3 Hz, CH2F).  
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Figure S8a-c:  NMR Spectra of CH 2FCOF in aHF, �í50 °C 
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CH2FCOF: 
1H NMR [400 MHz, �±60 °C, (CD3)2�&�2���@�����/��� ��4.65 (dd, J = 45.4, 4.0 Hz, CH2F). 
19F NMR [377 MHz, �±60 °C, (CD3)2�&�2���@�����/��� ��20.46 (d, J = 46.0 Hz, COF), �í235.66 (q, J = 46.9 Hz, CH2F). 
13C NMR [101 MHz, -60 °C, (CD3)2�&�2���@�����/��� ��165.4 (d, J = 358.7 Hz, COF), 165.1 (d, J = 359.6 Hz, COF), 74.9 (dd, J = 181.8,  

75.0 Hz, CH2F), 74.9 (dd, J = 181.7, 75.2 Hz, CH2F).  
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Figure S9a-c: NMR Spectra of [CH 2FC(OH)F][SbF 6] (8) in aHF, �í50 °C 
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[CH2FC(OH)F][SbF6] (8): 
1H NMR (400 MHz, (CD3)2CO): �/ = 9.92 (m, 1H, COH), 5.27 (dd, J = 43.7, 3.4 Hz, 2H, CH2F). 
19F NMR (376 MHz, (CD3)2CO): �/ = 30.02 (d, J = 42.4 Hz, C(OH)F), �í123.83 (s, SbF6), �í237.10 (q, J = 43.7 Hz, CH2F). 
13C NMR (101 MHz, (CD3)2CO): �/��� �����������������G�G����J = 363.7, 26.0 Hz, C(OH)F), 77.1 (dd, J = 191.5, 41.3 Hz, CH2F).     
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Figure S 10. Calculated gas-phase structures of [CClH2C(OH)F]+.HF and [CH2FC(OH)F]+.HF. 

 
 

 
Table S9. Calculated bond lengths [Å] and bond angles [°] of [CClH2C(OH)F]+, 
[CClH2C(OH)F]+.HF, [CH2FC(OH)F]+ and [CH2FC(OH)F]+.HF as well as bond lengths [Å] and 
bond angles [°] of [CClH2C(OH)F]+ (4) and [CH2FC(OD)F]+ (10). 

 [CClH2C(OH)F]+ [a] [CClH2C(OH)F]+.HF [a] (4) 
Bond lengths [Å] 
C2-O1 1.248 1.238 1.231(3) 
C2-F1 1.272 1.277 1.285(3) 
C2-C1 1.474 1.478 1.469(4) 
C1-Cl1 1.747 1.749 1.753(3) 
Bond angles [°] 
O1-C2-C1 123.8 124.5 124.2(2) 
F1-C2-C1 117.5 116.4 116.4(2) 
F1-C2-O1 118.7 119.1 119.4(2) 
 [CH2FC(OH)F]+ [a] [CH2FC(OH)F]+.HF [a] (10) 
Bond lengths [Å] 
C1-O1 1.246 1.236 1.227(5) 
C1-F1 1.268 1.274 1.278(4) 
C1-C2 1.488 1.490 1.484(5) 
C2-F2 1.338 1.341 1.359(5) 
Bond angles [°] 
O1-C1-C2 122.2 122.9 123.2(3) 
F1-C1-C2 118.0 116.9 115.8(3) 
F1-C1-O1 119.8 120.2 121.0(3) 

[a] Calculated at the �&B97XD/aug-cc-pVTZ-level of theory. 
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Table S10. Output Orientations of [CClH2C(OH)F]+.HF and [CH2FC(OH)F]+.HF. 

[CClH2C(OH)F]+.HF [a] [CH2FC(OH)F]+.HF [a] 
Atom Coordinates [Å]  Atom Coordinates [Å] 
 X Y Z  X Y Z 
C2 0.167946 0.516405 0.000090 C1 0.292634 0.331841 �±0.000110 
F1 0.928249 1.542651 �±0.000075 O1 �±0.400309 �±0.691261 0.000017 
C1 �±1.286824 0.776299 0.000442 H1 �±1.404068 �±0.567745 0.000074 
H2B �±1.499161 1.393425 0.878933 F1 �±0.260028 1.479621 �±0.000032 
H2A �±1.499531 1.394384 �±0.877264 C2 1.782102 0.300964 0.000055 
Cl1 �±2.265166 �±0.673287 �±0.000096 H2B 2.123521 0.849055 �±0.887555 
O1 0.678236 �±0.611153 0.000009 H2A 2.123296 0.848865 0.887884 
H1 1.686189 �±0.651593 �±0.000180 F2 2.222496 �±0.965533 �±0.000023 
F 3.219063 �±0.670291 �±0.000211 F �±2.908118 �±0.338028 0.000111 
H 3.781904 �±1.408574 �±0.000552 H �±3.577837 �±0.981453 �±0.000718 

[a] Calculated at the �&B97XD/aug-cc-pVTZ-level of theory. 

 
 

 
 

 
Table S11. Calculated NPA charges of CClH2COF, [CClH2C(OH)F]+.HF, CH2FCOF and [CH2FC(OH)F]+.HF. 

CClH2COF [CClH2C(OH)F]+.HF [a] 
Atom NPA charge Atom NPA charge 
C2 0.863 C2 0.996 
F1 �±0.346 F1 �±0.218 
C1 �±0.494 C1 �±0.536 
H2B 0.244 H2B 0.295 
H2A 0.244 H2A 0.295 
Cl1 �±0.017 Cl1 0.076 
O1 �±0.494 O1 �±0.516 
  H1 0.545 
  F �±0.540 
  H 0.603 
CH2FCOF [CH2FC(OH)F]+.HF [a] 
Atom NPA charge Atom NPA charge 
C1 0.837 C1 0.966 
O1 �±0.493 O1 �±0.513 
  H1 0.545 
F1 �±0.347 F1 �±0.213 
C2 �±0.053 C2 �±0.058 
H2B 0.196 H2B 0.249 
H2A 0.196 H2A 0.249 
F2 �±0.337 F2 �±0.292 
  F �±0.523 
  H 0.604 

[a] Calculated at the �&B97XD/aug-cc-pVTZ-level of theory. 
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Figure S 11. Molecular 0.0004 bohr-3 3D isosurfaces with mapped electrostatic potential as a color scale ranging from �í0.04 a.u. (red) to 0.04 (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated for CClH2COF. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Figure S 12. Molecular 0.0004 bohr-3 3D isosurfaces with mapped electrostatic potential as a color scale ranging from 0.11 a.u. (red) to 0.27 (blue). The 

electrostatic potential isosurfaces and the NPA charges have been calculated for [CClH2C(OH)F]+. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
 

 
 
 

Figure S 13. Molecular 0.0004 bohr-3 3D isosurfaces with mapped electrostatic potential as a color scale ranging from 0.11 a.u. (red) to 0.23 (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated for [CClH2C(OH)F]+.HF. 
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Ring -Opening of Diketene in Superacidic Media  
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Christoph Taeschler,[b] and Andreas J. Kornath*[a] 

Dedication 

Abstract:  The reactions of diketene were investigated in the binary 
superacidic systems HF/MF5 and DF/MF5 (M = As, Sb). Depending on 
the stoichiometric ratio of the Lewis acids and diketene, mono- and 
diprotonated acetoacetyl fluoride was obtained. The salts were 
characterized by low-temperature vibrational spectroscopy, low-
temperature NMR spectroscopy, and single-crystal X-ray diffraction. 
[CH3C(OH)CH2COF][SbF6]·HF crystallizes in the monoclinic space 
group P21/n, [CH3C(OH)CH2C(OH)F][SbF6]2·HF in the triclinic space 
group P�s��with four and two formula units per cell each. The ring-
opening is discussed together with quantum chemical pKA 
calculations. Monoprotonated acetoacetyl fluoride is characterized by 
a six-membered ring-like structure containing an intramolecular 
hydrogen bond, whereas the diprotonated species constitutes a 1,3-
gitonic superelectrophile. 

Introduction  

Diketene was prepared for the first time by CHICK and WILSMORE 
in 1908 from [2+2] cycloaddition of ketene.[1] Due to its high 
reactivity and functionality, diketene and its derivates are of key 
interest in organic chemistry as they are used for the synthesis of 
agrochemicals, pharmaceuticals, dyes, or pigments as well as 
precursors to acetoacetic acid and its derivates.[2] One of these, 
acetoacetyl fluoride (AcAcF), was synthesized first by OLAH in 
1961 from the reaction of diketene and anhydrous hydrogen 
fluoride (aHF).[3] As a ��-dicarbonyl compound, it shows a keto-
enol equilibrium that depends on the temperature and the state of 
aggregation. The keto tautomer is the predominant species in the 
liquid state at low temperatures. The enol tautomer possesses a 
much higher vapor pressure and is thus preferred in the gas 
phase.[4,5] The influence of strong Lewis acids, such as AsF5 or 
SbF5, on the keto-enol tautomerism of AcAcF has not been 
examined comprehensively, yet. 
In previous studies of our group, the properties of ��-propiolactone 
in superacidic media were investigated. Thus, the addition of AsF5 
or SbF5 to aHF is necessary for the ring-opening and the formation 
of the corresponding acyl fluoride.[6] This prompted us to perform 
investigations on the properties of diketene in aHF and the binary 
superacidic systems HF/MF5 (M = As, Sb). It was of interest to 
investigate, if protonated diketene can be isolated by the addition 

of these strong Lewis acids to aHF, or if the ring-opening 
nevertheless occurs to form protonated AcAcF. We herein report 
the reactions of diketene in the binary superacidic systems 
HF/MF5 and DF/MF5 (M = As, Sb). 

Results and Discussion  

Syntheses and Properties of [CH 3C(OX)CH2COF][MF6] and 
[CH3C(OX)CH2C(OX)F][SbF 6]2 (X = H, D; M = As,  Sb) 
 
Diketene was reacted at ��60 °C with aHF to form AcAcF 
(Equation 1). As indicated by low-temperature NMR spectroscopy, 
the keto tautomer was the only tautomer present under these 
conditions.[3] 

 

To study the presence of strong Lewis acids to aHF, the ��-lactone 
diketene was reacted in the binary superacidic systems XF/MF5 
(X = H, D; M = As, Sb). According to Equation 2, 
[CH3C(OH)CH2COF][AsF6] (1) and [CH3C(OH)CH2COF][SbF6] 
(2) as well as [CH3C(OD)CH2COF][AsF6] (3) and 
[CH3C(OD)CH2COF][SbF6] (4) were obtained as monoprotonated 
species of AcAcF in quantitative yields as slightly yellowish solids. 

 

Thus, the ring-opening also occurred spontaneously and was 
accompanied by the protonation of the more basic carbonyl group. 
The formation of protonated diketene was not observed under 
these conditions. 1-4 are considered as the intermediates of the 
acid-catalyzed keto-enol tautomerism of AcAcF. They are formed 
by the protonation of either the enol or the keto tautomer of AcAcF. 
To obtain the diprotonated species of AcAcF, diketene was 
reacted in the binary superacidic systems HF/SbF5 and DF/SbF5 
with an excess of the strong Lewis acid SbF5. Applying four 
equivalents of SbF5 led to the formation of 
[CH3C(OH)CH2C(OH)F][SbF6]2 (5) and 
[CH3C(OD)CH2C(OD)F][SbF6]2 (6) in quantitative yields as 
colorless solids, as presented in Equation 3. 
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[b] Arxada AG, Lonzastrasse 2, 3930 Visp, Switzerland, 
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the document. 



ARTICLE    

 
 
 
 
 

The hexafluoridoarsenates 1 and 3 showed thermal 
decomposition at ��35 °C, and the hexafluoridoantimonates 2 and 
4 as well as 5 and 6 were stable up to ��10 °C and ��15 °C, 
respectively. Attempts to recrystallize 5 from R-134a (1,1,1,2-
tetrafluoroethane) at ��70 °C did not yield the expected single-
crystals of 5. Instead, a ketal-like condensation product of the 
formula [C8H10F2O3][SbF6][Sb2F11]·C2H2F7 (7) was obtained after 
seven days. This new compound (7) was characterized with 
single-crystal X-ray diffraction, discussed in the Supporting 
Information. 
 
Vibrational Spectroscopy  
 
The low-temperature Raman (Ra) and Infrared (IR) spectra of 2, 
4, and AcAcF (keto form) are illustrated in Figure 1. The 
vibrational spectra of 5, 6, and AcAcF (keto form) are shown in 
Figure 2. Table 1 and Table 2 list selected observed Raman and 
IR frequencies of 1, 2, 5, and 6 along with the quantum chemically 
calculated frequencies of the HF-complexed cations 
[CH3C(OH)CH2COF]+·HF and [CH3C(OH)CH2C(OH)F]2+·2 HF, 
which are discussed later. The complete vibrational frequencies 
of 1, 2, 5, and 6, the analogous D-isotopomeric species 3 and 4 
as well as diketene and AcAcF (keto form) are provided in the 
Supporting Information (Figures S1-S3 and Tables S1-S4).[3,4,7,8] 
 
Vibrational Spectra of [CH 3C(OX)CH2COF][AsF 6] (1, 3) and 
[CH3C(OX)CH2COF][SbF 6] (2, 4) (X = H, D) 
 
For the [CH3C(OH)CH2COF]+ cation with C1 symmetry 33 
fundamental vibrational modes are expected, all of which are 
Raman and IR active. The ��(O��H) is superposed by condensed 
water in all IR spectra due to the measuring method. Furthermore, 
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. The O��D stretching vibration of 
the D-isotopomeric species (3) is observed at 2422 cm��1 (3) and 
that of 4 at 2581 cm��1 in the IR spectra. The  C=O stretching 

 

 

Figure 1. Low-temperature Raman and IR spectra of 
[CH3C(OX)CH2COF][SbF6] (2, 4) (X = H, D) and AcAcF (keto form). 

vibration of the COF moiety in 1 is detected at 1803 cm��1 and in 2 
at 1798 cm��1 (Ra) as well as 1792 cm��1 and 1797 cm��1 (IR), 
respectively. It is significantly red-shifted by approximately 
40 cm��1 compared to the keto tautomer of AcAcF.[3,4] In addition, 
the ��(C=O) of the carbonyl group occurs significantly red-shifted 
by about 100 cm��1 in 1 at 1597 cm��1 and in 2 at 1587 cm��1 (Ra) 
as well as at 1574 cm��1 and 1583 cm��1 (IR), respectively. This 
indicates the monoprotonation of the C=O moiety and 
corresponds to literature values of protonated ketones.[9] The 
stretching vibration of the C��F bond is significantly blue-shifted by 
approximately 145 cm��1 in comparison to AcAcF and is detected 
at 1175 cm��1 in 1 and 1172 cm��1 in 2 (Ra) as well as 1173 cm��1 in 
1 and 1165 cm��1 in 2 (IR), respectively.[3,4] Additionally, the 
��(C��C) are detected at 1175 cm��1, 883 cm��1, and 849 cm��1 in 1 
(Ra) and thus occur blue-shifted of up to 137 cm��1 compared to 
AcAcF.[3,4] The C��H stretching and CH2 bending vibrations of the 

Table 1. Selected experimental vibrational frequencies [cm�í1] of [CH3C(OH)CH2COF][AsF6] (1) and [CH3C(OH)CH2COF][SbF6] (2) as well as calculated vibrational 
frequencies [cm�í1] of [CH3C(OH)CH2COF]+·HF. 

[CH3C(OH)CH2COF][AsF6] (1) [CH3C(OH)CH2COF][SbF6] (2) [CH3C(OH)CH2COF]+·HF Assignments 

Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

1803(15) 1792 w 1798(15) 1797 m 1793(219/17) v7 A v(C=O) 

1597(7) 1574 w 1587(6) 1583 m 1578(92/2) v8 A v(C=O) 

1175(6) 1173 m 1172(4) 1165 m 1150(359/3) v16 A v(C��F) 

1135(5)  1139(4) 1136 m 1106(91/2) v17 A v(C��C) 

883(14)  880(26) 879 vw 884(5/2) v21 A v(C��C) 

849(6)    842(2/7) v22 A v(C��C) 

699(28)  698(8) 700 vs 673(22/3) v24 A �/(COF) 

[a] Calculated at the B3LYP/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.967. [c] IR intensity in [km/mol] and Raman intensity in 
[Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, vs = very weak. 
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Table 2. Selected experimental vibrational frequencies [cm�í1] of [CH3C(OH)CH2C(OH)F][SbF6]2 (5) and [CH3C(OD)CH2C(OD)F][SbF6]2 (6) as well as 
calculated vibrational frequencies [cm�±1] of [CH3C(OH)CH2C(OH)F]2+·2 HF. 

[CH3C(OH)CH2C(OH)F][SbF6]2 (5) [CH3C(OD)CH2C(OD)F][SbF6]2 (6) [CH3C(OH)CH2C(OH)F]2+.2 HF Assignments 

Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

1674(4) 1693 w 1712(9) 1703 m 1665(375/7) v8 A v(C=O) 

1623(3) 1624 vw 1617(7) 1614 w 1582(63/3) v9 A v(C=O) 

1239(3) 1236 w 1229(7) 1225 w 1233(94/3) v17 A v(C��F) 

1161(6) 1163 vw  1180 w 1140(85/1) v19 A v(C��C) 

934(3)  931(6) 932 m 968(16/3) v23 A �!(C��C) 

890(4)  896(6) 893 w 887(25/1) v24 A v(C��C) 

  847(4)  861(5/4) v25 A v(C��C) 

[a] Calculated at the B3LYP/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.967. [c] IR intensity in [km/mol] and Raman intensity in 
[Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, vs = very weak. 

 

salts 1, 2, 3, and 4 are not affected by the monoprotonation. For 
the anions [AsF6]�� and [SbF6]�� with octahedral symmetry more 
vibrations are observed than expected due to interionic 
interactions in the solid leading to a symmetry distortion.[10] 
 
Vibra tional Spectra of [CH 3C(OX)CH2C(OX)F][SbF 6]2 (5, 6) 
(X = H, D) 
 
For the [CH3C(OH)CH2C(OH)F]2+ cation with C1 symmetry 36 
fundamental vibrational modes are expected, all of which being 
Raman and IR active. The ��(O��D) of the D-isotopomeric species 
6 occur at 2284 cm��1 (Ra) and 2324 cm��1 (IR), respectively. The 
C=O stretching vibrations of the COF moiety in 5 appear at 
1674 cm��1 and in 6 at 1712 cm��1 (Ra) as well as in 5 at 1693 cm��1 
and in 6 at 1703 cm��1 (IR), respectively. They are red-shifted by 
140 cm��1 compared to AcAcF and by about 100 cm��1 compared 
to the monoprotonated species 1-4.[3,4] This agrees well with 
values of protonated acyl fluorides reported in the literature.[11-13] 
Due to the diprotonation, the ��(C� O) of the carbonyl group are 
detected blue-shifted by 25 cm��1 compared to the 
monoprotonated species. In this way, the ��(C� O) in 5 is observed 
at 1623 cm��1 and in 6 at 1616 cm��1 (Ra) as well as in 5 at 
1624 cm��1 and in 6 at 1614 cm��1 (IR), respectively. The C��F 
stretching vibrations occur significantly blue-shifted by 
approximately 200 cm��1 at 1239 cm��1 for 5 and 1236 cm��1 for 6 
(Ra) as well as 1236 cm��1 for 5 and 1225 cm��1 for 6 (IR).[3,4] In 
comparison to 1-4, the C��F stretching vibrations of 5 and 6 are 
blue-shifted by around 55 cm��1. In this way, the ��(C��C) appear at 
1161 cm��1 and 890 cm��1 of 5 as well as 896 cm��1 and 847 cm��1 of 
6 (Ra). Due to diprotonation, the C��C bonds are strengthened and 
the vibrations are blue-shifted by up to 135 cm��1 compared to 
AcAcF and only 25 cm��1 in comparison to the monoprotonated 
species 1-4.[3,4] The C��H stretching and CH2 bending vibrations of 
the salts 5 and 6 are not affected by diprotonation. For the 
octahedral anions [SbF6]�� in 5 and 6 more vibrations are observed  

 

Figure 2. Low-temperature Raman and IR spectra of 
[CH3C(OX)CH2C(OX)F][SbF6]2 (5, 6) (X = H, D) and AcAcF (keto form). 

than expected due to solid state effects leading to a lowered 
symmetry.[10] 

 

Crystal Structure of [CH 3C(OH)CH2COF][SbF 6]·HF (2) 
 
[CH3C(OH)CH2COF][SbF6]·HF (2) crystallizes in the monoclinic 
space group P21/n with four formula units per unit cell. The 
asymmetric unit of 2 is illustrated in Figure 3. Crystal data and 
structure refinement are provided in the Supporting Information 
(Table S5). Selected geometric data are listed in Table 3. 
As 2 can be considered as an intermediate of the acid-catalyzed 
keto-enol tautomerism of AcAcF, the geometric parameters of the 
cation were compared to the experimental data of the enol 
tautomer of AcAcF as well as the calculated parameters of the 
keto tautomer.[4,5] 
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Figure 3. Asymmetric unit of [CH3C(OH)CH2F][SbF6]·HF (2) (displacement 
ellipsoids with 50% probability). 

The bond C2��O1 (1.268(2) Å) of 2 is longer than the 
corresponding C=O bond in the keto tautomer of AcAcF (1.207 Å) 
and longer than a formal C=O bond (1.18 Å).[5,14] It agrees with 
the bond lengths of monoprotonated ketones reported in the 
literature.[9] In addition, the C2��O1 bond in 2 is shorter than the 
corresponding C��O(H) bond of the enol tautomer (1.333(2) Å) of 
AcAcF and thus lies between the C��O bond lengths of both the 
keto and enol tautomers.[4] The bond C4��O2 (1.192(3) Å) of 2 is 
not affected by protonation. The bond lengths C1��C2 (1.448(4) Å), 
C2��C3 (1.492(3) Å), and C3��C4 (1.487(3) Å) of 2 are shortened 
compared to the keto tautomer of AcAcF (1.505 Å, 1.533 Å, 
1.502 Å).[5] The bonds C1��C2 and C3��C4 of 2 are also 
significantly shortened in comparison to the enol tautomer of 
AcAcF (1.480(2) Å, 1.418(2) Å).[4] The C2��C3 bond (1.492(3) Å) 
is longer than the C=C bond (1.351(2) Å) of the enol tautomer of 
AcAcF.[4] Furthermore, the bond length C4��F1 (1.329(2) Å) is 
significantly shortened compared to both tautomers of AcAcF 
(1.362 Å, 1.363(1) Å).[4,5] The cation 2 displays a nearly planar 
structure with dihedral angles of 176.5(2)° (C1��C2��C3��C4) and  

Table 3. Selected bond lengths [Å] and bond angles [°] of 
[CH3C(OH)CH2COF][SbF6]·HF (2) and donor-acceptor distances of 2. 
Symmetry codes: i = 1��x, 1��y, 1��z; ii = 1.5��x, ��0.5+y, 1.5��z. 

Bond lengths [Å] 

C1��C2 1.448(4) C2��O1 1.268(2) 

C2��C3 1.492(3) C4��O2 1.192(3) 

C3��C4 1.487(3) C4��F1 1.329(2) 

Bond angles [°] 

C1��C2��C3 120.0(2) C1��C2��O1 118.1(2) 

C2��C3��C4 114.9(2) C3��C4��O2 127.5(2) 

Dihedral angles [°] 

C1��C2��C3��C4 176.5(2) O1��C2��C3��C4 ��3.7(2) 

Interatomic contacts [Å] 

O1(��H2)�« O2 2.605(2) C2�« F2 2.674(3) 

O1(��H2)�« F4i 2.911(2) C4ii�« F8i 2.682(3) 

��3.7(2)° (O1��C2��C3��C4). They differ significantly from the keto 
tautomer of AcAcF (��65.7°, 116.0°).[5] 

The Sb��F bond lengths of the anion [SbF6]�� in 2 are in the range 
between 1.869(2) Å and 1.899(1) Å and correspond to values 
reported in the literature.[15-17] The anion displays distorted 
octahedral symmetry due to interionic interactions. The bonds 
Sb1��F7 and Sb1��F4 are significantly longer than the other Sb��F 
bonds with them being involved in hydrogen bonding. 

In the crystal structure of 2, each cation displays a moderate 
intramolecular hydrogen bond O1(��H1)�« O2 (2.605(2) Å) 
(according to the classification by JEFFREY)[18] that leads to a 
nearly planar structure. The cations and anions are arranged into 
chains along the b-axis by the moderate hydrogen bond 
O1(��H2)�« F4i (2.911(2) Å) and the weak hydrogen bond 
C3(��H3B)�« F5i (3.155(3) Å) (see Figure S4).[18] Dimers of cation-
anion pairs are formed by the moderate hydrogen bond 
O1(��H2)�« F4i (2.911(2) Å) and the C�« F interaction C2�« F2 
(2.674(3) Å) (see Figure S5).[19] 
 
Crystal Structure of [CH 3C(OH)CH2C(OH)F][SbF 6]2·HF (5) 
 
[CH3C(OH)CH2C(OH)F][SbF6]2·HF (5) crystallizes in the triclinic 
space group P �s with two formula units per unit cell. The 
asymmetric unit of 5 is illustrated in Figure 4. Crystal data and 
structure refinement are provided in the Supporting Information 
(Table S5). Selected geometric data are listed in Table 4. 

 

Figure 4. Asymmetric unit of [CH3C(OH)CH2C(OH)F][SbF6]2·HF (5) 
(displacement ellipsoids with 50% probability). 

Due to the diprotonation, the bond length C1��O1 (1.207(7) Å) in 
5 is longer compared to both tautomers of AcAcF (1.182 Å, 
1.196(1) Å) and the monoprotonated species 2 (1.192(3) Å).[4,5] It 
is also longer than a formal C=O bond (1.18 Å) and is consistent 
with the bond lengths of protonated acyl fluorides reported in the 
literature.[11-13] The bond C3��O2 (1.243(6) Å) is longer than the 
corresponding bond in the keto tautomer of AcAcF (1.207 Å), but 
significantly shorter than in 2 (1.268(2) Å).[5] The bonds C1��C2 
(1.487(3) Å), C2��C3 (1.489(7) Å), and C3��C4 (1.459(7) Å) of 5 
are in the same range as the corresponding C��C bonds of 2 
(1.487(3) Å, 1.492(3) Å, 1.448(3) Å), but significantly shorter 
compared to acetoacetyl fluoride (1.505 Å, 1.532 Å, 1.502 Å).[4,5] 
Furthermore, the bond C1��F1 (1.295(5) Å) is significantly shorter 
compared to both tautomers of AcAcF (1.362 Å, 1.363(1) Å) and  
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Table 4. Selected bond lengths [Å] and bond angles [°] of 
[CH3C(OH)CH2C(OH)F][SbF6]2·HF (5) and donor-acceptor distances of 5. 
Symmetry codes: i = ��x, 1��y, ��z; ii = ��x, ��y, 1��z; iii = 1��x, ��y, 1��z; iv = 1��x, 1��y, 
��z; v = 1��x, ��y, ��z. 

Bond lengths [Å] 

C1��C2 1.478(8) C1��O1 1.207(7) 

C2��C3 1.489(7) C3��O2 1.243(6) 

C3��C4 1.459(7) C1��F1 1.295(5) 

Bond angles [°] 

C1��C2��C3 118.3(4) C2��C1��O1 126.8(5) 

C2��C3��C4 118.6(4) C4��C3��O2 123.8(4) 

Dihedral angles [°] 

C1��C2��C3��C4 ��166.8(4) C1��C2��C3��O2 14.9(7) 

Interatomic contacts [Å] 

O1(��H1)�« F5 2.416(5)�� C1�« F6iii 2.650(5) 

O2(��H2)�« F2 2.509(4)�� C3�« F12iv 2.714(6) 

C2(��H2A)�« F10i 3.116(5)�� C3�« F14v 2.857(6) 

C2(��H2B)�« F8ii 3.180(6)   

2 (1.329(2) Å).[4,5] The dihedral angle C1��C2��C3��C4 (��166.8(4)°) 
differs strongly from the nearly planar structure of the 
monoprotonated species 2 (176.5(2)°) due to the absence of the 
intramolecular hydrogen bond that was observed in 1-4. 
The Sb��F bond lengths of [SbF6]�� in 5 are in the range between 
1.856(3) Å and 1.946(2) Å and are similar to values reported in 
the literature.[15-17] The anions display slightly distorted octahedral 
symmetry due to solid-state effects. 
In the crystal structure of 5 the ions are arranged into chains along 
the a-axis by the C�« F interactions C3�« F12iv (2.714(6) Å) and 
C3�« F14v (2.857(6) Å) (see Figure S6).[19] Furthermore, each 
cation displays strong hydrogen bonds O1(��H1)�« F5 (2.416(5) Å) 
and O2(��H2)�« F2 (2.509(4) Å).[18] Ring-like structures between 
the cations and anions are formed by the weak hydrogen bonds 
C2(��H2A)�« F10i (3.116(5) Å) and C2(��H2B)�« F8ii (3.180(6) Å) as 
well as the C�« F interactions C1�« F6iii (2.650(5) Å) and C3�« F12iv 
(2.714(6) Å) (see Figure S7).[18,19] 

 
NMR Spectroscopy  
 
To investigate the reactivity of diketene in aHF and the binary 
superacidic system HF/SbF5, 1H, 19F, and 13C NMR spectra were 
measured at ��60 °C with acetone-d6 as an external standard. For 
comparison, 1H and 13C NMR spectra of diketene dissolved in SO2 
were measured at ��40 °C. Table 5 summarizes the observed 
NMR shifts of AcAcF, 2, and 5. The measured NMR spectra and 
the complete NMR data of diketene, AcAcF, 2, and 5 are listed in 
the Supporting Information (Figures S10-S16).[3,4,20] The NMR 
spectra of diketene dissolved in aHF showed the formation of 
AcAcF with the keto tautomer predominant at ��60 °C. 

Table 5. Observed 1H, 19F, and 13C NMR chemical shifts [ppm] of AcAcF, 2, and 
5. 

 AcAcF[3,4] [a] 2 [b] 5 [c] 

�/ 1H obs.  
[ppm] 

2.05 (s) (CH3) 
3.67 (d) (CH2) 

2.27 (s) (CH3) 
3.85 (s) (CH2) 

2.57 (m) (CH3) 
4.13 (s) (CH2) 
9.86 (s) (C(OH)F) 

�/ 19F obs.  
[ppm] 

48.68 (s) (COF) 47.34 (s) (COF) 45.67 (s) (C(OH)F) 

�/ 13C obs.  
[ppm] 

28.0 (s) (CH3) 
49.7 (d) (CH2) 
161.7 (d) (COF) 
214.8 (s) (CO) 

28.5 (d) (CH3) 
42.6 (d) (CH2) 
161.0 (d) (COF) 
231.2 (s) (COH) 

28.1 (d) (CH3) 
40.1 (d) (CH2) 
163.8 (d) (C(OH)F) 
238.1 (d) (COH) 

[a] aHF as solvent. [b] in HF/SbF5. [c] in HF/4 SbF5.  

By first dissolving equimolar amounts of SbF5 and diketene in HF 
�D�Q�G�� �W�K�H�Q�� �D�G�G�L�Q�J�� �W�K�H�� ��-lactone, monoprotonated acetoacetyl 
fluoride (2) was formed. The 1H NMR spectrum showed singlets 
at 2.27 ppm and 3.85 ppm for the CH3 and CH2 moieties, 
respectively. The 13C NMR spectrum of 2 displayed a doublet at 
161.0 ppm and a singlet at 231.2 ppm. These were assigned to 
the C=O groups, whereas the NMR resonance of the protonated 
carbonyl moiety was shifted significantly downfield compared to 
AcAcF. In contrast, the CH2 group of 2 was shifted significantly 
upfield from 49.7 ppm to 42.6 ppm. The COF moiety of 2 showed 
no significant change to the neutral compound AcAcF in the 19F 
and 13C NMR spectra, hence the signals were hardly affected by 
the protonation of the neighboring carbonyl group. The resonance 
at ��128.75 ppm in the 19F NMR spectrum was assigned to the 
anion [SbF6]��. 
To measure NMR spectra of diprotonated AcAcF (5), diketene 
was dissolved in HF/SbF5 at ��60 °C, whereas four equivalents of 
SbF5 were used. In the 1H NMR spectrum, a multiplet at 2.57 ppm 
was observed for the CH3 group and a singlet at 4.13 ppm for the 
CH2 group. Both NMR resonances were shifted downfield 
significantly compared to AcAcF and 2. The 13C NMR spectrum of 
5 displayed two doublets at 163.8 ppm and 238.1 ppm for the 
protonated COF and carbonyl moieties, respectively. Both signals 
were significantly shifted downfield compared to 2. Additionally, 
the 13C NMR spectrum showed two doublets at 28.1 ppm and 
40.1 ppm for the CH3 and CH2 groups, respectively. In the 19F 
NMR spectrum, a singlet was observed at 45.67 ppm, which was 
assigned to the protonated COF moiety. This NMR resonance 
agreed with values of protonated acyl fluorides reported in the 
literature, significantly shifted upfield compared to 2.[11,13] The 
signal located at ��128.04 ppm in the 19F NMR spectrum was 
assigned to the anion [SbF6]��. 
 
Theoretical  Calculations  
 
Quantum chemical calculations were performed at the 
B3LYP/aug-cc-pVTZ-level of theory.[21] Diketene, AcAcF (keto 
form), [CH3C(OH)CH2COF]+·HF, and 
[CH3C(OH)CH2C(OH)F]2+·2HF were calculated in the gas phase 
for a better assignment of the vibrational modes and comparison 
to experimentally determined geometric parameters. Solid-state 
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effects and intramolecular interactions were simulated by adding 
additional HF molecules to the cations in the gas phase.[22] In the 
Supporting Information (Figures S19 and S21), the calculated 
cations are illustrated with selected bond lengths and angles in 
comparison to the crystal structures.[23] The calculated values of 
the HF-complexed cations were in good agreement with the 
experimentally obtained data. 
 
As described in the experimental section, protonated diketene 
was not isolated from the binary superacidic systems HF/MF5 
(M = As, Sb). Instead, mono- and diprotonated AcAcF was 
observed. To get a more detailed insight into the ring-opening of 
diketene in superacidic media, quantum chemical calculations 
were performed at the BP/TZVP-level of theory using Gaussian16 
as well as the BP/defTZVP- and BP/def2TZVPD-levels of theory 
applying Turbomole, COSMO-RS, and COSMOtherm.[21,24-35] 
The acid-catalyzed ring-�R�S�H�Q�L�Q�J���R�I����-lactones, to which diketene 
is also assigned, has been extensively discussed in the 
literature.[36-40] Often, mechanisms were mentioned that involve a 
cleavage of the C��O single bond initiated from protonation of the 
lactone oxygen atom, as illustrated in Scheme 1. 

 

Scheme 1. Ring-�R�S�H�Q�L�Q�J���R�I����-lactones via 1,3-proton shift. 

�&�R�Q�V�L�V�W�H�Q�W�� �Z�L�W�K�� �W�K�L�V�� �D�U�H�� �U�H�F�H�Q�W�� �V�W�X�G�L�H�V�� �R�Q�� �W�K�H�� �U�H�D�F�W�L�Y�L�W�\�� �R�I�� ��-
propiolactone in the binary superacidic systems HF/AsF5 and 
HF/SbF5.[6] Accordingly, the ring-opening was proposed after a 
1,3-proton shift from the carbonyl oxygen to the lactone oxygen 
and the subsequent C��O bond cleavage. However, the addition 
of strong Lewis acids to aHF were required for the ring-opening. 
In contrast, diketene already formed AcAcF in pure aHF.[3,4,6] 
Unlike ��-propiolactone, diketene contains an additional basic 
center in the form of the C=C double bond compared to the 
�G�H�V�F�U�L�E�H�G����-propiolactone. This has a significant influence on the 
reactivity of the compound and leads to an altered reactivity 
towards electrophiles, as it can also be protonated (see Scheme 
2).[39] 

 

Scheme 2. Possible protonation sites of diketene. 

To estimate which basic positions in the diketene molecule are 
preferentially protonated in superacidic media, pKA values were 
calculated for diketene protonated at three likely protonation sites. 
For this purpose, the conductor-like screening model for realistic 
solvation (COSMO-RS) was used and combined with a statistical 
thermodynamics approach implemented in the software 
COSMOtherm.[25-35] The protonated diketenes 8, 9, and 10 were 

geometry optimized at the BP/defTZVP-level of theory using the 
COSMO-RS solvation model using TURBOMOLE. The 
associated pKA values were obtained using acidity functions for 
water and DMSO implemented in COSMOtherm.[32-35] The use of 
these acidity functions, also referred to as linear free energy 
relation (LFER)[32,33], for calculating the pKA values is described in 
more detail in the Supporting Information. In the case of 8, the 
geometry optimization led directly to a ring-opened species. 
Hence the structure for 8 should have a stretched HO��(CO) bond. 
Water is a polar and protic solvent with a high dielectric constant 
and thus is comparable to aHF.[14,41] In Table 6, all calculated pKA 
values are listed. 

Table 6. Calculated pKA values for protonated diketene. 

Species [a] Solvent  pKA value [a] 

 

Water 
 
DMSO 

��8.9 
 
��12.9 

 

Water 
 
DMSO 

��9.0 
 
��13.9 

 

Water 
 
DMSO 

��6.4 
 
��12.2 

[a] Calculated at the BP/defTZVP- and BP/def2TZVPD-levels of theory 
using the COSMO-RS solvation model and statistical thermodynamics using 
COSMOtherm.[25-35]��

 

Accordingly, 10 showed the highest calculated pKA values in both 
solvents (��6.4 in water and ��12.2 in DMSO, respectively). In this 
way, 10 is expected to be the preferred protonation product from 
diketene in superacidic media. To investigate the ring-opening in 
more detail, DFT calculations at the BP/TZVP-level of theory 
using Gaussian16 were conducted. Considering the possible 
reactions of 10, its geometry optimized structure was used as a 
starting point for an intrinsic reaction coordinate (IRC) calculation 
(see Table S18 in the Supporting Information). The location of the 
required transition state was achieved by considering a stretching 
of the O(��CO) bond in 10. The transition state optimized geometry 
was confirmed with the presence of a single imaginary frequency 
at ��301 cm��1 (see also in Supporting Information Table S19). 
Using the IRC option in Gaussian16, the corresponding reaction 
path was calculated as illustrated in Figure 5. Leading to the 
starting structure 10 on the one hand and the acyl cation species 
as the initial ring-opening product (see Table S20 in the 
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Supporting Information) on the other hand. The transition state 
was found to have an electronic activation energy of 9.2 kJ/mol 
and that ring-opening is associated with the release of 11.0 kJ/mol 
in electronic energy. Thus, the ring-opening is associated with a 
small energy barrier only and is expected to occur readily as soon 
as protonation of the C=C double bond in diketene takes place, 
even at temperatures as low as ��60 °C. 
 

 

Figure 5. Calculated Intrinsic Reaction Coordinate (IRC) path of the ring-
opening of protonated diketene. Calculated at the BP/TZVP-level of theory. 

Despite 10 is expected to be more abundant by 2 or 3 orders of 
magnitude, 8 and 9 should also be present in small concentrations 
in superacidic media. Even at these small concentrations, 
considerable influence on the course of a reaction can arise. 
Considering possible reaction pathways of 8, the optimization 
directly led to an acyl cation that is formed after the cleavage of 
the C��O single bond. Interestingly, the optimization of the cyclic 
intermediate as an energetic minimum was not possible in this 
case. This indicates that the ring-opening occurs spontaneously 
without any energy barrier. To investigate this process more 
detailed, an energy scan was calculated at the BP/TZVP-level of 
theory with one proton approaching the lacton O of diketene 
stepwise. The structures were optimized for 30 steps of 0.04 Å 
each, starting from a proton distance of 2.20 Å to the lactone 
oxygen of diketene. The energy scan is displayed in Figure 6, 
showing that there is an energy release as the proton approaches 
the basic center. In addition, the approach of the proton directly 
leads to the ring-opening and the C��O bond cleavage. As an 
energetic minimum, the same acyl cation was obtained that was 
observed before when the protonated cyclic intermediate was 
optimized at the BP/TZVP-level of theory (see Figure 6 and 
Table S21). Therefore, the C��O bond cleavage and the formation 
of the acyl cation, are considered as irreversible steps. We 
consequently assume that the ring-opening occurs as soon as a 
proton approaches the basic center.  

 

Figure 6. Energy scan of the proton approach to the lactone oxygen (O4) of 
diketene. Calculated at the BP/TZVP-level of theory. 

In the case of possible reaction pathways involving 9 the 
protonation of the carbonyl bond, protonated diketene 9 was 
obtained as an energetic minimum. Here, the protonation does 
not lead to the ring-opening. Since this species was not observed 
experimentally and the carbonyl group represents the least basic 
center in the molecule according to the pKA calculations, we 
assume that the ring-opening via this route is the least likely. 
 
In summary, the three possible reaction pathways of the 
protonation of diketene in superacidic media are proposed and 
illustrated in Scheme 3. Accordingly, acyl cations are formed 
alongside pathways A and C after the protonation of the lactone 
oxygen and the C=C double bond, respectively. The subsequent 
�D�G�G�L�W�L�R�Q���R�I�� �I�O�X�R�U�L�G�H�� �W�R�� �W�K�H�� �&�A�2��moiety would lead to tautomeric 
acyl fluorides. As indicated by NMR spectroscopy, the diketo 
tautomer of AcAcF is the predominant species at low 
temperatures.[3] When diketene is protonated at the carbonyl 
�J�U�R�X�S�����D�Q���.-fluoroalcohol is formed alongside pathway B after the 
nucleophilic addition of fluoride to the protonated carbonyl group. 
For this, there were no indications in the vibrational spectra and 
NMR spectra of 1 and 2. We, therefore, propose that the ring-
opening occurs alongside the pathways A and C when a proton 
approaches both basic centers. The previous calculations of the 
pKA values indicate that the protonation of the C=C double bond 
is preferred in superacidic media due to it being the more basic 
position compared to the lacton oxygen. 
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Scheme 3. Possible reaction pathways of protonated diketene. 

In addition to the calculations relating to the ring-opening of 
protonated diketene, quantum chemical calculations were 
performed for diprotonated AcAcF. As observed during the NMR 
measurements of 5, both carbonyl carbons were strongly shifted 
downfield in the 13C NMR spectrum due to the diprotonation. This 
indicates a strong hydroxycarbenium character of the species. 
Consequently, we calculated Mapped Electrostatic Potentials 
(MEPs) together with Natural Population Analysis charges 
(NPAs) for [CH3C(OH)CH2C(OH)F]2+·2 HF (see Figure 7 and 
Table S12) at the MP2/aug-cc-pVTZ-level of theory. According to 
these calculations, the highest electrostatic potential and thus 
region with the highest electron deficiency is located at both 
carbonyl carbons as expected. The positive electrostatic potential 
is also delocalized over the complete carbon backbone. Thus, 
according to the classification by OLAH, diprotonated AcAcF is 
considered a gitonic 1,3-carbon-centered superelectrophile.[42] 

Conclusions  

Diketene forms monoprotonated AcAcF in the binary superacidic 
systems HF/MF5 and DF/MF5 (M = As, Sb). When SbF5 is applied 
in fourfold excess, diprotonated AcAcF was isolated. The 
colorless salts were characterized by low-temperature vibrational 
spectroscopy and low-temperature NMR spectroscopy. The 
crystal structures of [CH3C(OH)CH2COF][SbF6]·HF and 

[CH3C(OH)CH2C(OH)F][SbF6]2·HF were determined by single-
crystal X-ray diffraction analyses. The experimental data were 
discussed together with quantum chemical calculations at the 
B3LYP/aug-cc-pVTZ- and MP2/aug-cc-pVTZ-levels of theory as 
well as the BP/defTZVP- and BP/def2TZVPD-levels of theory 
using the COSMO-RS continuum solvation model. To get insights 
into the ring-opening of diketene in superacidic media, pKA values 
of diketene protonated at all three possible protonation sites were 
calculated. Thus, the ring-opening after protonation of the C=C 
double bond is associated with a very small energy barrier and is 
proposed as the preferred pathway for the ring-opening of 
diketene in superacidic media. This proposal is supported with 
calculations showing the double bond being the most basic center 
in the diketene molecule. Mapped Electrostatic Potentials (MEP) 
and Natural Population Analysis charges (NPA) were calculated 
for diprotonated acetoacetyl fluoride to confirm its properties as 
1,3-gitonic superelectrophile. 
  

 

Figure 7. Molecular 0.0004 bohr-3 3D isosurface with mapped electrostatic 
potential as color scale from 129.5 kcal/mol (red) to 224.4 kcal/mol (blue). The 
electrostatic potential isosurfaces have been calculated for 
[CH3C(OH)CH2C(OH)F]2+·2 HF. 

Experimental Section  

Caution!  Avoid skin contact with all compounds. Hydrolysis can lead to 
the formation of HF or DF that burns skin and causes irreparable damage. 
Ensure appropriate safety precautions while handling these materials. 

Apparatus and Materials:  All reactions were performed employing 
standard Schlenk techniques using a stainless-steel vacuum line. 
Syntheses were carried out using FEP/PFA tube reactors closed with 
stainless-steel valves. Before use, the stainless-steel vacuum line and all 
reactors were dried with fluorine. Low-temperature Raman spectra were 
recorded under vacuum using glass cells cooled with liquid nitrogen and a 
Bruker® MultiRamII FT Raman spectrometer equipped with Nd:YAG laser 
(�� = 1064 nm) and a laser excitation of 500-1000 mW. Low-temperature 
IR spectra were recorded with a Bruker® Vertex FT IR spectrometer at  
�í196 °C. For measurements, low-temperature IR cells[43] were prepared 
with CsBr single-crystal plates coated with a small amount of the samples.  
For visualization the software Advanced Chemistry Development Inc.®  
(ACD/Labs 2015) was employed. Low-temperature X-ray diffraction was 
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performed with an Oxford XCalibur3 diffractometer equipped with a  
Spellman Generator (50 kV, 40 mA) and a Kappa CCD detector, using 
Mo-K�. radiation (�� = 0.71073 Å). The programs CrysAlisPro 1.171.39.46e 
(Rigaku OD, 2018)[44] and CrysAlisPro 1.171.40.82a (Rigaku OD, 2020)[45] 
were employed for the data collection and reduction. The structure solution 
and refinement were employed with the software SHELXT[46] and 
SHELXL-2018/3,[47] implemented in the WinGX software package.[48] The 
solution was checked with the program PLATON[49] and the absorption 
correction was performed using the SCALE3 ABSPACK multi-scan-
method.[50] Selected data and parameters of the single-crystal X-ray 
structure analyses are summarized in Table S5 for 2, 5, and 7, respectively 
(see Supporting Information). Crystallographic data (excluding structure 
factors) for the structures in this paper were deposited at the Cambridge 
Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, 
UK. Copies of the data can be obtained free of charge by quoting the 
depository number CCDC-2288139 for [CH3C(OH)CH2COF][SbF6]·HF (2), 
CCDC-2288141 for [CH3C(OH)CH2C(OH)F][SbF6]2·HF (5) and CCDC-
2288142 for [C8H10F2O3][SbF6][Sb2F11]·C2H2F4 (7) (Fax: +44-1223-336-
033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). NMR 
samples were prepared by cannulating the HF or SO2 solution into a small 
FEP tube under a nitrogen stream. The tube was sealed in a vacuum and 
inserted into a standard NMR tube. For 1H, 19F, and 13C NMR 
measurements a JEOL ECX 400 NMR spectrometer was used with 
acetone-d6 as an external standard. For evaluation, MNOVA by Mestrelab 
was used.[51] Quantum chemical calculations were performed on the 
B3LYP/aug-cc-pVTZ-, MP2/aug-cc-pVTZ, and BP/TZVP-levels of theory 
using Gaussian16.[21] The pKA calculations were performed on the 
BP/defTZVP- and BP/def2TZVPD-levels of theory using the COSMO-RS 
continuum solvation model implemented in Turbomole[24] and the 
COSMOtherm program.[25-35] GaussView 6.0 was used for visualization 
and illustration of the MEP calculations.[52] Diketene was provided by 
Arxada AG, Lonzastrasse 2, 3930 Visp, Switzerland, www.arxada.com/en. 

Typical procedure (TP1): Synthesis of mono - and diprotonated 
acetoacetyl fluoride using the superacidic systems HF/ MF5  
(M = As, Sb): The Lewis acid and anhydrous hydrogen fluoride were 
condensed into an FEP tube reactor at �í196 °C. To form the superacid, 
the mixture was warmed to �í50 °C and both components were mixed. 
After the mixture was cooled to �í196 °C again, diketene was added into 
the reaction vessel under nitrogen flow. Subsequently, the mixture was 
warmed up to �í60 °C and all components were reacted. Then, the 
temperature was reduced to �í196 °C, again. The remaining HF was 
removed in a dynamic vacuum at �í78 °C. The salts were obtained in 
quantitative yields as yellowish or colorless solids. 

Synthesis of [CH 3C(OH)CH2COF][AsF 6]: Compound (1) was prepared 
from arsenic pentafluoride (1.03 mmol, 175 mg. 1.0 eq.), anhydrous 
hydrogen fluoride (100 mmol, 2 mL) and diketene (1.03 mmol, 
79.8 µL, 1.0 eq.) as described in TP1. Compound (3) was prepared 
analogously, using aDF instead of aHF. 

Synthesis of [CH 3C(OH)CH2COF][SbF 6]: Compound (2) was prepared 
from antimony pentafluoride (1.75 mmol, 379 mg. 1.0 eq.), anhydrous 
hydrogen fluoride (100 mmol, 2 mL) and diketene (1.75 mmol, 
135 µL, 1.0 eq.) as described in TP1. Compound (4) was prepared 
analogously, using aDF instead of aHF. 

Synthesis of [CH 3C(OH)CH2C(OH)F][SbF 6]2: Compound (5) was 
prepared from antimony pentafluoride (3.28 mmol, 711 mg. 4.0 eq.), 
anhydrous hydrogen fluoride (100 mmol, 2 mL) and diketene (0.820 mmol, 
63.2 µL, 1.0 eq.) as described in TP1. Compound (6) was prepared 
analogously, using aDF instead of aHF. 
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Ring -Opening of Diketene in Superacidic Media  

Sebastian Steiner, Ulli Blumenschein, Zurwa M. Shafiq, Christoph Jessen, Alexander Nitzer, 

Christoph Taeschler, and Andreas J. Kornath* 

Abstract:  The reactions of diketene were investigated in the binary superacidic systems HF/MF5 and DF/MF5 (M = As, Sb). 
Depending on the stoichiometric ratio of the Lewis acids and diketene, mono- and diprotonated acetoacetyl fluoride was obtained. 
The salts were characterized by low-temperature vibrational spectroscopy, low-temperature NMR spectroscopy, and single-crystal 
X-ray diffraction. [CH3C(OH)CH2COF][SbF6]·HF crystallizes in the monoclinic space group P21/n, 
[CH3C(OH)CH2C(OH)F][SbF6]2·HF in the triclinic space group P�s��with four and two formula units per cell each. The ring-opening 
is discussed together with quantum chemical pKA calculations. Monoprotonated acetoacetyl fluoride is characterized by a six-
membered ring-like structure containing an intramolecular hydrogen bond, whereas the diprotonated species constitutes a 1,3-
gitonic superelectrophile. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���>�&�+���&���2�; ���&�+���&�2�)�@�>�$�V�)���@�������� �������D�Q�G���>�&�+���&���2�; ���&�+���&�2�)�@�>�6�E�)���@�������� �����������; ��� ���+�����'�����D�Q�G��
�F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�±���@���R�I���>�&�+���&���2�+���&�+���&�2�)�@�����+�)�� 

[CH3C(OH)CH2COF] 
[AsF6] (1) 

[CH3C(OD)CH2COF] 
[AsF6] (3) 

[CH3C(OH)CH2COF] 
[SbF6] (2) 

[CH3C(OD)CH2COF] 
[SbF6] (4) 

[CH3C(OH)CH2COF]+·HF Assignment 

Raman IR Raman IR Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

      3112(6)  3053(5/51) ��1 A ��(C��H) 

3043(8)  3039(8)  3048(8) 3049 m 3024(9)  2982(9/78) ��2 A ��(C��H) 

    2984(10) 2986 m 2978(16)  2956(17/60) ��3 A ��(C��H) 

      2948(25)     ? 

2933(36)  2938(50)  2938(22) 2933 m 2932(29)  2928(30/158) ��4 A ��(C��H) 

    2915(31) 2910 m 2912(30) 2906 m 2910(12/116) ��5 A ��(C��H) 

        2891(872/16) ��6 A ��(O��H) 

   2422 w    2581 w    ��(O��D) 

     2345 w      ? 

2208(4)  2209(9)   2206 w 2202(15)     ? 

     1952 w      ? 

  1824(6) 1844 w  1826 m  1848 m    AcAcF 

1803(15) 1792 w 1793(18) 1784 w 1798(15) 1797 m 1798(15) 1786 m 1793(219/17) ��7 A ��(C=O) 

     1738 w      ? 

     1682 w      AcAcF 

 1651 w          AcAcF 

1597(7) 1574 w 1593(9) 1581 w 1587(6) 1583 m 1589(6) 1578 m 1578(92/2) ��8 A ��(C=O) 

   1543 w   1534(6) 1543 m    ? 

 1456w   1472(6) 1468 m 1451(6)  1428(145/3) ��9 A �/(COH) 

1427(10) 1419 w 1435(6) 1437 vw 1424(6) 1423 m  1431 m 1408(117/7) ��10 A �/(CH3) 

1390(9) 1371 w   1395(10) 1391 m   1380(77/4) ��11 A ��(CH3) 

    1355(16) 1342 m 1361(9)  1347(54/3) ��12 A �/(CH2) 

1335(31)  1341(23)    1351(11)  1337(121/16) ��13 A �/(CH2) 

 1327 m  1333 vw  1327(39) 1323 m 1335(12) 1328 m 1322(43/5) ��14 A �/(CH3) 

1224(9) 1219 m 1231(7)  1225(12) 1225 w  1225 m 1193(1/3) ��15 A �2(CH2) 

  1197(9)    1210(6) 1209 w    ? 

1175(6) 1173 m 1150(4)  1172(4) 1165 m 1195(8) 1169 m 1150(359/3) ��16 A ��(C��F) 

   1144 w   1152(3) 1148 m    ? 

1135(5)   1128 w 1139(4) 1136 m  1128 m 1106(91/2) ��17 A ��(C��C) 

      1071(3)     ? 

        1065(74/1) ��18 A ��(O��H) 

1029(6)  1027(5) 1020 w 1030(4) 1030 m  1022 m 1013(37/1) ��19 A ��(C��C) 

1007(8) 1003 w     996 (3) 993 m    ? 

  985(5)  1000(7) 984 m 970(6)  971(19/5) ��20 A �!(CH3) 

935(5)           ? 

915(8)  916(6) 911 m 914(5) 910 m 925(6) 916 m    ? 

883(14)  873(10)  880(26) 879 vw 861(8)  884(5/2) ��21 A ��(C��C) 



 

�� 
 

849(6)    858 m    822 m 842(2/7) ��22 A ��(C��C) 

810(5)  806(5)  813(4) 812 m 806(4) 802 m 812(4/1) ��23 A �2(C��C) 

699(28)  701(20)  698(9) 700 vs 690(7)  673(22/3) ��24 A �/(COF) 

564(12) 569 w 561(7) 550 m 563(11)  559(7)  556(6/0) ��25 A �2(C��C) 

543(24) 536 m 528(13) 523 m 546(17) 542 m 529(9) 528 m 526(19/3) ��26 A �/(CCO) 

      457(6) 446 w    ? 

400(12) 415 s   415(6) 415 w   412(1/0) ��27 A ��(CCO) 

392(13) 382 m 387(12) 378 m 393(12) 392 m 387(10) 380 w 374(15/1) ��28 A �/(CCF) 

371(58) 376 m 372(60)  372(17) 370 s 366(9)  356(28/2) ��29 A �/(CCC) 

  174(10)      192(35/0) ��30 A �/(CCC) 

    140(21)    124(0/0) ��31 A �2(CCO) 

        76(5/0) ��32 A �2(CH3) 

        64(1/0) ��33 A �2(C��C) 

 787 s    766 m  675 s    v(M��F) 

 731 s          v(M��F) 

   696 m        v(M��F) 

679(100)  679(100) 673 m  677 vs      v(M��F) 

     662 vs      v(M��F) 

    648(100)  654(100) 655 vs    v(M��F) 

       640 s    v(M��F) 

577(18)  576(20) 573 m 583(7)  573(16)     v(M��F) 

 557 w          �/(M��F) 

     523 m      �/(M��F) 

  504(9) 500 m  496 m  503 m    �/(M��F) 

 447 m          �/(M��F) 

   395 m    417 w    �/(M��F) 

 361 m  359 m  353 m  357 m    �/(M��F) 

274(8)  276(6)  282(38)  283(38)     �/(M��F) 

232(10)  227(10)  238(10)  227(8)     �/(M��F) 

[a] Calculated at B3LYP/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.967, [c] IR intensity in [km/mol] und Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���>�&�+���&���2�; ���&�+���&���2�; ���)�@�>�6�E�)���@���������� ���������; ��� ���+�����'�����D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�±���@��
�R�I���>�&�+���&���2�+���&�+���&���2�+���)�@���� �������+�)�� 

[CH3C(OH)CH2C(OH)F][SbF6]2 (5) [CH3C(OD)CH2C(OD)F][SbF6]2 (6) [CH3C(OH)CH2C(OH)F]2+·2 HF Assignment 

Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

3032(2)  3029(6)  3042(15/49) ��1 A ��(C��H) 

   2966 w    ? 

2934(8) 2933 m 2944(16) 2926 w 2952(31/93) ��2 A ��(C��H) 

2898(5) 2900 m 2885(11) 2879 w 2921(44/45) ��3 A ��(C��H) 

  2860(6)  2901(49/194) ��4 A ��(C��H) 

  2822(4)  2880(370/90) ��5 A ��(C��H) 

    2851(1640/75) ��6 A ��(O��H) 

  2701(4)     ? 

   2444 w    ? 

    2422(3206/93) ��7 A ��(O��H) 

   2401 w    ? 

  2284(5) 2324 m    ��(O��D) 

  2238(5)     ��(O��D) 

2208(4)  2197(6) 2204 w    ? 

   2031 w    ? 

   1892 w    ? 

1674(4) 1693 w 1712(9) 1703 m 1665(375/7) ��8 A ��(C=O) 

1623(3) 1624 vw 1616(7) 1614 w 1582(63/3) ��9 A ��(C=O) 

1503(3) 1500 vw      ? 

1451(4) 1441 w  1485 w 1459(199/2) ��10 A �/(COH) 

1416(4)  1408(6) 1400 vw 1420(43/3) ��11 A �/(CH3) 

    1413(293/2) ��12 A �/(COH) 

1360(3)   1354 w 1365(11/4) ��13 A �/(CH3) 

1343(2) 1338 w 1334(13) 1333 w 1334(69/8) ��14 A �/(CH2) 

1322(3) 1318 w   1313(17/12) ��15 A �/(CH3) 

  1277(4) 1284 w 1306(74/8) ��16 A ��(CH2) 

1239(3) 1236 w 1229(7) 1225 w 1233(94/3) ��17 A ��(C��F) 

1220(4)  1205(6) 1196 w 1214(11/4) ��18 A �2(CH2) 

1161(6) 1163 vw  1180 w 1140(85/1) ��19 A ��(C��C) 

1064(4) 1040 vw 1077(4) 1043 w 1035(56/0) ��20 A ��(CCC) 

1002(3) 1007 w 1017(6) 1024 w 1012(117/0) ��21 A �/(COH) 

   970 m 979(9/0) ��22 A �/(COH) 

934(3)  931(6) 932 m 968(16/3) ��23 A �!(CH3) 

 916 w      ? 

890(4)  896(6) 893 w 887(24/1) ��24 A ��(C��C) 

  847(4)  861(5/4) ��25 A ��(C��C) 

810(3) 812 vw 815(6) 814 w 786(15/3) ��26 A ��(CCC) 



 

�� 
 

  761(4) 754 w    ? 

    678(14/3) ��27 A �/(COF) 

617(8) 617 m 618(11)  569(15/3) ��28 A �/(CCO) 

571(6)  554(10) 555 m 557(0/0) ��29 A ��(CCO) 

536(3) 530 w  536 m    ? 

 496 w 492(11) 509 m 461(102/0) ��30 A �/(CCC) 

450(5)  435(11) 438 w 444(40/0) ��31 A ��(CCC) 

389(5) 395 vw 385(11) 388 w 367(12/1) ��32 A �/(CCF) 

    351(30/1) ��33 A �/(CCC) 

  280(21)  284(41/1) ��34 A �/(CCC) 

193(5)  192(9)     ? 

107(10)    124(16/1) ��35 A �/(CH3) 

    27(8/1) ��36 A �/(COF) 

716(4)  716(9)     v(Sb��F) 

689(72)  689(56) 685 vs    v(Sb��F) 

674(100) 677 s 674(98)     v(Sb��F) 

654(7) 655 s 654(100) 648 s    v(Sb��F) 

605(12)  605(20) 608 s    v(Sb��F) 

586(7)  587(13) 586 m    v(Sb��F) 

 378 w 369(11)     �/(Sb��F) 

298(24)  297(55)     �/(Sb��F) 

271(14)  270(23)     �/(Sb��F) 

235(16)       �/(Sb��F) 

229(16)  227(21)     �/(Sb��F) 

  134(18)     �/(Sb��F) 

[a] Calculated at B3LYP/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.967, [c] IR intensity in [km/mol] und Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���&�+���&�2�&�+���&�2�)���D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�±���@���R�I���&�+���&�2�&�+���&�2�)�� 

�&�+���&�2�&�+���&�2�) �&�+���&�2�&�+���&�2�) �&�+���&�2�&�+���&�2�) �$�V�V�L�J�Q�P�H�Q�W 

�5�D�P�D�Q �,�5 �F�D�O�F�����>�D���E�@�����,�5���5�D�P�D�Q���>�F�@ 

  ���� ���� ���������� �� ���� �$ ��(C��H) 

����������������  �������� ���������� �� ���� �$ �����&���+�� 

����������������  �������� ���������� �� ���� �$ �����&���+�� 

������������������  ���� ���� ������������ �� ���� �$ ��(C��H) 

����������������  ������ ������������ �� ���� �$ ��(C��H) 

���������������� �����������V    �����&� �2�� 

����������������  �������� �������� �������� ���� �$ �����&� �2�� 

���������������� �����������P �������� �������� ������ �� ���� �$ �����&� �2�� 

���������������� �����������V    �" 

����������������  ������������ �������� ���� �$ �/���&�+���� 

���������������� �����������V ������ �������������� ���� �$ �/���&�+���� 

���������������� �����������V ������ �������������� ������ �$ �/���&�+���� 

���������������� �����������V ���� ���� ������������ ������ �$ �/���&�+���� 

���������������� �����������V ���� ���� ������ ������ ������ �$ �����&�+���� 

���������������� �����������V ���� ���� ������ ������ ������ �$ �2���&�+���� 

���������������� �����������V ���� ���� ������ ������ ������ �$ �����&���&�� 

����������������  ���� ���� �������� ������ ������ �$ �����&���)�� 

���������������� ���������V ���� ���� ������ ������ ������ �$ �����&�&�&�� 

������������  ���������������� ������ �$ �!���&�+���� 

�������������� ���������V ������������ ������ ������ �$ �����&���&�� 

�������������� ���������V ���� �������� ������ ������ �$ �2���&���&�� 

�������������� ���������V ������ ������������ ������ �$ �����&���&�� 

�������������� ���������V ������������������ ������ �$ �/���&�2�)�� 

�������������� ���������V ������ ������������ ������ �$ �/���&�&�2�� 

  ������������������ ������ �$ �����&�&�2�� 

��������������  ���������������� ������ �$ �2���&�&�&�� 

��������������  ������ ���������� ������ �$ �/���&�&�)�� 

��������������  ���� ������������ ������ �$ �/���&�&�&�� 

��������������     �" 

  ���� ������������ ������ �$ �/���&�&�&�� 

��������������  ���� ������������ ������ �$ �/���&�+���� 

  ���� ���������� ������ �$ �2���&�&�)�� 

  �������������� ������ �$ �2���&�&�&�� 

�>�D�@���&�D�O�F�X�O�D�W�H�G���D�W���%���/�<�3���D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�����>�E�@���)�U�H�T�X�H�Q�F�L�H�V���D�U�H���V�F�D�O�H�G���Z�L�W�K���D���I�D�F�W�R�U���R�I������������ �����>�F�@���,�5���L�Q�W�H�Q�V�L�W�\���L�Q���>�N�P���P�R�O�@���X�Q�G���5�D�P�D�Q��
�L�Q�W�H�Q�V�L�W�\���L�Q���>�c�����X�@�����$�E�E�U�H�Y�L�D�W�L�R�Q�V���I�R�U���,�5���L�Q�W�H�Q�V�L�W�L�H�V�����Y�V��� ���Y�H�U�\���V�W�U�R�Q�J�����V��� ���V�W�U�R�Q�J�����P��� ���P�H�G�L�X�P�����Z��� ���Z�H�D�N�� 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���G�L�N�H�W�H�Q�H���&�+���&���2���&�+���&�2���D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�±���@���R�I���&�+���&���2���&�+���&�2�� 

�&�+���&���2���&�+���&�2 �&�+���&���2���&�+���&�2 �&�+���&���2���&�+���&�2 �$�V�V�L�J�Q�P�H�Q�W 

�5�D�P�D�Q �,�5 �F�D�O�F�����>�D���E�@�����,�5���5�D�P�D�Q���>�F�@ 

���������������� �����������P ���� ���� ���������� �� ���� �$�
 ��s(C��H) 

����������������  ���� ���� �������������� ���� �$�
 ���V���&���+�� 

���������������� �����������P ���� ���������������� ������ �$�
�
 ���D�V���&���+�� 

������������������ �����������P ���� ���� �������������� ���� �$�
 ��s(C��H) 

�������������� �����������P    ? 

���������������� �����������V ���� ���� �������� �������� ���� �$�
 ���V���&� �2�� 

 �����������P    �" 

���������������� �����������V �������� �������� ������ �� ���� �$�
 ���V���&� �&�� 

���������������� �����������Z    �" 

���������������� �����������Z ���� ���� ������ ������ ���� �$�
 �/�V���&�+���� 

 �����������P ���� ���� ������������ ���� �$�
 �/�V���&�+���� 

�������������� �����������V ���� ���� ������ ������ ���� �$�
 ���V���&���2���� 
���V���&���&���� 
�Ø�V���&�&�2�� 

 �����������P    �" 

�������������� �����������P ���� ���� ���������� ���� �$�
 ���V���&�+���� 

���������������� �����������Y�V ���� ���� ���������� ������ �$�
�
 �2�D�V���&�+���� 

��������������  ������ �������� ������ ������ �$�
 �/�V���2���&�� 

������������ ���������P ������ ���������� ������ �$�
 �Y�V���&���&�� 

������������  ������ ���������� ������ �$�
�
 �Ø�D�V���&�+���� 

�������������� ���������Y�V ���� ���������� ������ ������ �$�
 ���V���&���2�� 

��������������  ������ ������������ ������ �$�
�
 ���D�V���&�+���� 

������������ ���������V ������������ ������ ������ �$�
 ���V���&���&�� 

������������  ������ ���������� ������ �$�
�
 �2�D�V���&�+���� 

�������������� ���������P ������ ������������ ������ �$�
 �/�V���&�&�2�� 

�������������� ���������P ������ ���������� ������ �$�
 �/�V���&�&�2�� 

�������������� ���������P ������ ���������� ������ �$�
�
 ���D�V���&�&�2�� 

�������������� ���������Z ������ ���������� ������ �$�
�
 ���D�V���&�&�2�� 

  ������ ���������� ������ �$�
 �/�V���&�&�2�� 

��������������     �" 

��������������  ������ ���������� ������ �$�
�
 ���D�V���&�&�2�� 

�>�D�@���&�D�O�F�X�O�D�W�H�G���D�W���%���/�<�3���D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�����>�E�@���)�U�H�T�X�H�Q�F�L�H�V���D�U�H���V�F�D�O�H�G���Z�L�W�K���D���I�D�F�W�R�U���R�I������������ �����>�F�@���,�5���L�Q�W�H�Q�V�L�W�\���L�Q���>�N�P���P�R�O�@���X�Q�G���5�D�P�D�Q��
�L�Q�W�H�Q�V�L�W�\���L�Q���>�c�����X�@�����$�E�E�U�H�Y�L�D�W�L�R�Q�V���I�R�U���,�5���L�Q�W�H�Q�V�L�W�L�H�V�����Y�V��� ���Y�H�U�\���V�W�U�R�Q�J�����V��� ���V�W�U�R�Q�J�����P��� ���P�H�G�L�X�P�����Z��� ���Z�H�D�N�� 
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�7�D�E�O�H���6�������; ���U�D�\���G�D�W�D���D�Q�G���U�H�I�L�Q�H�P�H�Q�W���R�I���>�&�+���&���2�+���&�+���&�2�)�@�>�6�E�)���@���+�)�������������>�&�+���&���2�+���&�+���&���2�+���)�@�>�6�E�)���@�����+�)�����������D�Q�G���>�&���+���� �)���2���@�>�6�E�)���@�>�6�E���)���� �@��
���&���+���)������������ 

 

  

 �>�&�+���&���2�+���&�+���&�2�)�@�>�6�E�)���@���+�)�������� �>�&�+���&���2�+���&�+���&���2�+���)�@�>�6�E�)���@�����+�)�������� �>�&���+���� �)���2���@�>�6�E�)���@�>�6�E���)���� �@���&���+���)���������� 

formula 
�&���+���)���2���6�E �&���+���)���� �2���6�E�� �&���+���� �)���� �2���6�E�� 

Mr [g mol-1] 
������������ ������������ ������������ 

crystal size [mm3] 
�����������[�������������[���������� �������������[���������������[������������ �������������[���������������[������������ 

crystal system 
�P�R�Q�R�F�O�L�Q�L�F �W�U�L�F�O�L�Q�L�F �W�H�W�U�D�J�R�Q�D�O�� 

space group 
�3�� �����Q �3�s
$ �3�� �� 

a [Å] 
���������������������� ������������������ ������������������ 

b [Å] 
������������������ ������������������ ������������������ 

c [Å] 
���������������������� �������������������� ���������������������� 

�.��[°] 
���������� ������������������ ����  

����[°] 
���������������������� ������������������ ����  

����[°] 
���������� ������������������ ����  

V [Å³] 
�������������������� ������������������ ���������������������� 

Z 
�� �� �� 

�!calc [g cm-3]  
���������� ���������� ���������� 

µ [mm-1] 
���������� ���������� ���������� 

��MoK�. [Å]  
��������������  ��������������  ��������������  

F(000) 
������  ������  ��������  

T [K] 
������������ ������������ ������������ 

hkl range 
�í���������������í���������������í���������� �í�����������í���������������í���������� �í���������������í���������������í���������� 

refl. measured 
��������  ��������  ����������  

refl. unique 
��������  ��������  ��������  

Rint 
������������ ������������ ������������ 

parameters 
������  ������  ������  

R(F)/wR(F²) a (all 
reflexions) 

�������������������������� �������������������������� �������������������������� 

weighting scheme b 
�������������������������� �������������������������� �������������������������� 

S (GooF) c 
���������� ���������� ���������� 

residual density [e Å-3] 
�������������í���������� �������������í���������� �������������í���������� 

device type 
�2�[�I�R�U�G���;�&�D�O�L�E�X�U �2�[�I�R�U�G���;�&�D�O�L�E�X�U �2�[�I�R�U�G���;�&�D�O�L�E�X�U 

solution 
�6�+�(�/�;�7�>���@ �6�+�(�/�;�7�>���@ �6�+�(�/�;�7�>���@ 

refinement 
�6�+�(�/�;�/�������������� �>���@ �6�+�(�/�;�/�������������� �>���@ �6�+�(�/�;�/�������������� �>���@ 

�&�&�'�& ��������������  ��������������  ��������������  

a R1 = ��  ||F0|-|FC||/ �� |F0|; 
b wR2 = [�� [w(F2

0 - F2
C)2]/ �� (F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

�F���*�R�R�) �  �>�� �>���)��
���������)��

�&�����@�����Q���S���@�����������Q �  �Q�X�P�E�H�U���R�I���U�H�I�O�H�[�L�R�Q�V�����S �  �W�R�W�D�O���Q�X�P�E�H�U�V���R�I���S�D�U�D�P�H�W�H�U�V���� 



 

����  
 

�7�D�E�O�H���6�������%�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���>�&�+���&���2�+���&�+���&�2�)�@�>�6�E�)���@���+�)�����������D�V���Z�H�O�O���D�V���G�R�Q�R�U���D�F�F�H�S�W�R�U���G�L�V�W�D�Q�F�H�V���R�I���������6�\�P�P�H�W�U�\���F�R�G�H�V���� 
�L �  ���í�[�������í�\�������í�]�����L�L �  �������í�[�����í���������\�����������í�]�����L�L�L �  ���������[�����������í�\�������������]�����L�Y �  ���í�[�������í�\�������í�]�� 

[CH3C(OH)CH2COF][SbF6]·HF (2) 

Bond lengths [Å] 

C1��C2 1.448(3) Sb1��F2 1.875(1) 

C2��C3 1.491(3) Sb1��F3 1.869(1) 

C3��C4 1.488(3) Sb1��F4 1.879(1) 

C2��O1 1.268(3) Sb1��F5 1.869(2) 

C4��O2 1.192(3) Sb1��F6 1.874(1) 

C4��F1 1.329(3) Sb1��F7 1.899(1) 

Bond angles [°] 

C1��C2��C3 120.0(2) F3��Sb1��F4 90.1(7) 

C2��C3��C4 115.0(2) F3��Sb1��F5 90.5(7) 

C1��C2��O1 118.1(2) F3��Sb1��F6 178.6(6) 

O1��C2��C3 121.9(2) F3��Sb1��F7 89.8(7) 

C3��C4��O2 120.4(2) F4��Sb1��F5 178.4(6) 

C3��C4��F1 112.1(2) F4��Sb1��F6 89.1(7) 

O2��C4��F1 120.4(2) F4��Sb1��F7 89.5(7) 

F2��Sb1��F3 91.2(6) F5��Sb1��F6 90.2(7) 

F2��Sb1��F4 90.3(6) F5��Sb1��F7 89.0(7) 

F2��Sb1��F5 91.1(6) F6��Sb1��F7 89.0(7) 

F2��Sb1��F6 90.0(7)   

F2��Sb1��F7 179.0(6)   

Dihedral angles [°] 

C1��C2��C3��C4 176.5(2) F1��C4��C3��C2 177.9(2) 

O1��C2��C3��C4 �í3.8(3) O2��C4��C3��C2 �í2.0(4) 

Donor-acceptor distances [Å] 

O1(��H2). . .O2 2.605(2) C3(��H3A). . .O2ii 3.310(3) 

O1(��H2). . .F4i 2.911(2) C3(��H3B). . .F5iv 3.155(3) 

C1(��H1A). . .F5ii 3.292(3) F8(��H4). . .F7 2.555(2) 

C1(��H1B). . .F6iii 3.256(3) C2. . .F2 2.674(3) 

C1(��H1C). . .F3iv 3.375(3) C4. . .F8i 2.682(3) 
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�)�L�J�X�U�H���6�������&�K�D�L�Q�V���D�O�R�Q�J���W�K�H���E���D�[�L�V���R�I���������G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L �  ���í�[�������í�\�������í�]�� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�)�L�J�X�U�H���6�������&�D�W�L�R�Q���D�Q�L�R�Q���S�D�L�U�V���R�I���>�&�+���&���2�+���&�+���&�2�)�@�>�6�E�)���@���+�)�������������G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\������ 
�6�\�P�P�H�W�U�\���F�R�G�H�V�����L��� �����í�[�������í�\�������í�]�� 
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�7�D�E�O�H���6�������%�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���>�&�+���&���2�+���&�+���&���2�+���)�@�>�6�E�)���@�����+�)�����������D�V���Z�H�O�O���D�V���G�R�Q�R�U���D�F�F�H�S�W�R�U���G�L�V�W�D�Q�F�H�V���R�I���������6�\�P�P�H�W�U�\���F�R�G�H�V���� 
�L �  �í�[�������í�\�����í�]�����L�L �  �í�[�����í�\�������í�]�����L�L�L �  ���í�[�����í�\�������í�]�����L�Y �  ���í�[�������í�\�����í�]�����Y �  ���í�[�����í�\�����í�]�� 

[CH3C(OH)CH2C(OH)F][SbF6]2·HF (5) 

Bond lengths [Å] 

C1��C2 1.478(6) Sb1��F6 1.866(3) 

C2��C3 1.490(6) Sb1��F7 1.858(3) 

C3��C4 1.459(6) Sb1��F8 1.874(3) 

C1��O1 1.207(6) Sb2��F9 1.892(3) 

C3��O2 1.243(5) Sb2��F10 1.871(3) 

C1��F1 1.295(5) Sb2��F11 1.867(3) 

Sb1��F3 1.861(3) Sb2��F12 1.866(3) 

Sb1��F4 1.864(3) Sb2��F13 1.857(3) 

Sb1��F5 1.946(3) Sb2��F14 1.865(3) 

Bond angles [°] 

C1��C2��C3 118.3(4) F6��Sb1��F7 90.7(1) 

C2��C3��C4 118.6(4) F6��Sb1��F8 89.2(1) 

O1��C1��F1 119.5(4) F7��Sb1��F8 175.4(1) 

O1��C1��C2 126.8(4) F9��Sb2��F10 88.4(1) 

F1��C1��C2 113.6(4) F9��Sb2��F11 88.4(1) 

O2��C3��C4 123.9(4) F9��Sb2��F12 176.6(1) 

O2��C3��C2 117.5(4) F9��Sb2��F13 89.7(2) 

F3��Sb1��F4 92.8(1) F9��Sb2��F14 90.2(1) 

F3��Sb1��F5 86.9(1) F10��Sb2��F11 88.8(1) 

F3��Sb1��F6 174.5(1) F10��Sb2��F12 89.7(1) 

F3��Sb1��F7 89.4(1) F10��Sb2��F13 178.0(1) 

F3��Sb1��F8 90.2(1) F10��Sb2��F14 90.7(1) 

F4��Sb1��F5 176.0(1) F11��Sb2��F12 88.7(1) 

F4��Sb1��F6 92.7(1) F11��Sb2��F13 90.3(1) 

F4��Sb1��F7 95.1(1) F11��Sb2��F14 178.5(1) 

F4��Sb1��F8 89.5(1) F12��Sb2��F13 92.1(1) 

F5��Sb1��F6 87.6(1) F12��Sb2��F14 92.6(1) 

F5��Sb1��F7 88.9(1) F13��Sb2��F14 90.1(1) 

F5��Sb1��F8 86.5(1)   

Dihedral angles [°] 

C1��C2��C3��C4 �í166.8(4) F1��C1��C2��C3 �í166.6(4) 

O1��C1��C2��C3 16.9(7) O2��C3��C2��C1 14.8(6) 

Donor-acceptor distances [Å] 

O1(��H1). . .F5 2.416(5) C2(��H2B). . .F8ii 3.180(6) 

O2(��H2). . .F2 2.509(4) C1. . .F6iii 2.650(5) 



 

����  
 

F2(��H5). . .F9 2.476(4) C3. . .F12iv 2.714(6) 

C2(��H2A). . .F10i 3.116(5) C3. . .F14v 2.857(6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

�)�L�J�X�U�H���6�������&�K�D�L�Q�V���D�O�R�Q�J���W�K�H���D���D�[�L�V���R�I���������G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\�������6�\�P�P�H�W�U�\���F�R�G�H�V�����L��� ���í�[�����í�\�������í�]�����L�L �  ���í�[�������í�\�����í�]���� 
�L�L�L �  ���í�[�����í�\�����í�]�� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�)�L�J�X�U�H���6�������5�L�Q�J���O�L�N�H���V�W�U�X�F�W�X�U�H�V���R�I���>�&�+���&���2�+���&�+���&���2�+���)�@�>�6�E�)���@�����+�)�������������G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\������ 
�6�\�P�P�H�W�U�\���F�R�G�H�V�����L��� ���í�[�����í�\�������í�]�����L�L �  �í�[�������í�\�����í�]�� 
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�&�U�\�V�W�D�O���6�W�U�X�F�W�X�U�H���R�I���>�&���+���� �)���2���@�>�6�E�)���@�>�6�E���)���� �@���&���+���)���������� 

 

�>�&���+���� �)���2���@�>�6�E�)���@�>�6�E���)���� �@���&���+���)�������������F�U�\�V�W�D�O�O�L�]�H�V���L�Q���W�K�H���W�H�W�U�D�J�R�Q�D�O���V�S�D�F�H���J�U�R�X�S���3�� �����Z�L�W�K���I�R�X�U���I�R�U�P�X�O�D���X�Q�L�W�V���S�H�U���X�Q�L�W���F�H�O�O����
�7�K�H�� �D�V�\�P�P�H�W�U�L�F�� �X�Q�L�W�� �R�I�������L�V�� �L�O�O�X�V�W�U�D�W�H�G�� �L�Q�� �)�L�J�X�U�H �6������ �&�U�\�V�W�D�O�� �G�D�W�D�� �D�Q�G�� �V�W�U�X�F�W�X�U�H�� �U�H�I�L�Q�H�P�H�Q�W�� �D�U�H�� �S�U�R�Y�L�G�H�G�� �L�Q�� �7�D�E�O�H �6������
�6�H�O�H�F�W�H�G���J�H�R�P�H�W�U�L�F���G�D�W�D���D�U�H���O�L�V�W�H�G���L�Q���7�D�E�O�H �6�������0�X�O�W�L�S�O�H���F�U�\�V�W�D�O�V���R�I�������Z�H�U�H���I�R�X�Q�G���D�I�W�H�U���U�H�F�U�\�V�W�D�O�O�L�]�D�W�L�R�Q���R�I�������I�U�R�P���5������ �D���D�W��
�í����  �ƒ�&���D�Q�G���W�K�H�Q���N�H�H�S�L�Q�J���W�K�H���U�H�D�F�W�R�U���V�W�R�U�H�G���D�W���í����  �ƒ�&���D�W���O�H�D�V�W���I�R�U���D���Z�H�H�N���� 

 

 

 

 

 

 

 

 

 

 

�)�L�J�X�U�H���6�������$�V�\�P�P�H�W�U�L�F���X�Q�L�W���R�I���>�&���+���� �)���2���@�>�6�E�)���@�>�6�E���)���� �@���5�������D�������������G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\���� 

�7�K�H�� �E�R�Q�G���O�H�Q�J�W�K�V�� �&�����2���� ���������������� �c���� �D�Q�G���&�����2���� ���������������� �c���� �D�U�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �H�O�R�Q�J�D�W�H�G���F�R�P�S�D�U�H�G���W�R���W�K�H�� �F�R�U�U�H�V�S�R�Q�G�L�Q�J��
�E�R�Q�G���O�H�Q�J�W�K�V���R�I������������������������ �c���D�Q�G������������������ �c�����D�V���Z�H�O�O���D�V������������������������ �c���D�Q�G������������������ �c�������%�R�W�K���D�U�H���L�Q���W�K�H���U�D�Q�J�H���E�H�W�Z�H�H�Q���D��
�I�R�U�P�D�O���&���2���V�L�Q�J�O�H������������ �c�����D�Q�G���&� �2���G�R�X�E�O�H���E�R�Q�G������������ �c�����>���@���7�K�H���E�R�Q�G�V���&�����2�����D�Q�G���&�����2�����D�U�H���������������� �c���D�Q�G���������������� �c��
�O�R�Q�J�� �D�Q�G�� �F�R�Q�V�W�L�W�X�W�H�� �I�R�U�P�D�O�� �&���2�� �V�L�Q�J�O�H�� �E�R�Q�G�V�� ���������� �c�����>���@���)�X�U�W�K�H�U���� �W�K�H�� �E�R�Q�G�� �&�����&���� ���������������� �c���� �L�V�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �V�K�R�U�W�H�Q�H�G��
�F�R�P�S�D�U�H�G���W�R������������������������ �c�����D�Q�G������������������������ �c�����E�X�W���D�U�H���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���&� �&���E�R�Q�G���O�H�Q�J�W�K���R�I���W�K�H���Q�H�X�W�U�D�O���F�R�P�S�R�X�Q�G�����H�Q�R�O��
�W�D�X�W�R�P�H�U���� ������������������ �c�����>���@���7�K�H�� �V�L�[���P�H�P�E�H�U�H�G�� �F�\�F�O�L�F�� �P�R�L�H�W�\�� �R�I�� �W�K�H�� �G�L�F�D�W�L�R�Q�� �G�L�V�S�O�D�\�V�� �D�� �G�L�V�W�R�U�W�H�G�� �W�Z�L�V�W�� �E�R�D�W���O�L�N�H�� �V�W�U�X�F�W�X�U�H����
�Z�K�L�F�K���G�L�I�I�H�U�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���I�U�R�P���W�K�H���F�K�D�L�U���F�R�Q�I�R�U�P�D�W�L�R�Q���X�V�X�D�O�O�\���S�U�H�I�H�U�U�H�G���L�Q�����������G�L�R�[�D�Q�H�V���>�������@���7�K�H���G�L�K�H�G�U�D�O���D�Q�J�O�H�V���&�����&����
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�L �  �\�������í�[���������������]�����L�L �  �[���������\�����]�� 

[C8H10F2O3][SbF6][Sb2F11]·C2H2F4 (7) 

Bond lengths [Å] 

C1��C2 1.48(1) Sb1��F7 1.883(6) 

C2��C3 1.47(1) Sb1��F8 1.854(7) 

C3��C4 1.53(2) Sb1��F9 1.916(6) 

C5��C6 1.42(1) Sb1��F10 1.916(6) 

C6��C7 1.35(1) Sb1��F11 1.874(8) 

C7��C8 1.47(2) Sb1��F12 1.853(7) 

C9��C10 1.35(3) Sb2��F13 1.842(8) 

C1��O1 1.23(1) Sb2��F14 1.837(8) 

C3��O2 1.45(1) Sb2��F15 1.838(7) 

C3��O3 1.42(1) Sb2��F16 1.848(8) 

C5��O2 1.31(1) Sb2��F17 1.855(7) 

C7��O3 1.35(1) Sb2��F18 2.025(7) 

C1��F1 1.29(1) Sb3��F18 2.010(7) 

C5��F2 1.27(1) Sb3��F19 1.831(8) 

C9��F3 1.31(2) Sb3��F20 1.82(1) 

C9��F4 1.32(2) Sb3��F21 1.845(7) 

C9��F5 1.46(2) Sb3��F22 1.851(7) 

C10��F6 1.35(3) Sb3��F23 1.841(8) 

Bond angles [°] 

C1��C2��C3 114.7(9) F10��Sb1��F12 88.3(3) 

C2��C3��C4 112.8(9) F11��Sb1��F12 92.1(3) 

C5��C6��C7 118(1) F13��Sb2��F14 94.5(4) 

C6��C7��C8 125(1) F13��Sb2��F15 94.5(4) 

C2��C1��O1 123.7(9) F13��Sb2��F16 94.9(4) 

C2��C3��O2 106.9(8) F13��Sb2��F17 94.9(4) 

C2��C3��O3 108.7(8) F13��Sb2��F18 178.7(4) 

C4��C3��O2 108.5(8) F14��Sb2��F15 90.1(3) 

C4��C3��O3 109.5(8) F14��Sb2��F16 170.6(4) 

C6��C5��O2 120.2(9) F14��Sb2��F17 88.5(3) 

C6��C7��O3 121.2(9) F14��Sb2��F18 85.7(4) 

C8��C7��O3 113.5(9) F15��Sb2��F16 90.1(3) 

C3��O2��C5 119.1(8) F15��Sb2��F17 170.6(3) 

C3��O3��C7 117.6(8) F15��Sb2��F18 84.1(3) 

O2��C3��O3 110.3(8) F16��Sb2��F17 89.8(3) 

F1��C1��O1 119.1(9) F16��Sb2��F18 84.9(4) 
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F2��C5��O2 116.4(9) F17��Sb2��F18 86.4(3) 

C10��C9��F3 114(2) F18��Sb3��F19 85.3(4) 

C10��C9��F4 113(2) F18��Sb3��F20 87.0(4) 

C10��C9��F5 112(2) F18��Sb3��F21 85.3(4) 

C9��C10��F6 106(2) F18��Sb3��F22 85.9(3) 

F7��Sb1��F8 89.7(3) F18��Sb3��F23 178.0(4) 

F7��Sb1��F9 88.3(3) F19��Sb3��F20 172.3(3) 

F7��Sb1��F10 87.7(3) F19��Sb3��F21 90.8(3) 

F7��Sb1��F11 91.9(3) F19��Sb3��F22 91.1(4) 

F7��Sb1��F12 175.8(3) F19��Sb3��F23 92.7(4) 

F8��Sb1��F9 177.2(3) F20��Sb3��F21 89.0(4) 

F8��Sb1��F10 88.5(3) F20��Sb3��F22 87.9(4) 

F8��Sb1��F11 90.1(3) F20��Sb3��F23 95.0(4) 

F8��Sb1��F12 91.5(3) F21��Sb3��F22 170.8(3) 

F9��Sb1��F10 89.5(3) F21��Sb3��F23 94.6(4) 

F9��Sb1��F11 91.9(3) F22��Sb3��F23 94.3(4) 

F9��Sb1��F12 90.4(3) Sb2��F18��Sb3 156.1(4) 

F10��Sb1��F11 178.5(3)   

Dihedral angles [°] 

C7��O3��C3��O2 �í42(1) C3��O2��C5��C6 �í14(1) 

C7��O3��C3��C2 �í158.4(8) C7��C6��C5��F2 169(1) 

C7��O3��C3��C4 78(1) C7��C6��C5��O2 �í9(1) 

C5��O2��C3��O3 38(1) O3��C3��C2��C1 61(1) 

C5��O2��C3��C2 156.2(9) O2��C3��C2��C1 �í58(1) 

C5��O2��C3��C4 �í82(1) C4��C3��C2��C1 �í177.2(8) 

C5��C6��C7��O3 5(1) O1��C1��C2��C3 �í5(1) 

C5��C6��C7��C8 �í171(1) F1��C1��C2��C3 174.9(8) 

C3��O3��C7��C6 22(1) F3��C9��C10��F6 �í179(2) 

C3��O3��C7��C8 �í161.7(9) F4��C9��C10��F6 �í56(3) 

C3��O2��C5��F2 167.9(9) F5��C9��C10��F6 59(3) 

Donor-acceptor distances [Å] 

O1(��H1). . .F10 2.43(1) O1. . .F15ii 2.74(1) 

C2(��H2B). . .F20 3.22(1) O1. . .F22 2.78(1) 

C1. . .F11i 2.60(1) F2. . .F7i 2.68(1) 

C1. . .F22 2.70(1)   
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[(CCl2HCOF)2H][AsF6] 
(1) 

[(CCl2HCOF)2D][AsF6]  
(3) 

[(CCl2HCOF)2H][SbF6]  
(2) 

[(CCl2HCOF)2D][SbF6] 
(4) 

[(CCl2HCOF)2H]+·CH2O Assignment 

Raman IR Raman IR Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

3013(25) 3014 s 3012(41)  2992(32) 2993 m 2992(28) 2991 s 3019(11/63) ��1 A ��(C��H) 

    2827(2)  2821(1)     ? 

    2701(2)  2701(1)     ? 

        2881(3268/106) ��2 A ��(O��H) 

       2486 vs    ? 

  2372(2)    2285(2) 2363 vs    ��(O��D) 

1772(6) 1796 s 1726(19)  1769(2) 1803 w 1771(2)  1707(1499/78) ��3 A ��(C=O) 

    1603(2)       ? 

     1551 m      ? 

 1423 s 1407(4)     1434 m 1476(214/8) ��4 A �/(COH) 

    1341(2)       ? 

    1313(5) 1315 m 1316(4) 1315 s    ? 

1281(6) 1286 s 1279(4)  1262(2)  1283(3) 1263 s 1310(74/2) ��5 A ��(C��F) 

       1225 s    ? 

1207(9)  1241(7)  1210(10) 1205 m 1208(4) 1207 s 1189(65/2) ��6 A �/(CCH) 

1194(19)  1194(22)  1199(4)  1174(2) 1173 s 1176(9/3) ��7 A �/(CCH) 

        1158(73/6) ��8 A ��5+ ��6 

 1076 vs   1089(3) 1084 m  1086 s    ? 

      1057(1) 1053 s    ? 

  999(6)   947 w      ? 

928(11) 931 s 929(3)  925(2) 926 w  937 s 910(36/3) ��9 A ��(C��C) 

  901(5)   903 w      ? 

       866 s    ? 

831(21) 833 s 828(17)  847(15) 833 vs 838(9) 829 s 809(63/4) ��10 A ��(C-Cl) 

795(4)  792(10)  789(5)       ? 

781(66) 779 s 779(14)  778(6)    767(4/8) ��11 A ��(C��Cl) 

    767(28) 771 s      ? 

748(5) 739 vs     754(22) 762 m    ? 

667(19) 669 s 667(35)  665(100)  665(73) 662 s 677(65/6) ��12 A �/(COF) 

603(21) 602 s 603(19)  605(8) 606 m 599(11)  635(71/2) ��13 A ��(C��Cl) 

    592(7)       ? 

    504(6) 501 s 493(4) 492 s    ? 

478(7) 478 s 471(6)     465 s    ? 

381(16) 387 vs 381(18)  381(31) 380 s 381(22) 384 s 400(23/4) ��14 A �/(CCF) 

309(6)    309(5)  303(16)     ? 

247(15)  246(15)    246(5)  255(5/2) ��15 A �/(CCl2) 

201(13)  200(11)  197(10)  197(7)  184(4/0) ��16 A �/(ClCC) 



135(22)  133(18)    140(4)  174(2/0) ��17 A �/(ClCC) 

123(13)  122(12)      66(0/0) ��18 A �/(CCO) 

  728(4)  725(4)       v(M��F) 

703(90) 704 s 699(100)         v(M��F) 

685(100)    686(11) 694 vs 683(4) 690 vs    v(M��F) 

      674(100)     v(M��F) 

658(14)  655(21)  655(30)  652(13)     v(M��F) 

    638(9)  637(13)     v(M��F) 

624(9) 625 s 625(5)    619(8)     v(M��F) 

       573 s    v(M��F) 

565(6) 559 s 561(3)  561(4) 563 m 554(3)     v(M��F) 

522(4) 517 s   523(12)  517(9) 515 s    v(M��F) 

411(38)  410(36)  412(7)       �/(M��F) 

388(18) 388 vs   395(9) 388 s  393 s    �/(M��F) 

369(16) 366 vs          �/(M��F) 

351(17) 359 vs 355(15)         �/(M��F) 

    293(16)  294(8)     �/(M��F) 

281(39)  283(34)  286(25)  285(15)     �/(M��F) 

    269(38)  268(24)     �/(M��F) 

    223(7)  220(4)     �/(M��F) 

    169(4)  169(2)     �/(M��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] und Raman intensity in [Å4/u]. 
Abbreviations for IRntensities: vs = very strong, s = strong, m = medium, w = weak. 
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[CCl2HCF2OH2][SbF6] (5a) [CCl2HCF2OD2][SbF6] (6) [CCl2HCF2OH2]+·2 HF Assignment 

Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

 3626 w      ? 

 3340 vs  3346 s    v(O��H) 

2992(10) 2993 w 2992(26) 2991 s 3012(8/71) v1 �$�µ vs(C��H) 

    2972(1089/73) v2 �$�µ vs(O��H) 

    2952(1753/38) v15 �$�µ�µ vas(O��H) 

2823(1)  2824(1)     ? 

2702(1)  2702(1)     ? 

 2484 s  2486 vs    ? 

   2362 vs    vs(OD2) 

   2332 vs    vs(OD2) 

 2162 m      ? 

 1983 m      ? 

 1767 m   1626(138/1) v3 �$�µ �/s(OH2) 

 1547 w      ? 

1341(1) 1350 m      ? 

1313(2) 1314 m 1316(3) 1315 s 1322(58/1) v16 �$�µ�µ vas(C��F) 

  1283(3) 1263 s 1295(116/4) v4 �$�µ vs(C��F)+ 
�/s(CCH) 

   1225 s    ? 

1210(4) 1217 w 1208(4) 1207 s 1186(7/2) v17 �$�µ�µ �/as(CCH) 

  1174(2) 1173 s 1180(103/2) v5 �$�µ vs(C��C)+ 
�/s(CCH) 

 1153 w      ? 

1091(1) 1119 w 1090(1) 1085 s 1096(137/2) v18 �$�µ�µ �Øas(OH2) 

 1043 m 1055(1) 1053 s 1021(171/1) v6 �$�µ vs(C��O) 

   976 s    ? 

   937 s    ? 

 922 s      ? 

   866 s 822(215/0) v7 �$�µ �����2�+2) 

846(7) 851 w 838(8) 829 s 820(102/2) v19 �$�µ�µ vas(C��Cl) 

 833 m      ? 

767(14) 771 m 753(22) 762 m 797(219/3) v8 �$�µ vs(C��Cl) 

    718(26/11) v9 �$�µ v6+v7+v8 

637(5)    639(46/0) v20 �$�µ�µ �2as(OH2) 

622(5) 620 s 619(8)  629(14/1) v10 �$�µ �/s(CCO) 

523(6)  526(5)  516(9/1) v21 �$�µ�µ �/as(COF2) 

504(3) 513 m 517(9) 515 s 511(44/1) v11 �$�µ �/s(COF2) 

   492 s    ? 

   465 s    ? 



   449 s    ? 

381(14)  381(22) 384 s 368(11/5) v12 �$�µ �/s(CCF2) 

268(17)  268(22)  255(1/2) v13 �$�µ �/s(CCl2) 

229(9)  229(9)  218(5/1) v14 �$�µ �/s(CCO) 

197(5)  197(7)  182(3/0) v23 �$�µ�µ �/as(CCF2) 

139(4)  140(4)  70(0/0) v24 �$�µ�µ �2as(CCl2) 

 698 vs  690 vs    v(Sb��F) 

673(100) 679 vs 674(100)     v(Sb��F) 

665(50)  665(69) 662 s    v(Sb��F) 

  652(12)     v(Sb��F) 

605(5)  599(10)     v(Sb��F) 

563(2)  554(2) 563 s    v(Sb��F) 

   393 s    �/(Sb��F) 

299(15)  303(15)     �/(Sb��F) 

286(12)  285(13)     �/(Sb��F) 

  246(4)     �/(Sb��F) 

  220(4)     �/(Sb��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] und Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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�5�D�P�D�Q �,�5 �F�D�O�F�����>�D���E�@�����,�5���5�D�P�D�Q���>�F�@ 

����������������  �������������������� ���� �$ ��(C��H) 

 �����������Y�V    �����&� �2�� 

���������������� �����������Y�V ������������������������ ���� �$ �����&� �2�� 

���������������� �����������P    �/(CCH) 

�������������� �����������P �������������������� ���� �$ �/(CCH) 

���������������� �����������Y�V �������������������� ���� �$ �/���&�&�+�� 

�������������� �����������V ���������������������� ���� �$ �����&���)�� 

�������������� ���������P ������������������ ���� �$ �����&���&�� 

������������ ���������P    �" 

�������������� ���������V ������������������ ���� �$ �����&���&�O�� 

��������������  ���������������� ���� �$ �����&���&�O�� 

��������������     �" 

�������������� ���������P ������������������ ���� �$ �/���&�2�)�� 

������������ ���������P    �" 

�������������� ���������P ������������������ ������ �$ �����&���&�O�� 

������������     �" 

������������     �" 

����������������     �/���&�2�)�� 

��������������  ���������������� ������ �$ �/���&�&�)�� 

 ���������P    �" 

��������������     �" 

��������������  ���������������� ������ �$ �/���&�&�O���� 

��������������     �" 

��������������     �/���&�&�O���� 

     �" 

��������������  ���������������� ������ �$ �/���&�O�&�&�� 

��������������  ���������������� ������ �$ �/���&�O�&�&�� 

  �������������� ������ �$ �/���&�2�)�� 
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�5�D�P�D�Q���L�Q�W�H�Q�V�L�W�\���L�Q���>�c�����X�@�����$�E�E�U�H�Y�L�D�W�L�R�Q�V���I�R�U���,�5���L�Q�W�H�Q�V�L�W�L�H�V�����Y�V��� ���Y�H�U�\���V�W�U�R�Q�J�����V��� ���V�W�U�R�Q�J�����P��� ���P�H�G�L�X�P�����Z��� ���Z�H�D�N�� 

 

 

  



�7�D�E�O�H���6�������; ���U�D�\���G�D�W�D���D�Q�G���U�H�I�L�Q�H�P�H�Q�W���R�I���>�&�&�O���+�&���2�+���)�@�>���&�&�O���+�&�2�)�����+�@�>�6�E�)���@�>�6�E���)���� �@���D�Q�G���>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�������D���� 

 

 

 

 

 

 

 �>�&�&�O���+�&���2�+���)�@�>���&�&�O���+�&�2�)�����+�@�>�6�E�)���@�>�6�E���)���� �@ �>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�������D�� 

formula 
�&���+���&�O���)���� �2���6�E�� �&���+���&�O���)���2�6�E 

Mr [g mol-1] 
��������������  ������������ 

crystal size [mm3] 
�����������[�������������[���������� �������������[���������������[������������ 

crystal system 
�P�R�Q�R�F�O�L�Q�L�F �P�R�Q�R�F�O�L�Q�L�F 

space group 
�3�� �����F �3�� �����P 

a [Å] 
������������������ ������������������ 

b [Å] 
������������������ ������������������ 

c [Å] 
�������������������� ������������������ 

�.��[°] 
����  ����  

����[°] 
������������������ �������������������� 

����[°] 
����  ����  

V [Å³] 
�������������������� ������������������ 

Z 
�� �� 

�!calc [g cm-3]  
���������� ���������� 

µ [mm-1] 
���������� ���������� 

��MoK�. [Å]  
��������������  ��������������  

F(000) 
��������  ������  

T [K] 
������������ ������������ 

hkl range 
�±���������������±���������������±���������� �í�����������í���������������í���������� 

refl. measured 
����������  ��������  

refl. unique 
��������  ��������  

Rint 
������������ ������������ 

parameters 
������  ����  

R(F)/wR(F²) a (all reflexions) 
�������������������������� �������������������������� 

weighting scheme b 
�������������������������� �������������������������� 

S (GooF) c 
���������� ���������� 

residual density [e Å-3] 
�������������±���������� �������������í���������� 

device type 
�2�[�I�R�U�G���;�&�D�O�L�E�X�U �2�[�I�R�U�G���;�&�D�O�L�E�X�U 

solution 
�6�+�(�/�;�7�>���@ �6�+�(�/�;�7�>���@ 

refinement 
�6�+�(�/�;�/�������������� �>���@ �6�+�(�/�;�/�������������� �>���@ 

�&�&�'�& ��������������  ��������������  

a R1 = ��  ||F0|-|FC||/ �� |F0|; 
b wR2 = [�� [w(F2

0 - F2
C)2]/ �� (F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

�F���*�R�R�) �  �>�� �>���)��
���������)��

�&�����@�����Q���S���@�����������Q �  �Q�X�P�E�H�U���R�I���U�H�I�O�H�[�L�R�Q�V�����S �  �W�R�W�D�O���Q�X�P�E�H�U�V���R�I���S�D�U�D�P�H�W�H�U�V���� 



�7�D�E�O�H���6�������%�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���>�&�&�O���+�&���2�'���)�@�>���&�&�O���+�&�2�)�����'�@�>�6�E�)���@�>�6�E���)���� �@���D�V���Z�H�O�O���D�V���G�R�Q�R�U���D�F�F�H�S�W�R�U���G�L�V�W�D�Q�F�H�V�����6�\�P�P�H�W�U�\��
�F�R�G�H�V�� �L �  �����[���������\���������]�� 

[CCl2HC(OH)F][(CCl2HCOF)2H][SbF6][Sb2F11] 

Bond lengths [Å] 

Cl1��C2 1.736(3) Cl3��C4 1.745(3) 

Cl2��C2 1.769(3) Cl4��C4 1.770(3) 

C2��C1 1.508(4) C4��C3 1.498(4) 

C1��F1 1.299(3) C3��F2 1.284(3) 

C1��O1 1.209(3) C3��O2 1.220(3) 

O1��H1 1.225 O2��H2 0.85(2) 

Sb1��F3 2.0176 Sb2��F9 1.950(2) 

Sb1��F4 1.852(2) Sb2��F10 1.873(1) 

Sb1��F5 1.851(2) Sb2��F11 1.858(2) 

Sb1��F6 1.852(2) Sb2��F12 1.858(2) 

Sb1��F7 1.859(2) Sb2��F13 1.866(2) 

Sb1��F8 1.854(2) Sb2��F14 1.862(2) 

Bond angles [°] 

Cl1��C2��Cl2 113.0(2) Cl3��C4��Cl4 112.8(2) 

Cl1��C2��C1 111.1(2) Cl3��C4��C3 111.0(2) 

Cl2��C2��C1 108.7(2) Cl4��C4��C3 105.4(2) 

C2��C1��O1 126.1(3) C4��C3��O2 124.1(2) 

C2��C1��F1 113.4(2) C4��C3��F2 115.7(2) 

F1��C1��O1 120.4(3) F2��C3��O2 120.2(2) 

F3��Sb1��F4 85.12 F9��Sb2��F10 87.65(7) 

F3��Sb1��F5 86.96 F9��Sb2��F11 87.25(7) 

F3��Sb1��F6 177.97 F9��Sb2��F12 178.44(7) 

F3��Sb1��F7 84.46 F9��Sb2��F13 87.68(7) 

F3��Sb1��F8 85.43 F9��Sb2��F14 86.51(7) 

F4��Sb1��F5 90.35(8) F10��Sb2��F11 90.35(7) 

F4��Sb1��F6 96.28(8) F10��Sb2��F12 91.14(7) 

F4��Sb1��F7 169.58(8) F10��Sb2��F13 175.28(7) 

F4��Sb1��F8 89.20(8) F10��Sb2��F14 89.27(7) 

F5��Sb1��F6 94.49(8) F11��Sb2��F12 93.74(7) 

F5��Sb1��F7 88.93(8) F11��Sb2��F13 90.10(7) 

F5��Sb1��F8 172.39(8) F11��Sb2��F14 173.76(8) 

F6��Sb1��F7 94.14(8) F12��Sb2��F13 93.52(7) 

F6��Sb1��F8 93.11(8) F12��Sb2��F14 92.50(7) 

F7��Sb1��F8 90.14(8) F13��Sb2��F14 89.77(8) 

Dihedral angles [°] 



Cl1��C2��C1��O1 6.3(4) Cl3��C4��C3��O2 �±13.4(4) 

Cl1��C2��C1-F1 �±170.9(2) Cl3��C4��C3��F2 168.6(2) 

Cl2��C2��C1��O1 �±118.6(3) Cl4-C4��C3��O2 109.0(3) 

Cl2��C2��C1��F1 64.1(3) Cl4��C4��C3��F2 �±69.0(3) 

Donor-acceptor distances [Å] 

O1(��H1)···O1i 2.449(3) C1···F4 2.854(3) 

O2(��H2)···F9 2.394(2) C1···F7 2.581(3) 

C2(��H3)···F14 3.109(3) C3···F10i  2.532(3) 

C4(��H4)···F8i 3.109(3) C4···F10i 2.876(3) 
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�7�D�E�O�H���6�������%�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�������D�����D�V���Z�H�O�O���D�V���G�R�Q�R�U���D�F�F�H�S�W�R�U���G�L�V�W�D�Q�F�H�V���L�Q�����D�����6�\�P�P�H�W�U�\���F�R�G�H�V�� �L �  �[�������������\�����]����
�L�L �  ���[�������������\�����±�]�����L�L�L �  �±�[���������\�����±�]�� 

[CCl2HCF2OH2][SbF6] (5a) 

Bond lengths [Å] 

C1��Cl1 1.764(1) Sb1��F2 1.859(1) 

C1��C2 1.528(3) Sb1��F3 1.858(2) 

C2��F1 1.325(2) Sb1��F4 1.860(2) 

C2��O1 1.418(3) Sb1��F5 1.909(1) 

  Sb1��F6 1.859(2) 

Bond angles [°] 

Cl1��C1��Cl1i 111.4(1) F3��Sb1��F4 90.3(8) 

Cl1��C1��C2 108.8(1) F3��Sb1��F5 89.9(4) 

C1��C2��O1 113.7(2) F3��Sb1��F5i 89.9(4) 

C1��C2��F1 110.8(1) F3��Sb1��F6 179.5(7) 

F1��C2��O1 105.9(1) F4��Sb1��F5 90.8(3) 

F2��Sb1��F3 91.0(7) F4��Sb1��F5i 90.8(3) 

F2��Sb1��F4 178.7(7) F4��Sb1��F6 89.2(7) 

F2��Sb1��F5 89.2(3) F5��Sb1��F5i 178.5(6) 

F2��Sb1��F5i 89.2(3) F5��Sb1��F6 90.1(4) 

F2��Sb1��F6 89.5(7) F5i��Sb1��F6 90.1(4) 

Dihedral angles [°] 

Cl1��C1��C2��O1 �±60.8(1) Cl1i��C1��C2��F1 �±58.4(2) 

Cl1i��C1��C2��O1 60.8(1) Cl1i��C1��C2��F1i 179.9(1) 

Cl1��C1��C2��F1 �±179.9(1)   

Cl1��C1��C2��F1i 58.4(2)   

Donor-acceptor distances [Å] 

O1(��H1)···F5i 2.454(1) F1. . .F1iii 2.653 

C1(��H2)···F4ii 3.251(3) Cl1. . . F6 3.111 

O1···F2ii 2.708   
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�)�L�J�X�U�H���6���������+���D�Q�G������ �)���1�0�5���V�S�H�F�W�U�D���R�I���&�&�O���+�&�2�)���L�Q���D�+�)����������  �ƒ�&�� 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�&�&�O���+�&�2�)�� 

���+���1�0�5���>���������0�+�]�����±�������ƒ�&�������&�'�������&�2���@�����/��� ���������� �����P�����&�&�O���+���� 

�����)���1�0�5���>���������0�+�]�����±�������ƒ�&�������&�'�������&�2���@�����/��� �����������������V�����&�2�)�������� 

�����&���1�0�5���>���������0�+�]����������  �ƒ�&�������&�'�������&�2���@�����/��� �����������������G�����- �  ���������� �+�]�����&�2�)�������������������G�����-��� �������������+�]�����&�&�O���+������ 

  

�)�L�J�X�U�H���6�����������&���1�0�5���V�S�H�F�W�U�X�P���R�I���&�&�O���+�&�2�)���L�Q���D�+�)����������  �ƒ�&�� 



 

  

�)�L�J�X�U�H���6���������+���D�Q�G������ �)���1�0�5���V�S�H�F�W�U�D���R�I���>���&�&�O���+�&�2�)�����+�@�>�6�E�)���@�����������L�Q���D�+�)����������  �ƒ�&�� 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�>���&�&�O���+�&�2�)�����+�@�>�6�E�)���@���������� 

���+���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� ���������������G�����-��� �����������+�]�����2�+�������������� �����V�����&�&�O���+���� 

�����)���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� �����������������G�����-��� �������������+�]�����&�2�+�)�������±�����������������V�����6�E�)���������� 

�����&���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� �����������������G�����- �  ���������� �+�]�����&�2�+�������������������G�����-��� �������������+�]�����&�&�O���+������ 

  

�)�L�J�X�U�H���6�����������&���1�0�5���V�S�H�F�W�U�X�P���R�I���>���&�&�O���+�&�2�)�����+�@�>�6�E�)���@�����������L�Q���D�+�)����������  �ƒ�&�� 



 

  

�)�L�J�X�U�H���6���� �������+���D�Q�G������ �)���1�0�5���V�S�H�F�W�U�D���R�I���>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�������D�����L�Q���D�+�)����������  �ƒ�&�� 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�������D�������U�H�G���� 

���+���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� ���������������W�����-��� �����������+�]�����&�+�&�O���������� 

�����)���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� ���±���������������V�����&�)���������±�����������������V�����6�E�)���������� 

�����&���1�0�5���>���������0�+�]�����±����  �ƒ�&�����&�'�������&�2���@�����/��� �����������������W�����-��� ���������������+�]�����&�)���������������������W�����-��� �������������+�]�����&�&�O���+���� 

 

�>�&�&�O���+�&���2�+���)�@�>�6�E�)���@�������E�������E�O�D�F�N���� 

���+���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� ���������������V�����2�+�������������������G�����-��� �����������+�]�����&�&�O���+���� 

�����)���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� �����������������G�����-��� �������������+�]�����&�2�+�)�������±�����������������V�����6�E�)���������� 

�����&���1�0�5���>���������0�+�]�����±����  �ƒ�&�������&�'�������&�2���@�����/��� �����������������G�����- �  ���������� �+�]�����&�2�+�������������������G�����-��� �������������+�]�����&�&�O���+������ 

 

  

�)�L�J�X�U�H���6���� ���������&���1�0�5���V�S�H�F�W�U�X�P���R�I���>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�������D�����L�Q���D�+�)����������  �ƒ�&�� 



 

  

�)�L�J�X�U�H���6���� �������+���D�Q�G������ �)���1�0�5���V�S�H�F�W�U�D���R�I���>�&�&�O���+�&�)���2�+���@�>�6�E�)���@�������D�����L�Q���D�+�)���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�� 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�7�D�E�O�H���6�������2�X�W�S�X�W���2�U�L�H�Q�W�D�W�L�R�Q�V���R�I���>�&�&�O���+�&���2�+���)�@�����&�+���2���D�Q�G���>�&�&�O���+�&���2�+���)�@�����+�)�� 

�>�&�&�O���+�&���2�+���)�@�����&�+���2�� �>�&�&�O���+�&���2�+���)�@�����+�)�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�2 �±����������������  �±����������������  ����������������  �+ ����������������  ����������������  �±����������������  

�& �±����������������  ����������������  �±����������������  �&�O�� �±����������������  ����������������  �±����������������  

�+�� �±����������������  �±����������������  ����������������  �&�O�� �±����������������  �±����������������  �±����������������  

�&�O�� ������������������  ����������������  ����������������  �)��  ����������������  �±����������������  ����������������  

�&�O�� ������������������  �±����������������  �±����������������  �2�� ����������������  ����������������  �±����������������  

�)��  �±����������������  �±����������������  ����������������  �&�� ����������������  �±����������������  ����������������  

�2�� �±����������������  ����������������  ����������������  �&�� �±����������������  �±����������������  ����������������  

�&�� �±����������������  �±����������������  ����������������  �+�� �±����������������  �±����������������  ����������������  

�&�� ������������������  �±����������������  ����������������  �+�� ����������������  ����������������  �±����������������  

�+�� ������������������  �±����������������  ����������������  �) ����������������  ����������������  �±����������������  

�+ �±����������������  ����������������  �±����������������      

�+ �±����������������  ����������������  �±����������������      

 

 

�)�L�J�X�U�H���6���� �����&�D�O�F�X�O�D�W�H�G���J�D�V���S�K�D�V�H���V�W�U�X�F�W�X�U�H���R�I���>�&�&�O���+�&���2�+���)�@�����&�+���2���D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���S�D�U�D�P�H�W�H�U�V���R�I���>���&�&�O���+�&�2�)�����+�@���� 

�)�L�J�X�U�H���6���� �����&�D�O�F�X�O�D�W�H�G���J�D�V���S�K�D�V�H���V�W�U�X�F�W�X�U�H���R�I���>�&�&�O���+�&���2�+���)�@�����+�)���D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���S�D�U�D�P�H�W�H�U�V���R�I���>���&�&�O���+�&�2�)�����+�@���� 



 

 

 

 

 

 

 

 

 

 

 

�7�D�E�O�H���6�������2�X�W�S�X�W���2�U�L�H�Q�W�D�W�L�R�Q�V���R�I���>�&�&�O���+�&�)���2�+���@���������+�)�� 

�>�&�&�O���+�&�)���2�+���@���������+�) 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�) �±����������������  �±����������������  �±����������������  �+�� ����������������  �±����������������  �±����������������  

�&�O���L ����������������  ����������������  �±����������������  �&�O�� �±����������������  ����������������  �±����������������  

�)��  �±����������������  ����������������  ����������������  �)�� �L ����������������  ����������������  ����������������  

�2�� �±����������������  �±����������������  ����������������  �+���L �±����������������  �±����������������  �±����������������  

�&�� ����������������  ����������������  ����������������  �) ����������������  �±����������������  �±�������������� �� 

�&�� ����������������  ����������������  ����������������  �+ ����������������  �±����������������  �±����������������  

�+�� ����������������  ����������������  ����������������  �+ �±����������������  �±����������������  �±����������������  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

�)�L�J�X�U�H���6���� �����&�D�O�F�X�O�D�W�H�G���J�D�V���S�K�D�V�H���V�W�U�X�F�W�X�U�H���R�I���>�&�&�O���+�&�)���2�+���@���������+�)���D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���S�D�U�D�P�H�W�H�U�V���R�I���>�&�&�O���+�&�)���2�+���@���������D���� 

�)�L�J�X�U�H���6���� �����0�R�O�H�F�X�O�D�U�����������������E�R�K�U���������'���L�V�R�V�X�U�I�D�F�H���Z�L�W�K���P�D�S�S�H�G���H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O���D�V���F�R�O�R�U���V�F�D�O�H���I�U�R�P���±�����������N�F�D�O���P�R�O�����U�H�G�����W�R������������
�N�F�D�O���P�R�O�����E�O�X�H�������7�K�H���H�O�H�F�W�U�R�V�W�D�W�L�F���S�R�W�H�Q�W�L�D�O���L�V�R�V�X�U�I�D�F�H�V���K�D�Y�H���E�H�H�Q���F�D�O�F�X�O�D�W�H�G���I�R�U���&�&�O���+�&�2�)�� 



�7�D�E�O�H���6�������&�D�O�F�X�O�D�W�H�G���1�3�$���F�K�D�U�J�H�V���R�I���&�&�O���+�&�2�)���D�Q�G���>�&�&�O���+�&���2�+���)�@�����+�)�� 

�&�&�O���+�&�2�) �>�&�&�O���+�&���2�+���)�@�����+�) 

�$�W�R�P �1�3�$���F�K�D�U�J�H �$�W�R�P �1�3�$���F�K�D�U�J�H 

�&�� ���������� �&�� ���������� 

�&�� �±���������� �&�� �±���������� 

�&�O�� ���������� �&�O�� ���������� 

�&�O�� ���������� �&�O�� ���������� 

�+�� ���������� �+�� ���������� 

�2�� �±���������� �2�� �±���������� 

�)��  �±���������� �)��  �±���������� 

  �+�� ���������� 

 

 

 

 

References  
[1] G. M. Sheldrick, Acta crystallographica. Section A, Foundations and advances 2015, 71, 3. 

[2] G. M. Sheldrick, Acta crystallographica. Section C, Structural chemistry 2015, 71, 3. 

 

 



ARTICLE    

1 
 

HF-Addition to Haloacetyl Fluorides in Superacidic Media  
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Abstract:  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 �.-
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�s 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 
syntheses. 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 thermally unstable due to facile HF-
elimination, only a limited number of isolated compounds are 
reported in the literature.[7,8] The simplest representative of this 
compound class, trifluoromethanol, was synthesized first by 
SEPPELT from trifluoromethyl hypochlorite and hydrogen chloride 
at ��110 °C.[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, 
heptafluorocyclobutanol was prepared by BAXTER, and the first 
crystal structure of an �.-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 temperature, 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 
substitution 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 different 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 electrophilicity 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 haloacetyl 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  

Synthes es and Properties  
 
Difluoroacetyl fluoride (F2AcF) was reacted at ��60 °C in the binary 
superacidic system HF/SbF5. To trace the reactivity of the 
haloacetyl fluoride in superacidic media, NMR spectroscopy was 
performed at ��60 °C, whereas one equivalent of the Lewis 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 Equation 1. The oxonium species 1 is 
formed after the addition of HF to the carbonyl bond of F2AcF. 

 

The measured NMR spectra also display an equilibrium in the 
solution between F2AcF and 1, with the oxonium species being 
predominant at ��60 °C. 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 °C, and [CHF2CF2OH2][SbF6] (1) was obtained as a colorless 
solid. To obtain salts of the analog D-isotopomeric species, F2AcF 

[a] S.Steiner, Z. M. Shafiq, A. Nitzer, D. Hollenwäger, A. J. Kornath  
Department Chemie, Ludwig-Maximilians-Universität München 
Butenandtstr. 5-13, 81377 Munich, Germany 
E-mail: andreas.kornath@cup.uni-muenchen.de 
Homepage: http://www.org.chemie.uni-muenchen.de/ac/kornath 
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was reacted at ��60 °C in the binary superacidic system DF/SbF5. 
As presented in Equation 2, [CHF2CF2OD2][SbF6] (2) was 
obtained as a colorless solid after the removal of all volatile 
components at ��78 °C. 

 

1 and 2 are salts of protonated 1,1,2,2-tetrafluoroethanol and 
show thermal decomposition at ��55 °C. 
 
To investigate the reactivity of trifluoroacetyl fluoride (F3AcF) in 
HF/SbF5, NMR spectroscopy was performed at ��70 °C 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 Equation 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. 

 

Subsequently, all volatile components were removed in a 
dynamic vacuum at ��78 °C. 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 °C, at 
which the volatile components are removed in the dynamic 
vacuum. Since ��78 °C 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 °C, 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 prevents the 
isolation of 3 as a solid. 
 
NMR Spectroscopy  
 
To trace the reactivity of difluoroacetyl fluoride and trifluoroacetyl 
fluoride in aHF and the binary superacidic system HF/SbF5, 1H, 
19F, and 13C NMR spectra were measured at ��60 °C and ��70 °C, 
respectively, with acetone-d6 as an external standard. 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 Supporting 
Information (Figures 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 �.-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 Figures S5-S6). 

 

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

Table 1. Selected 1H, 19F, and 13C NMR chemical shifts [ppm] of F2AcF, F3AcF, 
1, and 3.[13] 

 F2AcF[a] 1[b] F3AcF[a] 3[b] [13] 

�/ 1H obs 
[ppm] 

5.72 (td) 
(CHF2) 

9.81 (s) 
(CF2OH2) 
 
5.60 (t) 
(CHF2) 

- 9.82 (s) 
(CF2OH2) 

�/ 19F obs 
[ppm] 

17.74 (t) 
(COF) 
 
��132.65 
(dd) (CHF2) 

��90.62 (s) 
(CF2OH2) 
 
��141.33 (d) 
(CHF2) 

11.07 (q) 
(COF) 
 
��78.86 (d) 
(CF3) 

��88.53 (s) 
(CF2OH2) 
 
��90.97 (s) 
(CF3) 

�/ 13C obs 
[ppm] 

155.1 (dt) 
(COF) 
 
104.7 (td) 
(CHF2) 

115.6 (tt) 
(CF2OH2) 
 
105.8 (tt) 
(CHF2) 

147.0 (dq) 
(COF) 
 
112.6 (qd) 
(CF3) 

115.9 (qt) 
(CF3) 
 
113.3 (tq) 
(CF2OH2) 

[a] aHF as solvent. [b] in HF/SbF5.  

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 Figures S7-S9). According to Scheme 
2, the equilibrium is strongly shifted to the side of the protonated 
�.-fluoroalcohols 1. 

 

Scheme 2. Equilibrium of F2AcF dissolved in HF/SbF5 at -60 °C. 

Interestingly, protonated F2AcF is not observed under these 
conditions. This contrasts with the observed reactivity of 
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dichloroacetyl 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 °C.[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 Supporting Information (see Figures 
S10-S14).  
 
Vibrational Sp ectra of [CHF 2CF2OH2][SbF 6] (1) and 
[CHF2CF2OD2][SbF 6] (2) 
 
The low-temperature Raman (Ra) and Infrared (IR) spectra of 
[CHF2CF2OX2][SbF6] (1, 2) (X = H, D) and F2AcF are illustrated in 
Figure 1. In Table 2 selected observed Raman and IR frequencies 
of 1 and 2 are listed together with quantum chemically calculated 
frequencies of the HF-complexed cation [CHF2CF2OH2]+·2HF, 
which is discussed later. The complete vibrational frequencies of 
1 and 2 as well as difluoroacetyl fluoride are provided in the 
Supporting Information (Figure S1 and Tables S1-S3). 
For the [CHF2CF2OH2]+ cation with C1 symmetry 24 fundamental 
vibrational modes are expected, all of which are Raman and IR 
active. The ��(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, 

 

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

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 ��(C��O) is in accordance with 
values reported for protonated alcohols in the literature [19,20] but 
significantly red-shifted by approximately 200 cm��1 compared to 
the ��s(C��O) of the analog oxonium salt [CCl2HCF2OH2][SbF6].[15] 

The ��(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 
interactions leading to a symmetry distortion.[17] 

Table 2. Selected experimental vibrational frequencies [cm�í1] of [CHF2CF2OH2][SbF6] (1) and [CHF2CF2OH2][SbF6] (2) as well as calculated vibrational frequencies 
[cm�í1] of [CHF2CF2OH2]+·2HF. 

[CHF2CF2OH2][SbF6] (1) [CHF2CF2OH2][SbF6] (2) [CHF2CF2OH2]+·2HF Assignments 

Raman IR Raman IR calc.[a,b] (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 �&B97XD/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956. [c] IR intensity in [km/mol] and Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, vs = very weak. 
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Crystal Structure of [CHF 2CF2OH2][SbF 6] (1) 
 
[CHF2CF2OH2][SbF6] (1) crystallizes in the triclinic space group 
P�s with two formula units per unit cell. The molecular unit of 1 is 
illustrated in Figure 2. Crystal data and structure refinement are 
provided in the Supporting Information (Table S4). Selected 
geometric data are listed in Table 3. 

 

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

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 
compared to the starting material (1.342(7) Å)[18,21] and are in 
accordance 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 
in the literature.[25-27] Due to solid-state effects, the anion displays 
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)···F6 i 
(2.471(3) Å) and O1(��H2)··· F5 (2.452(3) Å) (see Figure 3 
and Figure S2).[28] The ions also form chains along the c-axis by 
the weak hydrogen bond C2(��H3)··· F7ii (3.129(4) Å) and the 

 

Figure 3. Interionic contacts of 1 (displacement ellipsoids with 50% probability). 
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. 

O··· F interaction O1··· F9iv (2.689(3) Å) (see Figure 3 and Figure 
S3). Further, dimers of cation-anion pairs are formed by the 
intermolecular F···F contacts F5···F3 v (2.888(3) Å) and F5···F9 iv 
(2.890(2) Å) as well as the weak hydrogen bond C2(��H3)··· F10iv 
(3.166(4) Å) (see Figure S4). 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. 

Table 3. Selected bond lengths [Å] and angles [°] 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 [°] 

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 [°] 

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)   

    

Theoretical Calculations  
 
Quantum chemical calculations were performed at the 
�&B97XD/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 adding additional HF molecules to the cation in the gas 
phase.[31] In the Supporting Information (Figure 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 
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 °C 
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displayed an equilibrium between [CCl2HCF2OH2][SbF6] and 
protonated Cl2AcF.[15] The addition of HF to the carbonyl bond of 
Cl2AcF was also only observed after the protonation of the C=O 
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 Mapped Electrostatic 
Potentials (MEPs) were calculated alongside Natural Population 
Analysis charges (NPAs) (see Tables S6-S7 and Tables S9-S13). 
The calculated MEPs are shown in Figure 4 and the calculated 
NPA charges are listed in Table S13. 
 
As illustrated, the MEPs of the haloacetyl fluorides as well as of 
the protonated species show electron-deficient moieties, so-
�F�D�O�O�H�G�� �Œ-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 
�D�V�V�R�F�L�D�W�H�G���0�(�3���Y�D�O�X�H�V���D�W���W�K�H���Œ-holes of the calculated molecules 
are highlighted in Figure 4. Accordingly, the most positive MEP 
values that were found on the MEP surfaces of the haloacyl 
fluorides are 73.2 kJ/mol (Cl2AcF), 113.9 kJ/mol (F2AcF), and 
140.8 kJ/mol (F3AcF). �7�K�X�V���� �W�K�H�� �Œ-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 
�D�W�� �W�K�H�� �Œ-holes are significantly higher than for the acyl 
fluorides.[14,15,35] Thus, the electrophilicity of the haloacetyl 
fluorides is significantly increased due to the protonation.[14,15,35] 
Interestingly, as depicted in Figure 4���� �W�K�H�� �0�(�3�� �Y�D�O�X�H�� �I�R�U�� �W�K�H�� �Œ-
hole of [CHF2C(OH)F]+·HF is significantly higher than for 
[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, 
the NPA charges of the calculated protonated species are listed. 
Accordingly, as observed before for protonated acyl fluorides, the

 

Figure 4. Molecular 0.0004 bohr��3 3D isosurface with mapped electrostatic potential as a color scale from ��91.9 kJ/mol (red) to 113.9 kJ/mol (blue) (top), and 
249.4 kJ/mol (red) to 679.8 kJ/mol (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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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 
�E�R�X�Q�G�� �I�O�X�R�U�L�Q�H�� �D�W�R�P�V�� ���³���5-�H�I�I�H�F�W�´����[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 
�L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���Œ�
���&� �2�����D�Q�G���W�K�H���L�Q-plane fluorine lone-
pairs were found.[14,15,35] The stabilization energies of these 
interactions, according to the second-order perturbation theory 
analyses, are summarized in Table 4. 

Table 4. Selected energies of n(F)�: �Œ�
���&� �2�� 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 energy  [kJ/mol] [a] 

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. 

 

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 
�Q���)���:�Œ�
���&� �2����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 
�V�X�J�J�H�V�W���W�K�D�W���W�K�H���Œ-holes and therefore the electrophilicities of the 
C=O 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 
Figure 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 protonated 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 �Œ-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 C=O 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. Accordingly, 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 superacidic 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 crystallographic 
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 analysis[37,38] of the intermolecular contacts was 
performed for the cation of 1. In Figure 5, the mapped Hirshfeld 
surface with dnorm of the [CHF2CF2OH2]+ cation in 1 is shown, 
whereas the strong hydrogen bonds O1(��H1)···F6 i (2.471(3) Å) 
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 
Supporting Information (see Figure S18). 

 

Figure 5. Interatomic contacts and Hirshfeld surface of the [CHF2CF2OH2]+ 
cation in 1 (mapped with dnorm).[36,37] 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)···F7 ii, 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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As illustrated, the O(��H)···F and C( ��H)···F hydrogen bonds are 
the predominant intermolecular contacts in the coordination 
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 
Figure S18). 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 spectroscopy, 
the haloacetyl fluorides form equilibria with their �F�R�U�U�H�V�S�R�Q�G�L�Q�J���.-
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 �.-fluoroalcohols and the stabilization of these 
compounds as oxonium salts. Protonated 1,1,2,2-
tetrafluoroethanol was isolated as a solid and characterized 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 moeity for the CHF2 and CF3 moieties 
leads to a significant increase in the electrophilicity 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. 

Experimental Section  

Caution!  Avoid skin contact with all compounds. Hydrolysis can lead to 
the formation of HF or DF that burns skin and causes irreparable damage. 
Ensure appropriate safety precautions while handling these materials. 

Apparatus and Materials:  All reactions were performed employing 
standard Schlenk techniques using a stainless-steel vacuum line. 
Syntheses were carried out using FEP/PFA tube reactors closed with 
stainless-steel valves. Before use, the stainless-steel vacuum line and all 
reactors were dried with fluorine. Low-temperature Raman spectra were 
recorded under vacuum using glass cells cooled with liquid nitrogen and a 
Bruker® MultiRAMII FT Raman spectrometer equipped with Nd:YAG laser 
(�� = 1064 nm) and a laser excitation of 500-1000 mW. Low-temperature 
IR spectra were recorded with a Bruker® Vertex FT IR spectrometer at 
��196 °C. For measurements, low-temperature IR cells[39] were prepared 
with CsBr single-crystal plates coated with a small amount of the samples. 
For visualization, the software Advanced Chemistry Development Inc.® 
(ACD/Labs 2015) was employed. Low-temperature X-ray diffraction was 
performed with an Oxford XCalibur3 diffractometer equipped with a 
Spellman Generator (50 kV, 40 mA) and a Kappa CCD detector, using Mo-
K�. radiation (�� = 0.71073 Å). The program CrysAlisPro 1.171.40.82a 
(Rigaku OD, 2020)[40] was employed for the data collection and reduction. 
The structure solution and refinement were performed with the software 

SHELXT[41] and SHELXL-2018/3,[42] implemented in the WinGX software 
package.[43] The solution was checked with the program PLATON[44] and 
the absorption correction was performed using the SCALE3 ABSPACK 
multi-scan-method.[45] Selected data and parameters of the single-crystal 
X-ray structure analyses are summarized in Table S4 for 1 (see Supporting 
Information). Crystallographic data (excluding structure factors) for the 
structures in this paper were deposited at the Cambridge Crystallographic 
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of 
the data can be obtained free of charge by quoting the depository number 
CCDC-2312629 for [CHF2CF2OH2][SbF6] (1) (Fax: +44-1223-336-033; E-
Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). NMR 
samples were prepared by adding the HF solution to a small FEP tube 
under a nitrogen stream. The tube was sealed under vacuum and inserted 
into a standard NMR tube. For 1H, 19F, and 13C measurements a JEOL 
ECX 400 and Bruker BioSpin GmbH AV400RT NMR spectrometer were 
used with acetone-d6 as an external standard. For evaluation, MNOVA by 
Mestrelab was used.[46] Quantum chemical calculations were performed at 
the �&B97XD/aug-cc-pVTZ- and MP2/aug-cc-pVTZ-level of theory by 
Gaussian16.[30] GaussView 6.0 was used for visualization and illustration 
of the MEP calculations.[47] Hirshfeld surface analysis was performed with 
the CrystalExplorer software.[37,38] 

Synthesis of [CHF 2CF2OH2][SbF 6] (1): Antimony pentafluoride (1 mmol, 
217 mg, 1.0 eq) and anhydrous hydrogen fluoride (100 mmol, 2 mL) were 
condensed into an FEP tube-reactor at ��196 °C. To form the superacid, 
the mixture was warmed up to ��50 °C and both components were mixed. 
After the mixture was cooled to ��196 °C again, difluoroacetyl fluoride 
(1 mmol, 98.0 mg, 1.0 eq.) was condensed into the reaction vessel. 
Subsequently, the mixture was warmed up to ��60 °C, and all components 
were reacted. Then, the temperature was reduced to ��196 °C. The 
remaining HF was removed in dynamic vacuum at ��78 °C. Compound (1) 
was obtained in quantitative yield as a colorless solid. Compound (2) was 
prepared analogously, using aDF instead of aHF. 

Synthesis of [CF 3CF2OH2][SbF 6] (3): Antimony pentafluoride (1 mmol, 
217 mg, 1.0 eq) and anhydrous hydrogen fluoride (100 mmol, 2 mL) were 
condensed into an FEP tube-reactor at ��196 °C. To form the superacid, 
the mixture was warmed up to ��50 °C and both components were mixed. 
After the mixture was cooled to ��196 °C again, trifluoroacetyl fluoride 
(1 mmol, 116 mg, 1.0 eq.) was condensed into the reaction vessel. 
Subsequently, the mixture was warmed up to ��70 °C, and all components 
were reacted. For NMR measurements, the samples were prepared as 
mentioned before.  
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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* 

Abstract:  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 �.-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�s 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. 
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�>�&�+�)���&���2�+���)�@�����+�)�����D�Q�G���>�&�)���&���2�+���)�@�����+�)�����&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���0�3�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�� 

 

  



�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���>�&�+�)���&�)���2�+���@�>�6�E�)���@�����������D�Q�G�����>�&�+�)���&�)���2�' ���@�>�6�E�)���@�����������D�Q�G���F�D�O�F�X�O�D�W�H�G���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�����@���R�I��
�>�&�+�)���&�)���2�+���@�������+�)���� 

[CHF2CF2OH2][SbF6] (1) [CHF2CF2OD2][SbF6] (2) [CHF2CF2OH2]+·2HF Assignment 

Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

3055(25)    3055(50)  3053 m  2983(5/81)  v1  A  v(C��H)  

   2922 w 2957(1531/86) v2  A  v(OH2)  

   
 

2892(1873/42) v3  A  v(OH2)  

  2821(4)      

2706(3)  2700(6)      

   2554 w     

   2498 w     

  2403(3) 2403 m    v(OD2) 

  2286(5) 2330 m    v(OD2) 

 1751 s       

   1709 w     

    1626(106/0) v4  A  �/(OH2)  

   1479 w     

   1460 w     

1362(13) 1364 s 1359(19) 1358 w 1406(14/1) v5  A  v(C��F) 
+�/(C��H) 
+�Ø(OH2) 

1328(4) 1329 s  1331 w 1325(15/2) v6  A  �/(C��H)  

  1285(6) 1286 m 1298(95/1) v7  A  �/(C��H)  

1251(11) 1256 s 1251(12) 1256 m 1235(236/2) v8  A  v(C��F) 
+�/(C��H) 

  1205(3) 1196 m     

1164(5) 1151 s 1144(6)  1152(181/2) v9  A  v(CH��F) 

1124(13)  1125(15) 1121 m 1102(6/4) v10  A  v(CH��F) 

1112(12) 1113 s 1105(7)  1090(258/1) v11  A  �2(OH2) 

   1024 w     

   997 w     

 922 s       

  891(4) 889 m     

836(34) 835 s 816(30) 814 m 1045(89/3) v12  A  v(C��O) 

    922(169/0) v13  A  �����2�+2) 

  758(3) 756 w 755(67/5) v14  A  v(C��C) 
+v(C��O) 

    729(4/1) v15  A  �2(OH2) 

696(8) 699 vs   682(12/3) v16  A  �/(CF2) 

571(32) 569 s 565(19) 563 m 554(8/1) v17  A  �/(CF2) 

548(16)  552(20)  544(4/1) v18  A  �/(COF2) 

529(8) 527 s 522(20) 517 w 505(33/0) v19  A  �/(COF2) 

   449 w     



420(13) 417 s       

367(32) 364 s 367(37) 359 s 350(6/1) v20  A  �/(CCF2) 

257(7)  255(7)  308(40/0) v21  A  �/(CCO) 

206(7)  205(7)  205(5/0) v22  A  �2(CF2) 

    170(1/0) v23  A  �/(CCO) 

112(5)  112(6)  85(6/0) v24  A  �2(CF2) 

707(28)  702(16)     v(Sb��F) 

682(100)  683(100)     v(Sb��F) 

666(72)  666(75) 667 s    v(Sb��F) 

643(68)  642(64) 646 s    v(Sb��F) 

480(6) 488 s 484(8) 484 m    �/(Sb��F) 

 426 s      �/(Sb��F) 

 405 s 406(15) 409 m    �/(Sb��F) 

 388 s  386 w    �/(Sb��F) 

 378 s  372 s    �/(Sb��F) 

337(7)  330(10)     �/(Sb��F) 

322(7)  320(8)     �/(Sb��F) 

282(44)  282(50)     �/(Sb��F) 

268(31)  269(32)     �/(Sb��F) 

193(5)  193(6)     �/(Sb��F) 

175(3)  175(4)     �/(Sb��F) 

152(5)  151(6)     �/(Sb��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] und Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���&�+�)���&�2�)���D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�����@���R�I���&�+�)���&�2�)���>���@ 

�&�+�)���&�2�) �&�+�)���&�2�) �&�+�)���&�2�) �$�V�V�L�J�Q�P�H�Q�W 

�5�D�P�D�Q �,�5 �F�D�O�F�����>�D���E�@�����,�5���5�D�P�D�Q���>�F�@ 

���������������� �����������P ���������������������� �Y���� �$�
�� vs(C��H)  

��������������     �Y���&���+�� 

��������������      

���������������� �����������Y�V ������������������������ �Y�� �$�
 vs(C=O) 

��������������      

����������������  �������������������� �Y�� �$�
 �/�V���&���+�� 

���������������� �����������P �������������������� �Y���� �$�
�
 �/�D�V���&���+�� 

�������������� �����������V ���������������������� �Y�� �$�
 �Y�V���&���)�� 

����������������      

 �����������Y�V     

���������������� �����������Y�V �������������������� �Y�� �$�
 �Y�V���&�)���� 

���������������� �����������Y�V ���������������������� �Y���� �$�
�
 �Y�D�V���&�)���� 

�������������� ���������P     

������������ ���������P ������������������ �Y�� �$�
 �Y�V���&���&�� 

���������������� ���������P ������������������ �Y���� �$�
�
 ���D�V���&�2�)�� 

������������ ���������P ������������������ �Y�� �$�
 �/�V���&�2�)�� 

 ���������P     

 ���������P     

�������������� ���������P ������������������ �Y�� �$�
 �/�V���&�)���� 

�������������� ���������P   �$�
�
 �/���&�)���� 

������������      

�������������� ���������P ���������������� �Y�� �$�
 �/�V���&�&�2�� 

��������������      

��������������  ���������������� �Y���� �$�
 �/�V���&�&�)�� 

������������  ���������������� �Y���� �$�
�
 ���D�V���&�)���� 

  �������������� �Y���� �$�
�
 �O�D�W�W�L�F�H 

�>�D�@���&�D�O�F�X�O�D�W�H�G���D�W���&�%�����;�'���D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�����>�E�@���)�U�H�T�X�H�Q�F�L�H�V���D�U�H���V�F�D�O�H�G���Z�L�W�K���D���I�D�F�W�R�U���R�I�����������������>�F�@���,�5���L�Q�W�H�Q�V�L�W�\���L�Q���>�N�-���P�R�O�@���X�Q�G���5�D�P�D�Q��
�L�Q�W�H�Q�V�L�W�\���L�Q���>�c�����X�@�����$�E�E�U�H�Y�L�D�W�L�R�Q�V���I�R�U���,�5���L�Q�W�H�Q�V�L�W�L�H�V�����Y�V��� ���Y�H�U�\���V�W�U�R�Q�J�����V��� ���V�W�U�R�Q�J�����P��� ���P�H�G�L�X�P�����Z��� ���Z�H�D�N�� 
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�&�)���&�2�) �&�)���&�2�) �&�)���&�2�) �$�V�V�L�J�Q�P�H�Q�W 

�5�D�P�D�Q �,�5 �F�D�O�F�����>�D���E�@�����,�5���5�D�P�D�Q���>�F�@ 

���������������� �������� ���Z ������������������������ �Y���� �$�
�� vs(C=O) 

�������������� �������� ���Z �������������������� �Y�� �$�
 �Y�V���&���)�� 

�������������� �������� ���V ���������������������� �Y�� �$�
 �Y�V���&���)�� 

 �������� ���P     

�������������� �������� ���V ���������������������� �Y���� �$�
�
 vas(C��F) 

�������������� �������� ���Y�V ���������������������� �Y�� �$�
 vs(C��F) 

���������������� ���������Z ������������������ �Y�� �$�
 �Y�V���&���&�� 

������������      

������������ ���������Z ������������������ �Y���� �$�
�
 ���D�V���&�2�)�� 

 ���������Z     

������������ ���������Z ������������������ �Y�� �$�
 �/�V���&�2�)�� 

������������  ���������������� �Y�� �$�
 �/�V���&�)���� 

������������  ���������������� �Y���� �$�
�
 �/�D�V���&�)���� 

��������������  ���������������� �Y�� �$�
 �/�V���&�&�)�� 

��������������  ���������������� �Y�� �$�
 �/�V���&�&�)�� 

��������������  ���������������� �Y���� �$�
�
 �2�D�V���&�)���� 

  ���������������� �Y���� �$�
 �/�V���&�&�)�� 

  �������������� �Y���� �$�
�
 �2�D�V���&�2�)�� 

�>�D�@���&�D�O�F�X�O�D�W�H�G���D�W���&�%�����;�'���D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�����>�E�@���)�U�H�T�X�H�Q�F�L�H�V���D�U�H���V�F�D�O�H�G���Z�L�W�K���D���I�D�F�W�R�U���R�I�����������������>�F�@���,�5���L�Q�W�H�Q�V�L�W�\���L�Q���>�N�-���P�R�O�@���X�Q�G���5�D�P�D�Q��
�L�Q�W�H�Q�V�L�W�\���L�Q���>�c�����X�@�����$�E�E�U�H�Y�L�D�W�L�R�Q�V���I�R�U���,�5���L�Q�W�H�Q�V�L�W�L�H�V�����Y�V��� ���Y�H�U�\���V�W�U�R�Q�J�����V��� ���V�W�U�R�Q�J�����P��� ���P�H�G�L�X�P�����Z��� ���Z�H�D�N�� 
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 �>�&�+�)���&�)���2�+���@�>�6�E�)���@�������� 

formula 
�&���+���)���� �2�6�E 

Mr [g mol-1] 
������������ 

crystal size [mm3] 
�������������[���������������[������������ 

crystal system 
�W�U�L�F�O�L�Q�L�F 

space group �3�s 

a [Å] 
������������������ 

b [Å] 
������������������ 

c [Å] 
������������������ 

�.��[°] 
������������������ 

����[°] 
������������������ 

����[°] 
������������������ 

V [Å³] 
������������������ 

Z 
�� 

�!calc [g cm-3] 
���������� 

µ [mm-1] 
���������� 

��MoK�. [Å] 
��������������  

F(000) 
������  

T [K] 
������������ 

hkl range 
���������������������������������������� 

refl. measured 
��������  

refl. unique 
��������  

Rint 
������������ 

parameters 
������  

R(F)/wR(F²) a (all reflexions) 
�������������������������� 

weighting scheme b 
�������������������������� 

S (GoF) c 
���������� 

residual density [e Å-3] 
������������������������ 

device type 
�2�[�I�R�U�G���;�&�D�O�L�E�X�U 

solution 
�6�+�(�/�;�7�>���@ 

refinement 
�6�+�(�/�;�/�������������� �>���@ 

�&�&�'�& ��������������  

a R1 = ��  ||F0|-|FC||/ �� |F0|; 
b wR2 = [�� [w(F2

0 - F2
C)2]/ �� (F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

�F���*�R�R�) �  �>�� �>���)��
���������)��

�&�����@�����Q���S���@�����������Q �  �Q�X�P�E�H�U���R�I���U�H�O�H�[�L�R�Q�V�����S �  �W�R�W�D�O���Q�X�P�E�H�U�V���R�I���S�D�U�D�P�H�W�H�U�V���� 



�7�D�E�O�H���6�������%�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���E�R�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���>�&�+�)���&�)���2�+���@�>�6�E�)���@�����������D�V���Z�H�O�O���D�V���G�R�Q�R�U���D�F�F�H�S�W�R�U���G�L�V�W�D�Q�F�H�V���R�I���������6�\�P�P�H�W�U�\���F�R�G�H�V�����L��� �������� �[�����\����
�]�����L�L � �������[���������\���������]�����L�L�L��� ���[���������\�����]�����L�Y��� �������[�������\���������]�����Y��� �������[���������\���������]���� 

[CHF2CF2OH2][SbF6] (1) 

Bond lengths [Å] 

C1��C2 1.524(5) Sb1��F5 1.925(2) 

C1��F1 1.318(4) Sb1��F6 1.914(2) 

C1��F2 1.325(4) Sb1��F7 1.854(2) 

C2��F3 1.341(4) Sb1��F8 1.853(2) 

C2��F4 1.346(4) Sb1��F9 1.857(2) 

C1��O1 1.424(4) Sb1��F10 1.862(2) 

Bond angles [°] 

C2��C1��O1 109.1(3) F5��Sb1��F9 88.45(8) 

F1��C1��F2 110.0(3) F5��Sb1��F10 87.20(8) 

F1��C1��C2 111.9(3) F6��Sb1��F7 88.35(9) 

F2��C1��C2 110.6(3) F6��Sb1��F8 90.97(9) 

F3��C2��F4 108.5(3) F6��Sb1��F9 87.29(9) 

F3��C2��C1 108.1(3) F6��Sb1��F10 174.37(8) 

F4��C2��C1 107.2(3) F7��Sb1��F8 92.69(9) 

F1��C1��O1 106.3(3) F7��Sb1��F9 173.57(9) 

F2��C1��O1 108.8(2) F7��Sb1��F10 92.02(9) 

F5��Sb1��F6 87.21(8) F8��Sb1��F9 92.10(9) 

F5��Sb1��F7 86.62(8) F8��Sb1��F10 94.62(9) 

F5��Sb1��F8 178.08(8) F9��Sb1��F10 91.86(9) 

Dihedral angles [°] 

F3��C2��C1��F1 55.0(3) F4��C2��C1��F2 ��65.2(3) 

F4��C2��C1��F1 171.8(2)�� F3��C2��C1��O1  ��62.4(3) ��

F3��C2��C1��F2 178.0(2) F4��C2��C1��O1 54.5(3) 

Donor-acceptor distances [Å] 

O1-(H1). . .F6i 2.471(3) O1. . .F9iv 2.689(3) 

O1-(H2). . .F5 2.452(3) F5. . .F3v 2.888(3) 

C2-(H3). . .F7ii 3.129(4) F5. . .F9iv 2.890(2) 

C2-(H3). . .F10iii 3.166(4)   
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�6�\�P�P�H�W�U�\���F�R�G�H�V�����L � �������[�������\���������]�����L�L��� �������[���������\���������]�� 

�)�L�J�X�U�H���6�������,�Q�W�H�U�P�R�O�H�F�X�O�D�U���)�������)���F�R�Q�W�D�F�W�V���R�I���������G�L�V�S�O�D�F�H�P�H�Q�W���H�O�O�L�S�V�R�L�G�V���Z�L�W�K�����������S�U�R�E�D�E�L�O�L�W�\���� 
�6�\�P�P�H�W�U�\���F�R�G�H�V�����L��� ���[���������\�����]�����L�L��� �������[���������\���������]�����L�L�L��� �������[���������\���������]�� 
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Abstract:  The reactions of selected haloacetyl fluorides with the 
strong Lewis acids AsF5 and SbF5 were investigated in the aprotic 
solvent SO2ClF. Depending on the stoichiometric ratio of AsF5 or SbF5 
and the haloacetyl fluorides, either O-coordinated adducts or the 
respective haloacetylium ions were isolated as solids. The 
compounds were characterized by low-temperature vibrational 
spectroscopy and single-crystal X-ray diffraction. [CClH2CO][Sb2F11] 
and [CH2FCO][Sb2F11] crystallize in the monoclinic space group P21 
with two formula units per unit cell each. The reactivity of the 
haloacetyl fluorides under Lewis acidic conditions is discussed based 
on quantum chemical calculations of fluoride ion affinities on the 
BP/def2SVPP-level of theory. The haloacetylium ions are stabilized in 
the solid-state phase by intermolecular C··· F contacts and electron 
donation of the fluorine ligands of the anions as well as intramolecular 
hyperconjugation of the halogen substituents. 

Introduction  

Acyl fluorides are important in synthetic chemistry due to their use 
as acylating agents, e.g. in Friedel-Crafts or Gattermann 
reactions.[1,2] To gain a deeper understanding of these reactions, 
the stabilization of the acyl cations as their key intermediates is of 
crucial interest.[3] These are highly reactive species and show 
versatile reactivity as C-, O-, S-, or N-acylating agents in many 
cases.[4] On a laboratory scale, acyl cations can be synthesized 
from acyl fluorides by two different routes. First, by either reacting 
the respective acyl fluoride with Lewis acids and fluoride ion 
acceptors like BF3, PF5, AsF5, or SbF5 (see Equation 1) or second 
by the so-�F�D�O�O�H�G�� �³�V�L�O�Y�H�U�� �V�D�O�W�� �P�H�W�K�R�G�´���� �+�H�U�H���� �W�K�H�� �D�F�\�O�� �I�O�X�R�U�L�G�H�� �L�V��
converted with the respective anhydrous complex silver salt under 
the formation of silver fluoride as a precipitate, as illustrated in 
Equation 2.[4-6] The first stable acyl cation was synthesized and 
isolated by SEEL in 1943 from the reaction of acetyl fluoride and 
BF3.[7] The crystal structure of the acetylium ion was elucidated 
years later by BOER in 1966.[5,8] As haloacetylium ions are 
intermediates in haloacylation reactions, the preparation and 
stabilization of these ions is of particular interest.[9] In 1974, OLAH 
investigated the reactivity of haloacetyl fluorides with SbF5 in the 
aprotic solvent SO2 with NMR spectroscopy and observed the 
formation of monohalogenated acetylium ions at low 

temperatures.[9] However, in the solution, these are in equilibrium 
with two donor-acceptor complexes of the acyl fluoride with SbF5. 
Thereby, the Lewis acid is either coordinated with the carbonyl 
oxygen or the fluorine atom of the COF moiety. The formation of 
di- or even trihalogenated haloacetyl cations was not observed 
due to the low stability and fast decarbonylation of the species.[9] 

 

In previous studies of our group, the properties of acetyl fluoride 
and selected haloacetyl fluorides were investigated in the binary 
superacidic systems HF/AsF5 and HF/SbF5.[10-12] While acetyl 
fluoride forms room-temperature stable acetylium salts, the 
halogen substitution of hydrogen atoms of the methyl group led to 
the isolation of protonated haloacetyl fluorides.[10] However, as the 
electron pull of the substituents was increased, protonated 
difluoroacetyl fluoride exceeded the limit of the isolability of 
electron-deficient protonated haloacetyl fluorides.[12] This 
prompted us to perform further investigations on the properties of 
haloacetyl fluorides towards strong Lewis acids in aprotic solvents. 
The stabilization of the haloacetylium ions is of special interest to 
investigate the influence of the halogen substitution on their solid-
state structure concerning the possibility of halogen back-
donation[9,13-16] or inductive effects[17,18] and further to fathom the 
limit of their isolability from aprotic solvents. We herein report the 
reactions of chloroacetyl fluoride, fluoroacetyl fluoride, 
dichloroacetyl fluoride, and difluoroacetyl fluoride with selected 
Lewis acids in the aprotic solvent SO2ClF. 

Results and Discussion  

Syntheses and Properties  
 
Chloroacetyl fluoride (ClAcF) and fluoroacetyl fluoride (FAcF) 
were reacted at ��50 °C with the Lewis acids BF3, GeF4, PF5, AsF5, 
and SbF5 in SO2ClF. Thereby, equimolar amounts of the Lewis 
acids and the haloacetyl fluorides were applied. As presented in 
Equation 3, adducts of ClAcF and FAcF, respectively, with O-
coordinated AsF5 (1, 3) and SbF5 (2, 4) were obtained as colorless 
solids in quantitative yields. 

[a] S. Steiner, C. Jessen, A. Nitzer, V. Bockmair, A. J. Kornath 
Department Chemie, Ludwig-Maximilians-Universität München 
Butenandtstraße 5-13, 81377 Munich, Germany 
E-mail: andreas.kornath@cup.uni-muenchen.de 

 Homepage:  http://www.org.chemie.uni-muenchen.de/ac/kornath 

 Supporting information for this article is given via a link at the end of 
the document. 
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1 and 2 show thermal decomposition at ��40 °C and ��10 °C, 
respectively, while 3 and 4 are stable up to ��20 °C and 0 °C, 
respectively. From the reactions of ClAcF and FAcF with BF3, 
GeF4, and PF5 no products were obtained. 
 
To obtain the respective haloacetylium ions, ClAcF and FAcF 
were subsequently reacted with an excess of AsF5 and SbF5. 
According to Equation 4, applying two equivalents of SbF5 led to 
the formation of [CClH2CO][Sb2F11] (5) and [CH2FCO][Sb2F11] (6) 
as colorless solids in quantitative yields, whereas 1 and 3 were 
obtained from the reactions of ClAcF and FAcF with an excess of 
AsF5. 5 and 6 show thermal decomposition at 0 °C and 10 °C. 

 

To further increase the electron pull of the substituents, 
dichloroacetyl fluoride (Cl2AcF) and difluoroacetyl fluoride (F2AcF) 
were reacted with AsF5 and SbF5 in SO2ClF at ��70 °C. First, 
equimolar amounts of the Lewis acids were applied. As listed in 
Equation 5, adducts of Cl2AcF (7) and F2AcF (8) with O-
coordinated SbF5 were obtained as colorless solids in quantitative 
yields. From the reactions of Cl2AcF and F2AcF with AsF5, no 
products were obtained. 7 and 8 are stable up to ��40 °C and 
��50 °C, respectively. 

 

To obtain salts of the dichloroacetylium and difluoroacetylium ions, 
Cl2AcF and F2AcF were reacted at ��70 °C with an excess of SbF5. 
Applying two equivalents of the Lewis acid led to the formation of 
[CCl2HCO][Sb2F11] (9) as a colorless solid in quantitative yield 
(see Equation 6). 

 

9 shows thermal decomposition at ��40 °C. The reaction of F2AcF 
with SbF5 led to the formation of 8. Even with a tenfold amount of 
the Lewis acid the isolation of the desired haloacetylium ion as a 
solid was not possible. 
 
Vibrational Spectroscopy  
 
The low-temperature Raman (Ra) and Infrared (IR) spectra of 
[CClH2CO][Sb2F11] (5) are illustrated in Figure 1, the vibrational 
spectra of [CH2FCO][Sb2F11] (6) and [CCl2HCO][Sb2F11] (9) in 
Figures S4 and S5. In Table 1, selected observed Raman and IR 
frequencies of 5, 6, and 9 are listed together with quantum 

chemically calculated frequencies of the cations [CClH2CO]+, 
[CH2FCO]+, and [CCl2HCO]+, which are discussed later. The 
complete vibrational frequencies of 5, 6, 9 as well as of 1-4, 7, 8, 
and all starting materials are provided in the Supporting 
Information (see Figures S1-S7 and Tables S1-S13).[19-22] 
 
Vibrational Spectra of [CClH 2CO][Sb 2F11] (5), 
[CH2FCO][Sb 2F11] (6), and [CCl 2HCO][Sb 2F11] (9) 
 
For the [CClH2CO]+, [CH2FCO]+, and [CCl2HCO]+ cations with CS 
symmetry 12 fundamental vibrational modes are expected, all of 
which are Raman and IR active. 
The formation of the chloroacetylium ion (5) is indicated by the 
��s���&�A�2�������Z�K�L�F�K���L�V���G�H�W�H�F�W�H�G���D�W���������� cm��1 in the Raman spectrum 
and at 2307 cm��1 in the IR spectrum. The ��s(C=O) of ClAcF 
(1895 cm��1) is not observed in the vibrational spectra of 5.[19] The 
��s���&�A�2���� �L�V�� �L�Q�� �J�R�R�G�� �D�J�U�H�H�P�H�Q�W�� �Z�L�W�K�� �W�K�H�� �Y�D�O�X�H�V�� �U�H�S�R�U�W�H�G�� �I�R�U�� �W�K�H��
[CH3CO]+ cation,[10] but blue-shifted by around 40 cm��1 compared 
to the �����&�A�1���� �R�I�� �W�K�H�� �L�V�R�H�O�H�F�W�U�R�Q�L�F�� �&�A�1�� �P�R�L�H�W�\�� �R�I�� �D�F�H�W�R�Q�L�W�U�L�O�H��[23] 
The successful fluoride abstraction is also indicated by the 
absence of the C��F stretching vibration of ClAcF (1105 cm��1),[19] 
which also is not observed in the Raman and IR spectra of 5. The 
��s(C��C) of 5 (867 cm��1) is red-shifted by around 30 cm��1 and 
50 cm��1 compared to the C��C stretching vibrations of [CH3CO]+ 
and CH3CN, respectively.[10,23] 
The ��s���&�A�2�����R�I��6 appears at 2317 cm��1 (Ra) and 2316 cm��1 (IR) 
and is thus in accordance with the values of 5 and the [CH3CO]+ 
cation.[10] The ��s(C��C) of 6 is detected at 803 cm��1 in the Raman 
spectrum and at 800 cm��1 in the IR spectrum and is thus red-
shifted by approximately 75 cm��1 compared to the starting 
material[20] as well as to the ��s(C��C) of 5. It is further red-shifted 
by 100 cm��1 compared to the corresponding vibration of 
[CH3CO]+.[10] 
�7�K�H���&�A�2���V�W�U�H�W�F�K�L�Q�J���Y�L�E�U�D�W�L�R�Q���R�I��9 occurs at 2305 cm��1 (Ra) and 
2302 cm��1 (IR) and thus corresponds with the ��s���&�A�2�����R�I��5 and 6 
as well as of [CH3CO]+.[10] It is blue-shifted by 40 cm��1 compared 
to the �����&�A�1�����R�I���&�+3CN.[23] The ��s(C��C) of 9 appears at 848 cm��1 

in the Raman spectrum and at 847 cm��1 in the IR spectrum and is 
thus red-shifted by approximately 50 cm��1 compared to the 
starting material[21] and the analog stretching vibration of 
[CH3CO]+.[10] It further is blue-shifted by around 50 cm��1 compared 

 

Figure 1. Low-temperature Raman and IR spectra of [CClH2CO][Sb2F11] (5) as 
well as vibrational spectra of CClH2COF.
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Table 1. Selected experimental vibrational frequencies [cm�í1] of [CClH2CO][Sb2F11] (5), [CH2FCO][Sb2F11] (6), and [CCl2HCO][Sb2F11] (9) as well as calculated 
vibrational frequencies [cm�í1] of [CClH2CO]+, [CH2FCO]+, and [CCl2HCO]+. 

  [CClH2CO][Sb2F11] (5) [CH2FCO][Sb2F11] (6) [CCl2HCO][Sb2F11] (9) 

vs(C�AO) Calc.[a,b] (IR/Raman)[c] 
Raman 
IR 

2301(212/69) 
2309(57) 
2307 w 

2313(94/45) 
2317(53) 
2316 w 

2291(198/80) 
2976(40) 
2976 w 

vs(C��C) Calc.[a,b] (IR/Raman)[c] 
Raman 
IR 

831(1/1) 
867(4) 
864 m 

742(17/0) 
803(3) 
800 w 

825(4/0) 
848(4) 
847 w 

vs(C��Cl)/ 
vs(C��F) 

Calc.[a,b] (IR/Raman)[c] 
Raman 
IR 

751(6/13) 
780(27) 
777 m 

1127(100/5) 
1124(8) 
1122 m 

703(1/11) 
725(41) 

777(72/6) 
801(16) 
802 w 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956. [c] IR intensity in [km/mol] and Raman intensity in 
[Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to be 100. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, 
w = weak, vs = very weak. 

to the ��s(C��C) of 6. The C��F and C��Cl stretching vibrations of the 
CClH2, CH2F, and CCl2H moieties of 5, 6, and 9 are red-shifted 
compared to the neutral compounds by around 20 cm��1 in the 
case of 5 and 6 as well as up to 55 cm��1 in the case of 9.[19-21] 
For the [Sb2F11]�� anions of 5, 6, and 9 with dioctahedral 
symmetries, more vibrations are observed than expected due to 
interionic interactions leading to symmetry distortions.[24] 
 
Crystal Structures  
 
The crystal structures of 1, 3, 4, and 7 were obtained by 
recrystallization of the colorless solids from SO2ClF at ��50 °C and 
��70 °C, respectively. The complete crystal data and structure 
refinements (see Tables S14 and S15) as well as the complete 
geometric data of 1, 3, 4, and 7 are provided in the Supporting 
Information (see Figures S8-S25 and Tables S16-S21). 
 
Crystal Structure of [CClH 2CO][Sb 2F11] (5) 
 
[CClH2CO][Sb2F11] (5) crystallizes in the monoclinic space group 
P21 with two formula units per unit cell. The molecular unit of 5 is 
depicted in Figure 2. Crystal data and structure refinement are 
provided in the Supporting Information (Table S15). Selected 
geometric data are listed in Table 2. 
The bond length C2��O1 (1.105(9) Å) is significantly shortened 
compared to chloroacetyl fluoride (1.183 Å)[25] and is in the range 
of a �&�A�2 triple bond (1.07 Å).[26] It corresponds with the �&�A�2 bond 
length of [CH3CO][SbF6] (1.108(4) Å).[5] The bond length C1��C2 
(1.44(1) Å) is shortened compared to the starting material 
(1.506 Å)[25] but slightly elongated compared to the corresponding 
C��C bond length of [CH3CO][SbF6] (1.419(4) Å).[5] Further, the 
bond length C1��Cl1 (1.746(9) Å) is slightly shortened compared 
to the corresponding C��Cl bond of ClAcF (1.763 Å)[25] but is still 
in the range of a formal C��Cl single bond (1.76 Å).[26] The bond 
angle C1��C2��O1 (178.8(8)°) displays a nearly linear structure of 
the CCO moiety. 
The Sb��F bond lengths of the terminal fluorine atoms are in the 
range between 1.844(5) Å and 1.875(4) Å. The bridging Sb��F 
bonds are longer than the terminal ones with bond lengths up to 
2.047(5) Å. The bond angle Sb1��F11��Sb2 (143.7(2)°) is also in 
good agreement with the literature.[27-30] 
In the crystal structure of 5, the ions are arranged into chains 
along the a-axis by the moderate hydrogen bond C1(��H1A)···F6 iii 

 

Figure 2. Molecular unit of [CClH2CO][Sb2F11] (7) (displacement ellipsoids with 
50% probability). 

(2.972(8) Å)[31] and the C···F interaction C2···F4 (2.687(9)  Å) (see 
Figure 3 and Figure S18).[32] The cation displays a 
tetracoordinated carbon C2 and further forms the interatomic 
contacts C2···F5 i (2.676(9) Å), C2···F9 i (2.818(9) Å), and 
C2···F10 ii (2.831(9) Å) (see Figure 3). All interatomic C···F 
contacts are below the sum of their van-der-Waals radii 
(3.22 Å).[32] Selected interionic distances are listed in Table 2. 

 

Figure 3. Interionic contacts of 5 (displacement ellipsoids with 50% probability). 
Symmetry codes: i = 1��x, ��0.5+y, 1-z; ii = 1+x, y, z; iii = 1+x, y, 1+z. 
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Table 2. Selected bond lengths [Å] and angles [°] of [CClH2CO][Sb2F11] (5) and 
donor-acceptor distances. Symmetry codes: i = 1��x, ��0.5+y, 1-z; ii = 1+x, y, z; 
iii = 1+x, y, 1+z. 

Bond lengths [Å] 

Cl1��C1 1.746(9) C2��O1 1.105(9) 

C1��C2 1.44(1)   

Bond angles [°] 

Cl1-C1-C2 111.3(6) C1-C2-O1 178.8(8) 

Interionic contacts [Å] 

C1(��H1A)··· F6iii 2.972(8) C2···F5 i 2.676(9) 

C1···F5 i 2.85(1) C2···F9 i 2.818(9) 

C2···F4  2.687(9) C2···F10 ii 2.831(9) 

    

Crystal Structure of [CH 2FCO][Sb 2F11] (6) 
 
[CH2FCO][Sb2F11] (6) crystallizes in the monoclinic space group 
P21 with two formula units per unit cell. The molecular unit of 6 is 
depicted in Figure 4. Crystal data and structure refinement are 
provided in the Supporting Information (Table S15). Selected 
geometric data are listed in Table 3. 

 

Figure 4. Molecular unit of [CH2FCO][Sb2F11] (6) (displacement ellipsoids with 
50% probability). 

The bond length C1��O1 (1.101(9) Å) is significantly shortened 
compared to fluoroacetyl fluoride (1.194(13) Å)[33] and is in the 
range of a formal �&�A�2 triple bond (1.07 Å).[26] It corresponds with 
the �&�A�2 bond lengths of [CH3CO][SbF6] (1.108(4) Å)[5] and 5 
(1.105(9) Å). The bond length C2��C1 (1.49(1) Å) remains 
unchanged compared to the starting material (1.483(7) Å)[33] but 
is slightly elongated compared to the corresponding C��C bond 
length of 5 (1.44(1) Å) and significantly elongated compared to 
[CH3CO][SbF6] (1.419(4) Å).[5] Further, the bond length C2��F1 
(1.33(1) Å) is shortened compared to FAcF (1.366(7) Å).[33] The 
bond angle C2��C1��O1 (177.0(8)°) displays a nearly linear 
structure of the CCO moiety. 
The Sb��F bond lengths of the terminal fluorine atoms are in the 
range between 1.845(4) Å and 1.869(4) Å. The bridging Sb��F 
bonds are longer than the terminal ones with bond lengths up to 

2.048(5) Å. The bond angle Sb1��F7��Sb2 (143.9(2)°) is also in 
good agreement with the literature and 5.[27-30] 
In the crystal structure of 6 the ions are arranged into chains along 
the a-axis by the C···F contacts C1···F2 (2.60(1)  Å) and C2···F10 i 
(1.63(1) Å) (see Figure 5 and Figure S22).[32] Furthermore, chains 
along the c-axis are formed by the weak hydrogen bond 
C2(��H1)···F9 iii (3.008(9) Å)[31] and the C···F interaction C1···F2 
(2.60(1) Å) (see Figure 5 and Figure S21).[32] The cation also 
displays a tetracoordinated carbon atom C1 and forms the 
intermolecular contacts C1···F4 ii (2.60(1) Å) and C1···F8 ii 
(2.742(9) Å) (see Figure 5). All interatomic C···F contacts are 
below the sum of their van-der-Waals radii (3.22 Å).[32] Selected 
interionic distances are listed in Table 3. 

 

Figure 5. Interionic contacts of 6 (displacement ellipsoids with 50% probability). 
Symmetry codes: i = 1��x, ��0.5+y, 1��z; ii = 1+x, y, z; iii = 1+x, y, 1+z. 

Table 3. Selected bond lengths [Å] and angles [°] of [CH2FCO][Sb2F11] (6) and 
donor-acceptor distances. Symmetry codes: i = 1��x, ��0.5+y, 1-z; ii = 1+x, y, z; 
iii = 1+x, y, 1+z. 

Bond lengths [Å] 

F1��C2 1.33(1) C1��O1 1.101(9) 

C2��C1 1.49(1)   

Bond angles [°] 

F1-C2-C1 110.6(7) C2-C1-O1 177.0(8) 

Interionic contacts [Å] 

C2(��H1)··· F9iii 3.008(9) C1···F8 ii 2.742(9) 

C1···F2  2.60(1) C1···F10 i 2.63(1) 

C1···F4 ii 2.60(1)   

    

Theoretical Calculations  
 
Quantum chemical calculations were performed at the 
�&�%�����;�'���D�X�J-cc-pVTZ-level of theory.[34] All haloacetyl fluorides 
as well as [CClH2CO]+, [CH2FCO]+, and [CCl2HCO]+ were 
calculated in the gas phase for a better assignment of the 
vibrational modes and to compare the theoretical and 
experimentally determined geometric parameters. In the 
Supporting Information (see Figure S26), [CClH2CO]+ and 
[CH2FCO]+ are illustrated with selected bond lengths and bond 
angles in comparison to the crystal structures of 5 and 6. The 
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calculated values of the free cations are in good agreement with 
the experimentally obtained data. 
 
As described in the crystallographic section, the carbonyl carbons 
of both haloacetylium ions 5 and 6 are tetracoordinated each by 
four fluorine ligands of their respective counterions. This indicates 
that the positive charges in both cations are stabilized in the solid 
state by electron donation of the anions. To quantify this effect 
and to further investigate the stabilization of 5 and 6 in the solid-
state phase, single-point energy calculations were performed for 
[CClH2CO]+·4 HF and [CH2FCO]+·4 HF at the MP2/aug-cc-pVTZ-
level of theory based on the geometric parameters from the 
crystal structures of 5 and 6 (see Figure S27).[34,35] Furthermore, 
NBO analyses were performed for both HF-complexed cations. 
These indicate strong intermolecular interactions between the 
fluorine lone pairs of the added HF molecules and the orbitals 
�Œ�
���&�AO) of the respective haloacyl cations. Thereby, the fluorine 
lone pairs are �R�U�L�H�Q�W�H�G���W�R�Z�D�U�G�V���W�K�H���Œ�
���&�AO) orbitals of the cations, 
which enables donor-acceptor interactions and electron donation. 
The stabilization energies of the intermolecular interactions, 
according to the second-order perturbation theory analyses,  sum 
up to 26.6 kJ/mol in the case of 5, and 41.7 kJ/mol in the case of 
6, respectively (see Table S34).[36,37] 
Interestingly, the NBO analyses showed additional intramolecular 
interactions, which contribute to the stabilization of the reactive 
species in the solid state. Thus, in the case of 5, the positive 
charge is further stabilized by n(Cl)�:�1 *(C��C) (37.7 kJ/mol) and 
�1���&���&�O���:�Œ�
���&�AO) (41.3 kJ/mol) interactions, whereas for 6 an 
n(F)�:�1 *(C��C) (65.6 kJ/mol) interaction was observed. As 
described for both cations 5 and 6 in the crystallographic section, 
the C��C bonds are elongated compared to the C��C bond of 
[CH3CO]+.[5] In the case of the acetylium ion and acetyl fluoride, 
the formation of the acyl cation leads to a significant shortening of 
the C��C bond due to hyperconjugation of the CH3 moiety.[5] For 5 
and 6, the substitution of one hydrogen atom of the CH3 moiety 
for an electron-withdrawing halogen atom leads to a weakening 
of the hyperconjugation (see Table S34). The observed negative 
hyperconjugation of the halogen lone pairs further contributes to 
the weakening of the C��C bonds and results in the elongation of 
the C��C bonds compared to [CH3CO]+.[5] 
In the case of [CHF2CO]+, the strongly electron-withdrawing 
difluoromethyl group leads to a large electrostatic repulsion 
between two strongly positively polarized carbon atoms. 
Consequently, the intra- and intermolecular electron donation 
must be particularly high to stabilize the positive charge of the 
cation. As the difluoroacetylium ion was not observed during our 
studies despite reacting the acyl fluoride with a large excess of 
SbF5, we therefore assume that even the oligomeric anions 
[Sb2F11]�� or [Sb3F16]����are not sufficient for the stabilization of the 
highly reactive haloacetylium ion under these conditions. [Sb2F11]�� 
and [Sb3F16]�� were found to be the most stable polyanions in SO2 
and SO2ClF.[38-40] During our experiments, [Sb2F11]����was observed 
as the largest polyanion. This consequently leads to rapid 
decarbonylation and decomposition of the highly reactive species. 
 
In general, the reactivity of the haloacetyl fluorides towards Lewis 
acids and fluoride ion acceptors was observed to be directly 
correlated to the electron pull of the halogen substituents as well 
as the strength of the used Lewis acids. While acetyl fluoride 
already forms stable acetylium salts with weak Lewis acids like 
BF3,[7] ClAcF and FAcF only reacted with the stronger Lewis acids 

AsF5 and SbF5. When even stronger electron-withdrawing 
substituents were introduced, only reactions with SbF5 were 
observed. In the case of the reactions of AsF5 with Cl2AcF as well 
as F2AcF, the Lewis acidity of AsF5 was too low to even form O-
coordinated adducts with the haloacetyl fluorides. Interestingly, 
the formation of the haloacetylium ions 5, 6, and 9 was also only 
observed when the respective acyl fluorides were reacted with an 
excess of SbF5. We therefore assume that the Lewis acidity of the 
haloacyl cations and thus the competition for the fluoride ion 
between the acyl cation and the fluoride ion acceptor strongly 
influences the reactivity of the haloacetyl fluoride and the 
formation of the acyl cations. 
A commonly used quantitative scale to assess the strength of a 
Lewis acid is the fluoride ion affinity (FIA).[41-50] The FIA is defined 
as the negative reaction enthalpy of a reaction between the Lewis 
acid LA and the fluoride ion in the gas phase to form the anion 
[LA��F]��.[41,42] As the electron affinity of the fluoride ion is difficult 
to calculate quantum chemically, isodesmic reactions are used to 
calculate the FIA of Lewis acids.[43-45] Various anchor systems 
have proven to be an effective means of calculating the FIA in the 
recent past, e.g. the COF2/COF3

����system of CHRISTE,[41,46] or the 
Me3Si+/Me3SiF system, initially proposed by KROSSING.[47] The 
COF2 anchor system is based on the experimentally determined 
value for the FIA of COF2,[41,46] while the Me3Si+ system is based 
on high-level quantum chemical calculations.[47] When calculating 
FIAs, there is a big difference in whether the calculations are 
carried out in the gas phase or solvated. The calculation in the 
solution allows better comparability of the received FIA values 
since the consideration of the solvation enthalpies reduces the 
large differences in the gas phase, which e.g. arise due to the loss 
of charge and the formation of neutral molecules.[48] To calculate 
the FIAs of the haloacetylium ions in this work, CHRISTE�¶S anchor 
system was chosen, as it is based on experimental values (see 
Scheme 1).[41,46,49] 

 

Scheme 1. Isodesmic reactions for the FIA calculation of the haloacetylium ions 
based on the COF2 anchor system.[41,46,49] 

For this purpose, first, a full geometry optimization was performed 
at the BP/def2SVPP-level of theory[34,50] for the acyl cations 
[CH3CO]+, [CClH2CO]+, [CH2FCO]+, [CCl2HCO]+, [CHF2CO+], and 
[CF3CO]+ as well as the respective acetyl fluorides. Then, a 
thermal enthalpy correction was carried out for all calculated 
molecules. The anchor molecules COF2 and COF3

�� were also 
optimized quantum chemically at the BP/def2SVPP-level of 
theory and thermal enthalpy corrections were performed 
subsequently.[34,50] To obtain the absolute FIA values for the 
respective haloacetylium ions in the gas phase, the reaction 
enthalpy of the reaction of the respective acyl cation with COF3

�� 
(see Equation 7 in Scheme 1) was calculated. Then, the 
experimental value of the FIA of COF2 (208.8 kJ/mol) was 
subtracted.[41,46,49] The obtained FIAs of the respective 
haloacetylium ions in the gas phase are listed in Table 4. To 
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calculate the solvated FIAs of the haloacetylium ions, all 
molecules were optimized in the solvent dichloromethane 
applying the CPCM solvation model.[51] CH2Cl2 displays a polar 
and non-coordinating solvent that is comparable to SO2ClF and 
was used for FIA calculations before.[48,49] The obtained solvated 
FIAs are also listed in Table 4. 

Table 4. Calculated FIAs of haloacetylium ions and SbF5 anchored by the COF2 
system in the gas phase and CH2Cl2. 

Compound FIA [kJ/mol][a]
  

in gas phase 
FIAsolv [kJ/mol][b] 
in CH2Cl2 

[CH3CO]+ 905.6 453.1 

[CClH2CO]+ 955.0 510.8 

[CH2FCO]+ 983.7 527.4 

[CCl2HCO]+ 977.0 542.5 

[CHF2CO]+ 1022.3 563.0 

[CF3CO]+ 1058.1 601.8 

SbF5 489.6 438.7 

[a] Calculated at the BP/def2SVPP-level of theory. [b] Calculated at the 
BP/def2SVPP-level of theory applying the CPCM solvation model for 
CH2Cl2.[51] 

Accordingly, the calculated FIA values in the gas phase show that 
the Lewis acidity of the haloacetylium ions increases the more 
electron-withdrawing the substituents are. The same trend 
applies to the calculated solvated FIAs, although these are 
significantly lower in the solution than in the gas phase.[48] Since 
the FIAs and thus the Lewis acidities of the haloacetylium ions 
towards fluoride ions increase with more electron-withdrawing 
substituents, the Lewis acidity of the fluoride ion acceptors must 
also increase to abstract the fluoride ion from the haloacetyl 
fluoride. This is consistent with the experimental results, as acetyl 
fluoride already forms stable acetylium salts with the weak Lewis 
acid BF3.[7] The haloacetylium ions 5, 6, and 9 were also only 
formed when the respective acyl fluorides were reacted with SbF5. 
To compare the calculated FIAs of the haloacetylium ions and 
thus their Lewis acidity with SbF5, the FIA of SbF5 was calculated 
in the same way as described before. The obtained FIAs in the 
gas phase and CH2Cl2 are also listed in Table 4 and are in good 
agreement with values in the gas phase reported in the literature 
(493 kJ/mol).[50,52] Interestingly, the calculated FIAs of SbF5 are 
lower than those of [CH3CO]+, even in solution. This indicates that, 
according to the calculations, the acetylium ion is a stronger Lewis 
acid towards fluoride ions than SbF5 and that the acyl cation is 
consequently not formed from the reaction of acetyl fluoride and 
SbF5. This contrasts with our experimental results, as we were 
able to stabilize even the [Sb2F11]�� salt of dichloroacetylium ion 9, 
which shows a much higher FIA than the acetylium ion according 
to the calculations. We therefore assume that the formation of the 
haloacetylium ions must proceed via a more complex and 
alternative reaction pathway than simple fluoride abstraction by 
SbF5. Furthermore, solvent effects complicate the comparability 
of the calculated values, as SO2 or SO2ClF e.g. lower the Lewis 
acidity of SbF5 as coordinating solvents.[53] 
 
Furthermore, as the Lewis acidity of the haloacetylium ions 
increases with more electron-withdrawing substituents, the C��F 

bond strength of the haloacetyl fluorides also increases. These 
already have a strong C��F bond in the COF moiety and the 
strength of this bond further increases the more electron-
withdrawing the substituents become.[12] As observed before for 
haloacetyl fluorides and their protonated species, the COF 
moieties are the electrophilic center of the molecules.[10-12] These 
have strongly positively polarized carbonyl carbons, and the 
positive charge and thus electron-deficient moieties are localized 
at the carbon atoms. These �Œ-holes are stabilized by the so-called 
�³���5-�H�I�I�H�F�W�´���� �W�K�H�� �H�O�H�F�W�U�R�Q�� �G�R�Q�D�W�L�R�Q�� �R�I�� �W�K�H�� �G�L�U�H�F�W�O�\�� �E�R�X�Q�G�� �I�O�X�R�U�L�Q�H��
atoms by intramolecular n(F)�:�Œ*(C=O) interactions.[10-12] As 
shown before, the size of the �Œ-holes increases the more 
electron-withdrawing the neighboring halogen substituents are. 
Thus, the back-donation of fluorine lone pair electrons also 
increases, as more electron density is required to stabilize the 
positive charge. Consequently, as the +R-effect increases, the 
C��F bond strength increases.[12] Therefore, strongly electron-
deficient haloacetyl fluorides only react with strong Lewis acids or 
fluoride ion acceptors. This is consistent with our experimental 
results, as Cl2AcF and F2AcF only react with the strongest 
selected Lewis acid SbF5. 

Conclusions  

The reactivities of the haloacetyl fluorides chloro-, dichloro-, 
fluoro-, and difluoroacetyl fluoride with Lewis acids and fluoride 
ion acceptors were investigated in the aprotic solvent SO2ClF. 
Unlike acetyl fluoride, the substitution of the hydrogen atoms of 
the methyl group for electron-withdrawing halogen atoms led to 
the isolation of haloacetylium ions only from the reactions of the 
respective haloacetyl fluorides with the strong Lewis acid SbF5. 
The difluoroacetylium ion represents the limit that allows the 
isolation of haloacetylium ions from SO2ClF. The haloacetylium 
ions are stabilized in the solid-state phase by electron donation 
from the fluorine ligands of the anions and intramolecular 
hyperconjugation. Fluoride ion affinities of the haloacetylium ions 
were calculated in both the gas phase and solution. The Lewis 
acidity of the haloacetylium ions towards fluoride ions increases 
the more electron-withdrawing the halogen substituents become. 
The stabilization and isolation of the haloacetylium ions from 
SO2ClF enables convenient access to this compound class for 
their use as haloacylation agents. 

Experimental Section  

Caution!  Avoid skin contact with all compounds. Hydrolysis can lead to 
the formation of HF or DF that burns skin and causes irreparable damage. 
Ensure appropriate safety precautions while handling these materials. 

Apparatus and Materials:  All reactions were performed employing 
standard Schlenk techniques using a stainless-steel vacuum line. 
Syntheses were carried out using FEP/PFA tube reactors closed with 
stainless-steel valves. Before use, the stainless-steel vacuum line and all 
reactors were dried with fluorine. Low-temperature Raman spectra were 
recorded under vacuum using glass cells cooled with liquid nitrogen and a 
Bruker® MultiRamII FT Raman spectrometer equipped with Nd:YAG laser 
(�� = 1064 nm) and a laser excitation of 500-1000 mW. Low-temperature 
IR spectra were recorded with a Bruker® Vertex FT IR spectrometer at 
��196 °C. For measurements, low-temperature IR cells[54] were prepared 
with CsBr single-crystal plates coated with a small amount of the samples. 
For visualization, the software Advanced Chemistry Development Inc.® 
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(ACD/Labs 2015) was employed. Low-temperature X-ray diffraction was 
performed with an Oxford XCalibur3 diffractometer equipped with a 
Spellman Generator (50 kV, 40 mA) and a Kappa CCD detector, using Mo-
K�. radiation (�� = 0.71073 Å). The programs CrysAlisPro 1.171.39.46e 
(Rigaku OD, 2018)[55] and CrysAlisPro 1.171.40.82a (Rigaku OD, 2020)[56] 
were employed for the data collection and reduction. The structure solution 
and refinement were employed with the software SHELXT[57] and 
SHELXL-2018/3,[58] implemented in the WinGX software package.[59] The 
solution was checked with the program PLATON[60] and the absorption 
correction was performed using the SCALE3 ABSPACK multi-scan-
method.[61] Selected data and parameters of the single-crystal X-ray 
structure analyses are summarized in Tables S16-S17 for 1, 3, 4, 5, 6, and 
7, respectively (see Supporting Information). Crystallographic data 
(excluding structure factors) for the structures in this paper were deposited 
at the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, 
Cambridge CB21EZ, UK. Copies of the data can be obtained free of 
charge by quoting the depository number CCDC-2329950 for 
CClH2COF·AsF5 (1), CCDC-2329952 for CH2FCOF·AsF5 (3), CCDC-
2329953 for CH2FCOF·SbF5 (4), CCDC-2329954 for [CClH2CO][Sb2F11] 
(5), CCDC-2329955 for [CH2FCO][Sb2F11] (6), and CCDC-2329961 for 
CCl2HCOF·SbF5 (7) (Fax: +44-1223-336-033; E-mail: 
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). Quantum 
chemical calculations were performed on the �&B97XD/aug-cc-pVTZ-, 
MP2/aug-cc-pVTZ- and BP/def2SVPP-levels of theory using 
Gaussian16.[34] 

Typical procedure (TP1): Synthesis of haloacetylium salts:  SbF5 and 
SO2ClF were condensed into an FEP tube reactor at ��196 °C. Then, the 
mixture was warmed up to ��50 °C and both components were mixed. After 
the mixture was cooled to ��196 °C again, the haloacetyl fluoride was 
condensed into the reaction vessel. Subsequently, the mixture was 
warmed up to the respective reaction temperature and all components 
were reacted. Then, the temperature was reduced to ��196 °C, again. The 
remaining SO2ClF was removed in a dynamic vacuum at ��78 °C. 5, 6, and 
9 were obtained in quantitative yields as colorless solids, respectively. 

Synthesis of [CClH 2CO][Sb 2F11]: 5 was prepared from antimony 
pentafluoride (2.00 mmol, 434 mg, 2.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and chloroacetyl fluoride (1.00 mmol, 96 mg, 1.0 eq.) at 
��50 °C, as described in TP1. 

Synthesis of [CH 2FCO][Sb 2F11]: 6 was prepared from antimony 
pentafluoride (2.00 mmol, 434 mg, 2.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and fluoroacetyl fluoride (1.00 mmol, 80 mg, 1.0 eq.) at 
��50 °C, as described in TP1. 

Synthesis of [C Cl2HCO][Sb 2F11]: 9  was prepared from antimony 
pentafluoride (2.00 mmol, 434 mg, 2.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and dichloroacetyl fluoride (1.00 mmol, 130 mg, 1.0 eq.) 
at ��70 °C, as described in TP1. 
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Table S17.  Bond lengths [Å] and bond angles [°] of CH2FCOF·AsF5 (3) as well as donor-acceptor distances of 3. 
Table S18.  Bond lengths [Å] and bond angles [°] of CH2FCOF·SbF5 (4) as well as donor-acceptor distances of 4. 
Table S19.  Bond lengths [Å] and bond angles [°] of [CClH2CO][Sb2F11] (5) as well as donor-acceptor distances of 5. 
Table S20.  Bond lengths [Å] and bond angles [°] of [CH2FCO][Sb2F11] (6) as well as donor-acceptor distances of 6. 
Table S21.  Bond lengths [Å] and bond angles [°] of CCl2HCOF·SbF5 (7) as well as donor-acceptor distances of 7. 
Table S22.  Standard orientations of CClH2COF·AsF5 and CClH2COF·SbF5. 
Table S23.  Standard orientations of CH2FCOF·AsF5 and CH2FCOF·SbF5. 
Table S24.  Standard orientations of [CClH2CO]+. 
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Table S25.  Standard orientations of [CH2FCO]+. 
Table S26.  Standard orientations of CCl2HCOF·SbF5. 
Table S27.  Standard orientations of CHF2COF·SbF5. 
Table S28.  Standard orientations of [CCl2HCO]+. 
Table S29.  Standard orientations of CClH2COF. 
Table S30.  Standard orientations of CH2FCOF. 
Table S31.  Standard orientations of CCl2HCOF. 
Table S32.  Standard orientations of CHF2COF. 
Table S33. Standard orientations of [CClH2CO]+���� �+�)���D�Q�G��[CH2FCO]+���� �+�)�� 
Table S34. Selected energies of donor-acceptor interactions from second-order perturbation theory analysis of 
[CClH2CO]+���� �+�) and [CH2FCO]+���� �+�)�����&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���0�3�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�� 
Table S35.  Standard orientations of [CH3CO]+. 
Table S36.  Standard orientations of CH3COF. 
Table S37.  Standard orientations of [CClH2CO]+. 
Table S38.  Standard orientations of CClH2COF. 
Table S39.  Standard orientations of [CH2FCO]+. 
Table S40.  Standard orientations of CH2FCOF. 
Table S41.  Standard orientations of [CCl2HCO]+. 
Table S42.  Standard orientations of CCl2HCOF. 
Table S43.  Standard orientations of [CHF2CO]+. 
Table S44.  Standard orientations of CHF2COF. 
Table S45.  Standard orientations of [CF3CO]+. 
Table S46.  Standard orientations of CF3COF. 
Table S47.  Standard orientations of SbF5. 
Table S48.  Standard orientations of [SbF6]��. 
Table S49.  Standard orientations of COF2. 
Table S50.  Standard orientations of [COF3]��. 
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Experimental Procedures  

 

Typical procedure (TP1): Synthesis of haloacetylium salts:  SbF5 and SO2ClF were condensed into an FEP tube reactor at ��196 °C. 
Then, the mixture was warmed up to ��50 °C and both components were mixed. After the mixture was cooled to ��196 °C again, the 
haloacetyl fluoride was condensed into the reaction vessel. Subsequently, the mixture was warmed up to the respective reaction 
temperature and all components were reacted. Then, the temperature was reduced to ��196 °C, again. The remaining SO2ClF was removed 
in a dynamic vacuum at ��78 °C. 5, 6, and 9 were obtained in quantitative yields as colorless solids. 

Typical procedure (TP 2): Synthesis of haloacetyl fluoride -MF5 (M = As, Sb) adducts:  The Lewis acid and SO2ClF were condensed 
into an FEP tube reactor at ��196 °C. Then, the mixture was warmed up to ��50 °C and both components were mixed. After the mixture was 
cooled to ��196 °C again, the haloacetyl fluoride was condensed into the reaction vessel. Subsequently, the mixture was warmed up to the 
respective reaction temperature and all components were reacted. Then, the temperature was reduced to ��196 °C, again. The remaining 
SO2ClF was removed in a dynamic vacuum at ��78 °C. 1-4, 7, and 8 were obtained in quantitative yields as colorless solids. 

Synthesis of CClH 2COF·AsF 5: 1 was prepared from arsenic pentafluoride (1.00 mmol, 170 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and chloroacetyl fluoride (1.00 mmol, 96 mg, 1.0 eq.) at ��50 °C, as described in TP2. 

Synthesis of CClH 2COF·SbF5: 2 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and chloroacetyl fluoride (1.00 mmol, 96 mg, 1.0 eq.) at ��50 °C, as described in TP2. 

Synthesis of CH2FCOF·AsF 5: 3 was prepared from arsenic pentafluoride (1.00 mmol, 170 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and fluoroacetyl fluoride (1.00 mmol, 80 mg, 1.0 eq.) at ��50 °C, as described in TP2. 

Synthesis of CH2FCOF·SbF5: 4 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and fluoroacetyl fluoride (1.00 mmol, 80 mg, 1.0 eq.) at ��50 °C, as described in TP2. 

Synthesis of [CClH 2CO][Sb 2F11]: 5 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and chloroacetyl fluoride (2.00 mmol, 192 mg, 2.0 eq.) at ��50 °C, as described in TP1. 

Synthesis of [CH 2FCO][Sb 2F11]: 6 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and fluoroacetyl fluoride (2.00 mmol, 160 mg, 2.0 eq.) at ��50 °C, as described in TP1. 

Synthesis of CCl 2HCOF·SbF5: 7 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and dichloroacetyl fluoride (1.00 mmol, 130 mg, 1.0 eq.) at ��70 °C, as described in TP2. 

Synthesis of C HF2COF·SbF5: 8 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and difluoroacetyl fluoride (1.00 mmol, 98 mg, 1.0 eq.) at ��70 °C, as described in TP2. 

Synthesis of [CCl 2HCO][Sb 2F11]: 9 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride 
(27 mmol, 2 mL), and dichloroacetyl fluoride (2.00 mmol, 260 mg, 2.0 eq.) at ��70 °C, as described in TP1. 
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Vibrational Spectroscopy  

 

Table S1. Low-temperature Raman and IR spectra of CClH2COF·AsF5 (1) and calculated frequencies [cm��1] of CClH2COF·AsF5. 

CClH2COF·AsF5 (1) CClH2COF·AsF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

2992(20) 2989 w 3013(4/50) ��21 A'' ��as(C��H) 

2951(46) 2951 w 2963(16/125) ��1 A' ��s(C��H) 

 1867 vw     

1724(35) 1729 m 1789(483/23) ��2 A' ��s(C=O) 

1391(28) 1392 w 1383(33/7) ��3 A' �/s(CH2) 

1366(5) 1364 w 1307(41/2) ��4 A' ��s(CH2) 

1217(8) 1217 m 1160(205/2) ��5 A' ��s(C��F) 

1204(14)  1169(0/2) ��22 A'' �2as(CH2) 

 1155 m     

938(7) 933 m 897(19/0) ��6 A' ��s(C��C) 

917(3) 916 m 900(11/0) ��23 A'' ��as(CH2) 

822(33) 822 m 801(25/10) ��7 A' ��s(C��Cl) 

608(20) 590 m 635(35/1) ��11 A' �/s(COF) 

553(3) 550 m 531(5/0) ��26 A'' ��as(CCO) 

420(23)  396(1/3) ��12 A' �/s(CCF) 

242(4)  252(44/1) ��17 A' �/s(ClCC) 

191(6)      

150(7)      

133(13)  83(6/0) ��31 A'' ��as(CH2) 

739(46)  729(155/0) ��24 A'' ��as(As��F) 

719(7)  728(135/0) ��8 A' ��s(As��F) 

692(100) 700 vs 721(156/7) ��9 A' ��s(As��F) 

677(6) 675 s 658(7/23) ��10 A' ��s(As��F) 

  581(0/2) ��25 A'' ��as(As��F) 

398(15) 390 vs 390(0/1) ��13 A' �/s(As��F) 

367(9) 372 vs 376(49/0) ��27 A'' �/as(As��F) 

  373(46/0) ��14 A' �/s(As��F) 

 352 vs 348(108/0) ��15 A' �/s(As��F) 

318(4)  295(0/0) ��28 A'' �/as(As��F) 

301(9)  289(2/1) ��16 A' �/s(As��F) 

  203(0/0) ��29 A'' �/as(As��F) 

150(7)  165(0/0) ��30 A'' �/as(As��F) 

  150(4/0) ��18 A' �/s(As��F) 

  79(10/0) ��19 A' �/s(As��F) 
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  63(4/0) ��20 A' �/s(As��F) 

  54(2/0) ��32 A'' �/as(As��F) 

  24(1/0) ��33 A'' �/as(As��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, As was calculated at the �&B97XD/GenECP MWB28 level. [b] Frequencies are scaled 
with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 

 

  



 

7 
 

Table S2. Low-temperature Raman and IR spectra of CClH2COF·SbF5 (2) and calculated frequencies [cm��1] of CClH2COF·SbF5. 

CClH2COF·SbF5 (2) CClH2COF·SbF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

2986(7) 2984 m 3008(5/50) ��21 A'' ��as(C��H) 

2949(17) 2947 m 2959(19/126) ��1 A' ��s(C��H) 

 1871 w     

1711(12) 1722 s 1768(515/19) ��2 A' ��s(C=O) 

1387(7) 1389 m 1379(38/8) ��3 A' �/s(CH2) 

1370(3) 1367 m 1317(54/2) ��4 A' ��s(CH2) 

1221(3) 1223 s 1176(181/1) ��5 A' ��s(C��F) 

1203(5) 1200 m 1171(0/2) ��22 A'' �2as(CH2) 

 1126 w     

939(3) 937 m 903(14/2) ��6 A' ��s(C��C) 

916(1) 916 m 898(11/0) ��23 A'' ��as(CH2) 

823(11) 824 m 805(25/9) ��7 A' ��s(C��Cl) 

599(8) 600 m 637(43/3) ��10 A' �/s(COF) 

545(1) 542 m 529(4/0) ��26 A'' ��as(CCO) 

422(9) 424 w 399(0/3) ��12 A' �/s(CCF) 

244(9)  256(2/0) ��16 A' �/s(ClCC) 

191(5)      

154(5)      

134(9)  82(6/0) ��31 A'' ��as(CH2) 

749(4) 748 m     

717(100)  653(123/0) ��24 A'' ��as(Sb��F) 

707(15) 696 vs 652(110/0) ��8 A' ��s(Sb��F) 

682(30)  650(109/6) ��9 A' ��s(Sb��F) 

  603(1/25) ��11 A' ��s(Sb��F) 

  560(1/2) ��25 A'' ��as(Sb��F) 

347(3)      

320(4)      

  291(0/1) ��13 A'' �/as(Sb��F) 

  269(51/0) ��14 A' �/s(Sb��F) 

  264(44/0) ��15 A' �/s(Sb��F) 

  251(145/0) ��17 A' �/s(Sb��F) 

234(13)  229(0/0) ��27 A'' �/as(Sb��F) 

205(5)  210(0/1) ��28 A'' �/as(Sb��F) 

129(11)  165(0/0) ��29 A'' �/as(Sb��F) 

  135(2/0) ��18 A' �/s(Sb��F) 

  128(0/0) ��30 A'' �/as(Sb��F) 
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  100(3/0) ��19 A' �/s(Sb��F) 

  61(0/0) ��20 A' �/s(Sb��F) 

  55(2/1) ��32 A'' �/as(Sb��F) 

  28(1/0) ��33 A'' �/as(Sb��F) 

[a] Calculated at �&B97XD /aug-cc-pVTZ-level of theory, Sb was calculated at the �&B97XD/GenECP MWB46 level. [b] Frequencies are scaled 
with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 

 

 
Figure S 1. Low-temperature Raman and IR spectra of CClH2COF·MF5 (1, 2) (M = As, Sb) and vibrational spectra of CClH2COF. 
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Table S3. Low-temperature Raman and IR spectra of CH2FCOF·AsF5 (3) and calculated frequencies [cm��1] of CH2FCOF·AsF5. 

CH2FCOF·AsF5 (3) CH2FCOF·AsF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

2982(20) 2982 m 2972(58/1) ��22 A'' ��as(C��H) 

2954(70) 2953 m 2925(13/147) ��1 A' ��s(C��H) 

 2654 w     

 1872 w     

 1830 m     

1751(18)     ��(C=O) 

1735(37) 1742 m 1800(498/24) ��2 A' ��s(C=O) 

 1651 w     

 1570 w     

1430(10) 1433 m    �/(CH2) 

1418(24) 1414 m 1406(27/10) ��3 A' �/s(CH2) 

 1387 w     

1268(6) 1269 m    ��(CH2) 

1252(20)  1380(11/0) ��4 A' ��s(CH2) 

 1205 w 1230(1/3) ��23 A'' �2as(CH2) 

1149(3) 1159 w 1196(159/3) ��5 A' ��s(C��F) 

1113(15) 1109 m 1119(151/2) ��6 A' ��s(C��F) 

 1090 m     

1018(3) 1016 m 998(2/0) ��24 A'' ��as(CH2) 

 953 w     

920(23) 918 m 880(5/6) ��7 A' ��s(C��C) 

609(22) 617 m 650(39/1) ��11 A' �/s(COF) 

525(4) 523 m 538(10/0) ��26 A'' ��as(CCO) 

478(22) 474 m 455(1/2) ��13 A' �/s(CCF) 

334(12)      

245(7)  278(40/0) ��18 A' �/s(FCC) 

196(6)  116(10/0) ��31 A'' ��as(CH2) 

148(11)      

751(11)      

739(12)  729(160/0) ��25 A'' ��as(As��F) 

730(61) 731 s 728(140/0) ��8 A' ��s(As��F) 

692(100) 698 vs 722(149/7) ��9 A' ��s(As��F) 

683(52) 681 s 658(12/23) ��10 A' ��s(As��F) 

  582(0/2) ��12 A' ��s(As��F) 

443(13)  390(0/1) ��14 A' �/s(As��F) 

403(20)  376(49/0) ��27 A'' �/as(As��F) 
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390(12) 393 vs 374(48/0) ��15 A' �/s(As��F) 

382(11)      

 366 vs 353(95/1) ��16 A' �/s(As��F) 

307(13)  294(0/1) ��28 A'' �/as(As��F) 

245(7)  289(9/1) ��17 A' �/s(As��F) 

  202(0/0) ��29 A'' �/as(As��F) 

165(10)  164(0/0) ��30 A'' �/as(As��F) 

  154(0/0) ��19 A' �/s(As��F) 

  83(19/0) ��20 A' �/s(As��F) 

  71(1/0) ��21 A' �/s(As��F) 

  53(2/1) ��32 A'' �/as(As��F) 

  30(1/0) ��33 A'' �/as(As��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, As was calculated at the �&B97XD/GenECP MWB28 level. [b] Frequencies are scaled 
with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 
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Table S4. Low-temperature Raman and IR spectra of CH2FCOF·SbF5 (4) and calculated frequencies [cm��1] of CH2FCOF·SbF5. 

CH2FCOF·SbF5 (4) CH2FCOF·SbF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

2984(12) 2976 w 2969(0/58) ��22 A'' ��as(C��H) 

2949(34) 2949 w 2922(14/148) ��1 A' ��s(C��H) 

 2648 vw     

      

 1836 m     

1743(16)     ��(C=O) 

1727(30) 1728 m 1779(529/20) ��2 A' ��s(C=O) 

 1693 m     

      

1422(8) 1435 m    �/(CH2) 

1411(27) 1406 m 1404(31/10) ��3 A' �/s(CH2) 

1388(5) 1387 m     

1270(8) 1267 m    ��(CH2) 

1253(20) 1250 m 1384(16/1) ��4 A' ��s(CH2) 

  1231(1/3) ��23 A'' �2as(CH2) 

1133(4)  1218(160/3) ��5 A' ��s(C��F) 

1114(13) 1109 m 1125(133/2) ��6 A' ��s(C��F) 

1014(4) 1013 w 996(2/0) ��24 A'' ��as(CH2) 

 949 vw     

922(16) 920 m 886(4/5) ��7 A' ��s(C��C) 

 822 m     

598(18) 606 m 653(45/2) ��9 A' �/s(COF) 

545(4) 541 m 536(9/0) ��26 A'' ��as(CCO) 

476(16) 473 w 456(1/2) ��13 A' �/s(CCF) 

350(19) 353 w 324(1/0) ��14 A' �/s(FCC) 

234(12)      

196(10)  115(9/0) ��31 A'' ��as(CH2) 

152(11)      

708(3) 704 vs     

694(18)  654(127/0) ��8 A'' ��as(Sb��F) 

681(30)  653(75/3) ��10 A' ��s(Sb��F) 

673(62) 675 vs 650(150/4) ��11 A' ��s(Sb��F) 

651(100) 651 s 603(1/26) ��12 A' ��s(Sb��F) 

  561(1/2) ��25 A'' ��as(Sb��F) 

441(4)      

389(15) 390 m     
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305(19)  281(0/1) ��15 A' �/s(Sb��F) 

  269(52/0) ��27 A'' �/as(Sb��F) 

  264(49/0) ��16 A' �/s(Sb��F) 

      

  253(132/0) ��17 A' �/s(Sb��F) 

234(12)  229(1/0) ��28 A'' �/as(Sb��F) 

  211(0/1) ��18 A' �/s(Sb��F) 

166(11)  165(0/0) ��29 A'' �/as(Sb��F) 

  133(1/0) ��19 A' �/s(Sb��F) 

  128(1/0) ��30 A'' �/as(Sb��F) 

  117(7/0) ��20 A' �/s(Sb��F) 

  65(1/0) ��21 A' �/s(Sb��F) 

  51(1/0) ��32 A'' �/as(Sb��F) 

  31(1/0) ��33 A'' �/as(Sb��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, Sb was calculated at the �&B97XD/GenECP MWB46 level. [b] Frequencies are scaled 
with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 

 

 
Figure S 2. Low-temperature Raman and IR spectra of CH2FCOF·MF5 (3, 4) (M = As, Sb) and vibrational spectra of CH2FCOF. 
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Table S5. Low-temperature Raman and IR spectra of [CClH2CO][Sb2F11] (5) and calculated frequencies [cm��1] of [CClH2CO]+. 

[CClH2CO][Sb2F11] (5) [CClH2CO]+ Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

2980(15) 2978 w 2970(56/42) ��9 A'' ��as(C��H) 

2931(44) 2928 w 2913(55/99) ��1 A' ��s(C��H) 

2309(57) 2307 w 2301(212/69) ��2 A' ��s(C�AO) 

1358(13) 1356 w 1347(31/7) ��3 A' �/s(CH2) 

1245(6) 1244 w 1203(1/5) ��4 A' ��s(CH2) 

1181(12)  1146(0/2) ��10 A'' �2as(CH2) 

874(2) 872 m 848(9/1) ��11 A'' ��as(CH2) 

867(4) 864 m 831(1/1) ��5 A' ��s(C��C) 

780(27) 777 m 751(6/13) ��6 A' ��s(C��Cl) 

521(12) 521 s 530(16/2) ��7 A' �/s(CCO) 

294(17)  376(3/0) ��12 A'' ��as(CCO) 

231(16)  155(11/1) ��8 A' �/s(CCCl) 

716(4)     ��(Sb��F) 

702(17)     ��(Sb��F) 

691(41) 694 vs    ��(Sb��F) 

681(28) 679 vs    ��(Sb��F) 

671(5)     ��(Sb��F) 

652(100) 656 vs    ��(Sb��F) 

605(4) 604 s    ��(Sb��F) 

599(24)     ��(Sb��F) 

 478 s    �/��Sb��F) 

347(3) 363 w    �/��Sb��F) 

276(6)     �/��Sb��F) 

216(5)     �/��Sb��F) 

191(6)     �/��Sb��F) 

129(12)     �/��Sb��F) 

[a] Calculated at �&�%�����;�'/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Figure S 3. Low-temperature Raman and IR spectra of [CClH2CO][Sb2F11] (5) and vibrational spectra of CClH2COF. 
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Table S6. Low-temperature Raman and IR spectra of [CH2FCO][Sb2F11] (6) and calculated frequencies [cm��1] of [CH2FCO]+. 

[CH2FCO][Sb2F11] (6) [CH2FCO]+ Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

2994(18) 2993 w 2947(32/43) ��9 A'' ��as(C��H) 

2948(33) 2947 w 2893(43/110) ��1 A' ��s(C��H) 

2317(53) 2316 w 2313(94/45) ��2 A' ��s���&�A�2�� 

 1680 vw     

1401(17) 1400 w 1378(25/7) ��3 A' �/s(CH2) 

1250(14)  1320(1/3) ��4 A' ��s(CH2) 

1223(4) 1223 vw 1210(2/3) ��10 A'' �2as(CH2) 

1124(8) 1122 m 1127(100/5) ��5 A' ��s(C��F) 

896(2) 893 w 979(1/0) ��11 A'' ��as(CH2) 

803(3) 800 w 742(17/0) ��6 A' ��s(C��C) 

560(7) 559 m 559(3/2) ��7 A' �/s(CCO) 

297(22)  347(5/0) ��12 A'' ��as(CCO) 

231(24)  192(18/1) ��8 A' �/s(CCF) 

 746 s    ��(Sb��F) 

709(24) 706 vs    ��(Sb��F) 

688(81)     ��(Sb��F) 

678(52) 680 vs    ��(Sb��F) 

659(30) 659 s    ��(Sb��F) 

651(100)     ��(Sb��F) 

600(30)     ��(Sb��F) 

 511 s    �/��Sb��F) 

 482 s    �/��Sb��F) 

433(8)     �/��Sb��F) 

393(9)     �/��Sb��F) 

351(7) 353 m    �/��Sb��F) 

277(10)     �/��Sb��F) 

130(16)     �/��Sb��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Figure S 4. Low-temperature Raman and IR spectra of [CH2FCO][Sb2F11] (6) and vibrational spectra of CH2FCOF. 
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Table S7. Low-temperature Raman and IR spectra of CClH2COF and calculated frequencies [cm��1] of CClH2COF.[1] 

CClH2COF CClH2COF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3006(22)  3023(1/47) ��1 A' ��as(C��H) 

2962(95) 2974 m 2970(10/110) ��11 A'' ��s(C��H) 

2799(3)     2��4 

 1894 s    ��s(C=O) 

 1880 vs    ��s(C=O) 

1859(32) 1867 vs 1878(256/14) ��2 A' ��s(C=O) 

1406(28) 1414 m 1391(24/6) ��3 A' �/s(C��H) 

1310(4) 1310 m 1281(11/1) ��4 A' ��s(CH2) 

1280(2) 1280 m     

 1230 s     

1189(12)  1164(0/2) ��12 A'' �2as(CH2) 

1105(6) 1097 vs 1070(271/2) ��5 A' �/s(C��F) 

926(3) 926 m 904(8/0) ��13 A'' ��as(CH2) 

880(16) 876 s 864(64/1) ��6 A' ��s(C��C) 

801(100) 798 m 785(22/14) ��7 A' ��s(C��Cl) 

665(7) 667 m     

629(12) 619 s 605(21/2) ��8 A' �/s(COF) 

562(5) 559 m     

530(5)  514(5/0) ��14 A'' ��as(CCO) 

451(6)      

411(14)      

393(64) 381 m 380(1/3) ��9 A' �/s(CCF) 

302(5)      

224(28)  203(2/1) ��10 A' �/s(CCO) 

  82(6/0) ��15 A'' ��as(CH2) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Table S8. Low-temperature Raman and IR spectra of CH2FCOF and calculated frequencies [cm��1] of CH2FCOF.[2] 

CH2FCOF CH2FCOF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3001(33) 2981 w 2978(3/51) ��11 A'' ��as(C��H) 

2962(100) 2962 w 2930(13/127) ��1 A' ��s(C��H) 

2863(7)     2��4 

2772(11)      

 1906 s    ��s(C=O) 

1871(53) 1890 s 1885(295/18) ��2 A' ��s(C=O) 

 1454 w    �/s(C��H) 

1437(40) 1439 w 1414(17/7) ��3 A' �/s(C��H) 

 1388 w 1363(3/0) ��4 A' ��s(CH2) 

1252(22) 1238 m 1227(2/4) ��12 A'' �2as(CH2) 

 1224 m     

 1157 w     

1139(13) 1132 w 1117(1/4) ��5 A' ��s(CH2��F) 

1074(10) 1095 vs 1077(373/0) ��6 A' ��s(C��F) 

  998(1/0) ��13 A'' ��as(CH2) 

878(67) 879 w 851(20/6) ��7 A' ��s(C��C) 

828(10) 824 w     

706(11)     ��8+��15 

642(17) 640 w 632(27/2) ��8 A' �/s(COF) 

 621 w     

 597 w     

534(6) 553 w 517(9/0) ��14 A'' ��as(CCO) 

456(47) 466 w 441(2/2)  ��9 A' �/s(CCF) 

      

287(10)      

263(12)  241(4/0) ��10 A' �/s(CCO) 

  114(10/0) ��15 A'' ��as(CH2) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Table S9. Low-temperature Raman and IR spectra of CCl2HCOF·SbF5 (7) and calculated frequencies [cm��1] of CCl2HCOF·SbF5. 

CCl2HCOF·SbF5 (7) CCl2HCOF·SbF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3014(13) 3014 m 3023(8/63) ��1 A ��(C��H) 

 2667 w     

 2565 w     

 2374 vw     

 1882 w     

 1859 m    Cl2AcF 

 1811 w     

1723(26) 1720 s 1774(507/27) ��2 A ��(C=O) 

 1637 m     

 1445 m     

1353(8) 1354 m 1311(94/2) ��3 A �/(CCH) 

1222(11) 1219 s 1184(80/3) ��4 A �/(ClCH) 

1193(15) 1196 m 1167(47/4) ��5 A ��(C��F) 

 1122 w     

944(11) 943 m 915(23/2) ��6 A ��(C��C) 

 903 w    Cl2AcF 

834(13) 837 s 812(75/4) ��7 A ��(C��Cl) 

778(27) 779 w 770(3/7) ��8 A ��(C��Cl) 

684(37) 681 vs 679(54/8) ��9 A �/(COF) 

 635 s 620(32/1) ��13 A �/(CCO) 

 501 w     

422(32) 420 w 399(0/5) ��16 A �/(CCF) 

404(11) 399 w     

393(12)      

 368 s     

293(25)  326(4/0) ��17 A �/(ClCC) 

  257(35/2) ��21 A �/(CCl2) 

  189(1/1) ��25 A �/(ClCC) 

  57(0/0) ��31 A �2(COF) 

700(40) 706 vs 654(117/0) ��10 A ��(Sb��F) 

668(12)  654(106/0) ��11 A ��(Sb��F) 

653(100) 654 s 651(127/5) ��12 A ��(Sb��F) 

603(25) 600 m 603(1/27) ��14 A ��(Sb��F) 

  562(0/2) ��15 A ��(Sb��F) 

286(24)  281(1/1) ��18 A �/��Sb��F) 

275(21)  270(44/0) ��19 A �/��Sb��F) 
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259(21)  264(44/0) ��20 A �/��Sb��F) 

  247(117/0) ��22 A �/��Sb��F) 

236(22)  235(2/0) ��23 A �/��Sb��F) 

207(15)  210(0/1) ��24 A �/��Sb��F) 

  146(0/0) ��26 A �/��Sb��F) 

  126(1/0) ��27 A �/��Sb��F) 

122(21)  121(1/0) ��28 A �/��Sb��F) 

  93(4/0) ��29 A �/��Sb��F) 

  60(0/0) ��30 A �/��Sb��F) 

  26(0/0) ��32 A �/��Sb��F) 

  21(0/0) ��33 A �/��Sb��F) 

[a] Calculated at �&B97XD /aug-cc-pVTZ-level of theory, Sb was calculated at the �&B97XD/GenECP MWB46 level. [b] Frequencies are scaled 
with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 

 

 
Figure S 5. Low-temperature Raman and IR spectra of CCl2HCOF·SbF5 (7) and vibrational spectra of CCl2HCOF. 
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Table S10. Low-temperature Raman and IR spectra of CHF2COF·SbF5 (8) and calculated frequencies [cm��1] of CHF2COF·SbF5. 

CHF2COF·SbF5 (8) CHF2COF·SbF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3004(15) 3003 w 2943(10/90) ��1 A ��(C��H) 

1752(9) 1753 w 1793(441/16) ��2 A ��(C=O) 

 1445 w     

1409(4) 1406 w 1374(44/2) ��3 A �/(CCH) 

1346(8) 1344 w     

1331(9) 1329 w 1317(22/3) ��4 A �/(FCH) 

 1317 w     

1294(4) 1294 s     

1222(7) 1221 w 1238(158/2) ��5 A ��(C��F) 

1158(5) 1159 s     

1139(7) 1132 s 1153(173/2) ��6 A ��(C��F) 

 1103 w     

1083(5)  1103(139/3) ��7 A ��(C��F) 

925(8) 924 m 904(27/4) ��8 A ��(C��C) 

 834 w     

784(9) 781 w 757(19/4) ��9 A �/(COF) 

607(16) 608 w 591(41/3) ��14 A �/(CCO) 

550(5) 544 w 548(9/1) ��16 A �/(CF2) 

446(11)  431(8/1) ��17 A �/(CCF) 

434(11)      

393(9) 390 w 356(7/0) ��18 A �/(CCF) 

270(17)  254(19/0) ��22 A �/(CCF) 

  54(0/0) ��31 A �2(COF) 

716(38) 719 s    SbF5 

 708 vs     

 696 vs    ��(Sb��F) 

685(18) 681 vs 655(119/0) ��10 A ��(Sb��F) 

671(100) 673 vs 654(111/1) ��11 A ��(Sb��F) 

658(90) 657 s 653(116/4) ��12 A ��(Sb��F) 

  606(8/25) ��13 A ��(Sb��F) 

  561(1/2) ��15 A ��(Sb��F) 

504(5)     ��(Sb��F) 

481(8) 482 w    SbF5 

 376 w    �/(Sb��F) 

 355 m    �/(Sb��F) 

300(25)  282(0/1) ��19 A �/(Sb��F) 
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  269(43/0) ��20 A �/(Sb��F) 

257(12)  264(49/0) ��21 A �/(Sb��F) 

232(18)  248(117/0) ��23 A �/(Sb��F) 

  218(2/1) ��24 A �/(Sb��F) 

  209(0/1) ��25 A �/(Sb��F) 

153(13)  159(0/1) ��26 A �/(Sb��F) 

146(13)  127(0/0) ��27 A �/(Sb��F) 

  120(0/0) ��28 A �/(Sb��F) 

  107(8/0) ��29 A �/(Sb��F) 

  61(0/0) ��30 A �/(Sb��F) 

  30(1/0) ��32 A �/(Sb��F) 

  20(1/0) ��33 A �/(Sb��F) 

[a] Calculated at �&B97XD /aug-cc-pVTZ-level of theory, Sb was calculated at the �&B97XD/GenECP MWB46 level. [b] Frequencies are scaled 
with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 

 

 
Figure S 6. Low-temperature Raman and IR spectra of CHF2COF·SbF5 (8) and vibrational spectra of CHF2COF. 
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Table S11. Low-temperature Raman and IR spectra of [CCl2HCO][Sb2F11] (9) and calculated frequencies [cm��1] of [CCl2HCO]+. 

[CCl2HCO][Sb2F11] (9) [CCl2HCO]+ Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

 3232 w     

 3151 w     

2976(40) 2976 w 2953(48/57) ��1 A' ��s(C��H) 

 2351 w     

2305(100) 2302 w 2291(198/80) ��2 A' ��s���&�A�2�� 

 2251 w     

 1443 w     

 1423 w     

 1327 w     

1231(11) 1221 w 1210(2/5) ��3 A' �/s(CCH) 

1183(9) 1151 w 1130(1/4) ��9 A'' �2as(CCH) 

 1078 w     

 1047 w     

 887 w     

848(4) 847 w 825(4/0) ��4 A' ��s(C��C) 

801(16) 802 w 777(72/6) ��10 A'' ��as(C��Cl) 

725(41)  703(1/11) ��5 A' ��s(C��Cl) 

632(3)      

531(14) 532 w 536(14/0) ��11 A'' ��as(CCO) 

498(11) 500 w 491(14/5) ��6 A' �/s(CCO) 

484(14) 484 w     

 372 w     

308(11)      

278(20)  262(5/3) ��7 A' �/s(CCl2) 

196(6)  190(17/1) ��8 A' �/s(CCO) 

160(5)      

123(9)  124(0/0) ��12 A'' �2as(CCl2) 

714(11)     ��(Sb��F) 

707(8) 708 vs    ��(Sb��F) 

697(11)     ��(Sb��F) 

687(92) 682 vs    ��(Sb��F) 

673(44)     ��(Sb��F) 

661(77) 663 vs    ��(Sb��F) 

646(49) 648 m    ��(Sb��F) 

602(33) 600 w    ��(Sb��F) 

430(6) 419 w    �/��Sb��F) 
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397(4) 397 w    �/��Sb��F) 

334(5) 362 w    �/��Sb��F) 

295(30)     �/��Sb��F) 

288(18)     �/��Sb��F) 

266(9)     �/��Sb��F) 

232(27)     �/��Sb��F) 

210(22)     �/��Sb��F) 

181(8)     �/��Sb��F) 

140(11)     �/��Sb��F) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 

 

 
Figure S 7. Low-temperature Raman and IR spectra of [CCl2HCO][Sb2F11] (9) and vibrational spectra of CCl2HCOF. 
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Table S12. Low-temperature Raman and IR spectra of CCl2HCOF and calculated frequencies [cm��1] of CCl2HCOF.[3] 

CCl2HCOF CCl2HCOF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3015(40)  3027(4/61) ��1 A ��(C-H) 

 1880 vs    ��(C=O) 

1861(47) 1863 vs 1874(244/18) ��2 A ��(C=O) 

1284(10) 1284 m    �/(CCH) 

1252(7) 1252 m 1264(40/3) ��3 A �/(CCH) 

1206(14) 1216 vs 1183(19/3) ��4 A �/(CCH) 

1117(6) 1111 s 1085(203/2) ��5 A ��(C-F) 

901(12) 903 m 884(59/1) ��6 A ��(C-C) 

870(6) 874 m    ? 

823(24) 827 s 803(79/4) ��7 A ��(C-Cl) 

782(77)  768(6/7) ��8 A ��(C-Cl) 

765(42)     ? 

676(60) 673 m 659(47/7) ��9 A �/(COF) 

643(7) 644 m    ? 

578(12) 609 m 584(26/3) ��10 A �/(CCO) 

503(8)     ? 

462(9)     ? 

426(100)     �/(COF) 

402(93)  387(1/5) ��11 A �/(CCF) 

 363 m    ? 

337(12)     ? 

288(42)  272(2/2) ��12 A �/(CCl2) 

273(47)     ? 

242(45)     �/(CCl2) 

     ? 

220(22)  226(1/1) ��13 A �/(ClCC) 

190(34)  176(2/1) ��14 A �/(ClCC) 

  48(0/1) ��15 A �/(COF) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 

  



 

26 
 

Table S13. Low-temperature Raman and IR spectra of CHF2COF and calculated frequencies [cm��1] of CHF2COF.[4] 

CHF2COF CHF2COF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3010(65) 2980 m 2991(13/66) v1  A'  vs(C��H)  

2779(4)     v(C��H) 

2676(8)      

1876(98) 1886 vs 1864(245/15) v2 A' vs(C=O) 

1840(6)      

1398(13)  1329(52/1) v3 A' �/s(C��H) 

1350(34) 1362 m 1323(11/2) v11 A'' �/as(C��H) 

1250(4) 1256 s    vs(C��F) 

1188(23)  1230(201/2) v4 A' vs(C��F) 

 1151 vs     

1128(11) 1117 vs 1097(63/4) v5 A' vs(CF2) 

1090(27) 1107 vs 1082(217/3) v12 A'' vas(CF2) 

919(64) 916 m 834(81/7) v6 A' vs(C��C) 

862(7) 864 m    vs(C��C) 

751(100) 748 m 739(20/0) v13 A'' ��as(COF) 

699(3) 704 m 685(50/2) v7 A' �/s(COF) 

 619 m     

 611 m     

581(27) 581 m 563(15/2) v8 A' �/s(CF2) 

569(18) 571 m   A'' �/(CF2) 

501(7)      

421(21) 426 m 397(2/2) v9 A' �/s(CCO) 

322(28)      

240(12)  241(6/0) v10 A' �/s(CCF) 

211(4)  228(6/0) v14 A'' ��as(CF2) 

  44(4/1) v15 A'' lattice 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Crystal Structures  

Table S14. X-ray data and refinement of CClH2COF·AsF5 (1), CH2FCOF·AsF5 (3), and CH2FCOF·SbF5 (4). 

  

 
CClH2COF·AsF5 (1) CH2FCOF·AsF5 (3) CH2FCOF·SbF5 (4) 

formula 
C2H2AsClF6O C2H2AsF7O C2H2F7OSb 

Mr [g mol��1] 
266.41 249.96 296.79 

crystal size [mm3] 
0.180 x 0.160 x 0.150 0.18 x 0.13 x 0.07 0.338 x 0.213 x 0.178 

crystal system 
triclinic monoclinic monoclinic 

space group 
P�s
$ P21/n P21/n 

a [Å] 
5.3372(4) 7.7774(4) 8.1886(5) 

b [Å] 
7.7630(6) 10.1132(4) 10.2132(5) 

c [Å] 
8.8286(6) 8.3601(4) 8.3423(5) 

�.��[°] 
80.721(6) 90.00 90 

����[°] 
72.954(6) 108.068(6) 108.139(6) 

����[°] 
89.233(6) 90.00 90 

V [Å³] 
344.92(5) 625.13(5) 663.01(7) 

Z 
2 4 4 

�!calc [g cm��3] 
2.565 2.656 2.973 

µ [mm��1] 
5.371 5.527 4.246 

��MoK�. [Å] 
0.71073 0.71073 0.71073 

F(000) 
252 472 544 

T [K] 
107(2) 130(2) 106(2) 

hkl range 
�í7:8; �í11:11; �í12:11 �í���������������í���������������í�������� ��12:11; ��14:15; ��8:12 

refl. measured 
3744 6502 6673 

refl. unique 
2236 2076 2189 

Rint 
0.0259 0.0365 0.0260 

parameters 
100 108 100 

R(F)/wR(F²) a (all reflexions) 
0.0386/0.0637 

 
0.0420/0.0680 0.0286/0.0517 

weighting scheme b 
0.0204/0.0000 

 
0.0281/0.0000 0.0191/0.1967 

S (GoF) c 
1.028 1.035 1.090 

residual density [e Å��3] 
0.727/��0.698 �������������í���������� 0.781/��0.608 

device type 
Oxford XCalibur Oxford XCalibur Oxford XCalibur 

solution 
SHELXT[5] SHELXT[5] SHELXT[5] 

refinement 
SHELXL-2018/3[6] SHELXL-2018/1[6] SHELXL-2018/3[6] 

CCDC 
2329950 2329952 2329953 

a R1 = ��  ||F0|-|FC||/ �� |F0|; 
b wR2 = [�� [w(F2

0 - F2
C)2]/ �� (F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

c GooF = [�� [(F2
0 - F2

C)2]/(n-p)]1/2 (n = number of relexions; p = total numbers of parameters). 
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Table S15. X-ray data and refinement of [CClH2CO][Sb2F11] (5), [CH2FCO][Sb2F11] (6), and CCl2HCOF·SbF5 (7). 

 

  

 
[CClH2CO][Sb2F11] (5) [CH2FCO][Sb2F11] (6) CCl2HCOF·SbF5 (7) 

formula 
C2H2ClF11OSb2 C2H2F12OSb2 C2HCl2F6OSb 

Mr [g mol��1] 
529.99 513.54 347.68 

crystal size [mm3] 
0.496 x 0.163 x 0.093 0.540 x 0.442 x 0.304 0.436 x 0.369 x 0.151 

crystal system 
monoclinic monoclinic monoclinic 

space group 
P21 P21 P21/n 

a [Å] 
7.5039(5) 7.4232(3) 6.0987(3) 

b [Å] 
9.7173(6) 9.4528(4) 8.7073(3) 

c [Å] 
8.0042(6) 7.9550(3) 16.1663(6) 

�.��[°] 
90 90 90 

����[°] 
108.430(8) 107.318(5) 94.333(4) 

����[°] 
90 90 90 

V [Å³] 
553.71(7) 532.90(4) 856.03(6) 

Z 
2 2 4 

�!calc [g cm��3] 
3.179 3.200 2.698 

µ [mm��1] 
5.252 5.222 3.898 

��MoK�. [Å] 
0.71073 0.71073 0.71073 

F(000) 
480 464 640 

T [K] 
101(2) 101(2) 101(2) 

hkl range 
�í�������������í���������������í���������� ��10:10; ��14:11; ��11:11 ��9:9; ��10:13; ��23:23 

refl. measured 
5986 5596 9000 

refl. unique 
3314 2841 2854 

Rint 
0.0261 0.0259 0.0389 

parameters 
155 162 113 

R(F)/wR(F²) a (all reflexions) 
0.0318/0.0732 0.0343/0.0871 0.0547/0.0861 

weighting scheme b 
0.0425/0.0000 0.0630/0.0000 0.0364/0.4835 

S (GoF) c 
1.051 1.013 1.068 

residual density [e Å��3] 
�������������í���������� 1.989/��2.434 1.608/��1.056 

device type 
Oxford XCalibur Oxford XCalibur Oxford XCalibur 

solution 
SHELXT[5] SHELXT[5] SHELXT[5] 

refinement 
SHELXL-2018/3[6] SHELXL-2018/3[6] SHELXL-2018/3[6] 

CCDC 
2329954 2329955 2329961 

a R1 = ��  ||F0|-|FC||/ �� |F0|; 
b wR2 = [�� [w(F2

0 - F2
C)2]/ �� (F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

c GooF = [�� [(F2
0 - F2

C)2]/(n-p)]1/2 (n = number of relexions; p = total numbers of parameters). 



 

29 
 

Table S16. Bond lengths [Å] and bond angles [°] of CClH2COF·AsF5 (1) as well as donor-acceptor distances of 1. Symmetry codes: i = ��1+x, y, 1+z; 
ii = 1��x, 1��y, 1��z; iii = 1��x, ��y, 1��z. 

CClH2COF·AsF5 (1) 

Bond lengths [Å] 

Cl1��C2 1.753(3) As1��F2 1.696(2) 

C2��C1 1.488(3) As1��F3 1.693(2) 

C1��O1 1.213(3) As1��F4 1.685(1) 

C1��F1 1.292(3) As1��F5 1.696(2) 

O1��As1 2.042(2) As1��F6 1.697(2) 

Bond angles [°] 

Cl1��C2��C1 113.8(2) F2��As1��F4 94.78(8) 

C2��C1��O1 127.2(2) F2��As1��F5 170.15(8) 

C2��C1��F1 111.7(2) F2��As1��F6 89.32(7) 

F1��C1��O1 121.2(2) F3��As1��F4 95.04(7) 

O1��As1��F2 87.06(7) F3��As1��F5 89.65(7) 

O1��As1��F3 86.86(7) F3��As1��F6 170.15(7) 

O1��As1��F4 177.34(7) F4��As1��F5 95.04(7) 

O1��As1��F5 83.10(7) F4��As1��F6 94.81(7) 

O1��As1��F6 83.28(7) F5��As1��F6 89.10(7) 

F2��As1��F3 90.25(8)   

Dihedral angles [°] 

Cl1��C2��C1��O1 ��0.3(4) C1��O1��As1��F3 45.2(2) 

Cl1��C2��C1��F1 179.5(2) C1��O1��As1��F4 ��179(1) 

F1��C1��O1��As1 0.9(4) C1��O1��As1��F5 135.3(2) 

C1��O1��As1��F2 ��45.2(2) C1��O1��As1��F6 ��134.8(2) 

Donor-acceptor distances [Å] 

C2(��H2)··· F4i 3.092(3) C2··· F5ii 3.048(3) 

C1··· F5ii 2.859(3) C2··· F6iii 3.037(3) 

C1··· F6iii 2.829(3)   
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Figure S 8. Molecular unit of CClH2COF·AsF5 (1) (displacement ellipsoids with 50% probability). 

 

Figure S 9. Chains along the b-axis of 1 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1��x, ��y, 1��z; ii = 2��x, ��y, ��z; iii = x, 
��1+y, z; iv = ��x, ��y, 2��z; v = 1+x, y, ��1+z; vi = 1��x, 1��y, 1��z; vii = ��1+x, y, 1+z. 

 

Figure S 10. Interatomic contacts of 1 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1��x, 1��y, 1��z; ii = 1��x, ��y, 1��z.  
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Table S17. Bond lengths [Å] and bond angles [°] of CH2FCOF·AsF5 (3) as well as donor-acceptor distances of 3. Symmetry codes: i = 0.5+x, 0.5��y, 
��0.5+z; ii = ��0.5+x, 0.5+y, ��0.5+z; iii = 1��x, 1��y, 1��z; iv = 0.5��x, ��0.5+y, 1.5��z. 

CH2FCOF·AsF5 (3) 

Bond lengths [Å] 

F2��C2 1.358(3) As1��F3 1.689(1) 

C2��C1 1.491(3) As1��F4 1.709(1) 

C1��O1 1.211(3) As1��F5 1.683(2) 

C1��F1 1.295(2) As1��F6 1.698(1) 

O1��As1 2.031(2) As1��F7 1.695(1) 

Bond angles [°] 

F2��C2��C1 109.5(2) F3��As1��F5 95.31(7) 

C2��C1��O1 124.2(2) F3��As1��F6 169.50(7) 

C2��C1��F1 113.7(2) F3��As1��F7 90.36(7) 

F1��C1��O1 122.1(2) F4��As1��F5 94.60(7) 

O1��As1��F3 83.05(6) F4��As1��F6 88.54(7) 

O1��As1��F4 83.38(6) F4��As1��F7 170.55(7) 

O1��As1��F5 177.40(7) F5��As1��F6 95.11(7) 

O1��As1��F6 86.49(6) F5��As1��F7 94.84(7) 

O1��As1��F7 87.20(6) F6��As1��F7 90.10(7) 

F3��As1��F4 89.29(7)   

Dihedral angles [°] 

F2��C2��C1��O1 ��0.7(3) C1��O1��As1��F4 ��139.9(2) 

F2��C2��C1��F1 179.9(2) C1��O1��As1��F5 ��179(1) 

F1��C1��O1��As1 4.1(3) C1��O1��As1��F6 ��51.0(2) 

C1��O1��As1��F3 130.0(2) C1��O1��As1��F7 39.3(2) 

Donor-acceptor distances [Å] 

C2(��H1)··· F7i 3.141(3) C1··· F4iii 2.780(3) 

C2(��H2)··· F4ii 3.403(3) C1··· F5iv 2.808(3) 
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Figure S 11. Molecular unit of CH2FCOF·AsF5 (3) (displacement ellipsoids with 50% probability). 

 
Figure S 12. Layer structure of 3 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1��x, 1��y, 1��z; ii = 0.5+x, 1.5��y, ��0.5+z; 

iii = 1.5��x, 0.5+y, 0.5��z. 

 
Figure S 13. Intermolecular contacts of 3 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1��x, 1��y, 1��z; ii = 0.5��x, ��0.5+y, 

1.5��z; iii = 0.5��x, 0.5+y, 1.5��z. 
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Table S18. Bond lengths [Å] and bond angles [°] of CH2FCOF·SbF5 (4) as well as donor-acceptor distances of 4. Symmetry codes: i = ��0.5+x, 1.5��y, 
0.5+z; ii = 1.5��x, 0.5+y, 1.5��z; iii = 0.5+x, 1.5��y, 0.5+z; iv = 1��x, 1��y, 1��z. 

CH2FCOF·SbF5 (4) 

Bond lengths [Å] 

F2��C2 1.366(3) Sb1��F3 1.870(2) 

C2��C1 1.478(4) Sb1��F4 1.851(1) 

C1��O1 1.215(3) Sb1��F5 1.854(2) 

C1��F1 1.293(3) Sb1��F6 1.853(2) 

O1��Sb1 2.129(2) Sb1��F7 1.857(2) 

Bond angles [°] 

F2��C2��C1 109.6(2) F3��Sb1��F5 95.52(7) 

C2��C1��O1 125.0(2) F3��Sb1��F6 170.30(7) 

C2��C1��F1 114.0(2) F3��Sb1��F7 87.36(7) 

F1��C1��O1 121.0(2) F4��Sb1��F5 95.05(7) 

O1��Sb1��F3 83.54(7) F4��Sb1��F6 91.03(7) 

O1��Sb1��F4 83.32(7) F4��Sb1��F7 169.45(7) 

O1��Sb1��F5 178.12(7) F5��Sb1��F6 94.14(7) 

O1��Sb1��F6 86.84(7) F5��Sb1��F7 95.17(7) 

O1��Sb1��F7 86.42(7) F6��Sb1��F7 90.82(7) 

F3��Sb1��F4 89.07(7)   

Dihedral angles [°] 

F2��C2��C1��O1 ��0.1(4) C1��O1��Sb1��F4 ��127.8(2) 

F2��C2��C1��F1 179.9(2) C1��O1��Sb1��F5 ��158(2) 

F1��C1��O1��Sb1 ��6.9(3) C1��O1��Sb1��F6 ��36.4(2) 

C1��O1��Sb1��F3 142.3(2) C1��O1��Sb1��F7 54.6(2) 

Donor-acceptor distances [Å] 

C2(��H1A)··· F6i 3.073(4) C1··· F3iv 2.758(3) 

C2(��H1A)··· F7ii 3.185(3) C1··· F5ii 2.745(3) 

C2(��H1B)··· F3iii 3.485(3) O1··· F5ii 2.840(2) 
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Figure S 14. Molecular unit of CHF2COF·SbF5 (4) (displacement ellipsoids with 50% probability). 

  
Figure S 15. Intermolecular contacts of 4 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1.5��x, 0.5+y, 0.5��z; ii = 1��x, 1��y, 

1��z; iii = ��0.5+x, 1.5��y, 0.5+z; iv = 1.5��x, ��0.5+y, 0.5��z.  

 
Figure S 16. Layer structure of 4 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1��x, 1��y, 1��z; ii = 1.5��x, 0.5+y, 0.5��z; 

iii = 0.5+x, 1.5��y, ��0.5+z. 
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Table S19. Bond lengths [Å] and bond angles [°] of [CClH2CO][Sb2F11] (5) as well as donor-acceptor distances of 5. Symmetry codes: i = 1+x, y, 
1+z; ii = x, y, 1+z; iii = 1��x, ��0.5+y, 1��z; iv = 1+x, y, z; v = 1+x, y, 1+z. 

[CClH2CO][Sb2F11] (5) 

Bond lengths [Å] 

Cl1��C1 1.746(9) Sb1��F11 2.024(5) 

C1��C2 1.44(1) Sb2��F1 1.858(4) 

C2��O1 1.105(9) Sb2��F2 1.844(5) 

Sb1��F6 1.852(4) Sb2��F3 1.850(6) 

Sb1��F7 1.857(5) Sb2��F4 1.858(4) 

Sb1��F8 1.875(4) Sb2��F5 1.868(5) 

Sb1��F9 1.861(5) Sb2��F11 2.047(5) 

Sb1��F10 1.856(5)   

Bond angles [°] 

Cl1��C1��C2 111.3(6) Sb1��F11��Sb2 143.7(2) 

C1��C2��O1 178.8(8) F1��Sb2��F2 96.3(2) 

F6��Sb1��F7 90.2(2) F1��Sb2��F3 90.6(2) 

F6��Sb1��F8 172.7(2) F1��Sb2��F4 169.7(2) 

F6��Sb1��F9 89.7(2) F1��Sb2��F5 89.4(2) 

F6��Sb1��F10 94.3(2) F1��Sb2��F11 84.9(2) 

F6��Sb1��F11 87.5(2) F2��Sb2��F3 95.5(2) 

F7��Sb1��F8 89.3(2) F2��Sb2��F4 94.0(2) 

F7��Sb1��F9 170.6(2) F2��Sb2��F5 94.1(2) 

F7��Sb1��F10 94.8(2) F2��Sb2��F11 178.4(2) 

F7��Sb1��F11 85.6(2) F3��Sb2��F4 89.7(2) 

F8��Sb1��F9 89.6(2) F3��Sb2��F5 170.3(2) 

F8��Sb1��F10 93.1(2) F3��Sb2��F11 85.6(2) 

F8��Sb1��F11 85.1(2) F4��Sb2��F5 88.5(2) 

F9��Sb1��F10 94.6(2) F4��Sb2��F11 84.9(2) 

F9��Sb1��F11 85.0(2) F5��Sb2��F11 84.8(2) 

F10��Sb1��F11 178.1(2)   

Dihedral angles [°] 

Cl1��C2��C1��O1 126(38) F2��Sb2��F11��Sb1 17(7) 

F10��Sb1��F11��Sb2 ��12(6)   

Donor-acceptor distances [Å] 

C1(��H1A)··· F6i 2.972(8) C2··· F10iv 2.831(9) 

C1(��H1B)··· F3ii 3.03(1) C1··· F5iii 2.85(1) 

C1(��H1B)··· F8 3.060(8) O1··· F4 2.798(8) 

C2··· F4 2.687(9) O1··· F7 2.832(6) 

C2··· F5iii 2.676(9) O1··· F9iii 2.807(7) 
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C2··· F8 2.886(8) O1··· F10iv 2.717(7) 

C2··· F9iii 2.818(9) Cl1··· F1v 3.086(4) 

 

 

 
Figure S 17. Interatomic contacts of 5 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1-x, -0.5+y, 1-z; ii = 1+x, y, z; iii = 1+x, 

y, 1+z. 

 

 
Figure S 18. Chains along the a-axis of 5 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1+x, y, 1+z. 
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Table S20. Bond lengths [Å] and bond angles [°] of [CH2FCO][Sb2F11] (6) as well as donor-acceptor distances of 6. Symmetry codes: i = 1+x, y, 1+z; 
ii = x, y, 1+z; iii = 1��x, ��0.5+y, 1��z; iv = 1��x, 0.5+y, ��z; v = 1��x, 0.5+y, 1��z; vi = 1+x, y, z. 

[CH2FCO][Sb2F11] (6) 

Bond lengths [Å] 

F1��C2 1.33(1) Sb1��F7 2.048(5) 

C2��C1 1.49(1) Sb2��F7 2.022(5) 

C1��O1 1.101(9) Sb2��F8 1.862(6) 

Sb1��F2 1.864(5) Sb2��F9 1.848(4) 

Sb1��F3 1.850(7) Sb2��F10 1.852(6) 

Sb1��F4 1.869(6) Sb2��F11 1.855(6) 

Sb1��F5 1.845(4) Sb2��F12 1.862(4) 

Sb1��F6 1.853(6)   

Bond angles [°] 

F1��C2��C1 110.6(7) Sb1��F7��Sb2 143.9(2) 

C2��C1��O1 177.0(8) F7��Sb2��F8 86.1(2) 

F2��Sb1��F3 89.9(3) F7��Sb2��F9 87.0(2) 

F2��Sb1��F4 88.2(2) F7��Sb2��F10 178.2(2) 

F2��Sb1��F5 169.5(2) F7��Sb2��F11 86.2(2) 

F2��Sb1��F6 93.5(2) F7��Sb2��F12 84.7(2) 

F2��Sb1��F7 84.5(2) F8��Sb2��F9 89.7(2) 

F3��Sb1��F4 170.1(2) F8��Sb2��F10 93.8(2) 

F3��Sb1��F5 90.6(2) F8��Sb2��F11 172.3(2) 

F3��Sb1��F6 96.0(3) F8��Sb2��F12 89.4(2) 

F3��Sb1��F7 86.0(2) F9��Sb2��F10 94.8(2) 

F4��Sb1��F5 89.5(2) F9��Sb2��F11 90.3(2) 

F4��Sb1��F6 93.9(2) F9��Sb2��F12 171.7(2) 

F4��Sb1��F7 84.1(2) F10��Sb2��F11 93.9(2) 

F5��Sb1��F6 96.9(2) F10��Sb2��F12 93.5(2) 

F5��Sb1��F7 85.0(2) F11��Sb2��F12 89.5(2) 

F6��Sb1��F7 177.2(2)   

Dihedral angles [°] 

F1��C1��C2��O1 ��147(16) F10��Sb2��F7��Sb1 27(7) 

F6��Sb1��F7��Sb2 ��15(5)   

Donor-acceptor distances [Å] 

C2(��H1)··· F9i 3.008(9) C1··· F2 2.60(1) 

C2(��H2)··· F3ii 3.21(1) C1··· F4v 2.60(1) 

C2(��H2)··· F11iii 3.22(1) C1··· F8v 2.742(9) 

O1··· F2  2.823(9) C1··· F10vi 2.63(1) 

O1··· F5iv 2.847(7) C1··· F12 2.895(9) 
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O1··· F8v 2.823(7) C2··· F2 3.06(1) 

O1··· F10vi 2.728(8) C2··· F4v 2.81(1) 

O1··· F11 2.782(7) F1··· F10 2.833(9) 

 

 
Figure S 19. Molecular unit of [CH2FCO][Sb2F11] (6) (displacement ellipsoids with 50% probability). 

 
Figure S 20. Intermolecular contacts of 6 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1+x, y, z; ii = 1��x, 0.5��y, 1��z; 

iii = 1+x, y, 1+z. 

 
Figure S 21. Chains along the c-axis of 6 (displacement ellipsoids with 50% probability). Symmetry codes: i = 1+x, y, 1+z; ii = ��1+x, y, ��1+z. 
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Figure S 22. Chains along the a-axis of 6 (displacement ellipsoids with 50% probability). Symmetry codes: i = ��1+x, y, z; ii = 1+x, y, z. 
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Table S21. Bond lengths [Å] and bond angles [°] of CCl2HCOF·SbF5 (7) as well as donor-acceptor distances of 7. Symmetry codes: i = 1.5��x, 
��0.5+y, 0.5��z; ii = 0.5+x, 0.5��y, ��0.5+z; iii = 0.5��x, ��0.5+y, 0.5��z; iv = ��0.5+x, 0.5��y, ��0.5+z; v = 1.5��x, 0.5+y, 0.5��z; vi = 1+x, y, z. 

CCl2HCOF·SbF5 (7) 

Bond lengths [Å] 

Cl1��C2 1.730(4) Sb1��F2 1.824(4) 

Cl2��C2 1.768(4) Sb1��F3 1.865(3) 

C1��C2 1.502(5) Sb1��F4 1.841(3) 

C1��F1 1.295(4) Sb1��F5 1.869(3) 

C1��O1 1.202(5) Sb1��F6 1.847(3) 

O1��Sb1 2.140(3)   

Bond angles [°] 

Cl1��C2��C1 112.0(2) F2��Sb1��F3 90.2(1) 

Cl2��C2��C1 104.1(2) F2��Sb1��F4 92.0(1) 

Cl1��C2��Cl2 112.6(2) F2��Sb1��F4 167.2(1) 

C2��C1��O1 125.6(3) F2��Sb1��F6 95.6(1) 

C2��C1��F1 113.1(3) F3��Sb1��F4 172.1(1) 

F1��C1��O1 121.2(3) F3��Sb1��F5 88.1(1) 

O1��Sb1��F2 83.1(1) F3��Sb1��F6 93.4(1) 

O1��Sb1��F3 82.5(1) F4��Sb1��F5 88.1(1) 

O1��Sb1��F4 90.2(1) F4��Sb1��F6 93.9(1) 

O1��Sb1��F5 84.2(1) F5��Sb1��F6 97.2(1) 

O1��Sb1��F6 175.7(1)   

Dihedral angles [°] 

Cl1��C2��C1��O1 ��17.7(5) C1��O1��Sb1��F2 74.1(4) 

Cl1��C2��C1��F1 165.6(2) C1��O1��Sb1��F3 165.2(4) 

Cl2��C2��C1��O1 104.2(4) C1��O1��Sb1��F4 ��17.9(4) 

Cl2��C2��C1��F1 ��72.4(3) C1��O1��Sb1��F5 ��106.0(4) 

F1��C1��O1��Sb1 3.4(5) C1��O1��Sb1��F6 146(1) 

Donor-acceptor distances [Å] 

C2(��H1)··· F2i 3.230(5) Cl1··· F4iv 3.092(3) 

C2(��H1)··· F6ii 3.024(4) Cl2··· F4v 2.966(4) 

C1··· F3iii 2.587(4) F1··· F3iii 2.825(4) 

C2··· F3iii 2.952(4) F1··· F5vi 2.761(4) 
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Figure S 23. Molecular unit of CCl2HCOF·SbF5 (7) (displacement ellipsoids with 50% probability). 

 

 
Figure S 24. Intermolecular contacts of 7 (displacement ellipsoids with 50% probability). Symmetry codes: i = 0.5��x, ��0.5+y, 0.5��z; ii = 0.5��x, 

0.5+y, 0.5��z. 

 
Figure S 25. Layer structure of 7 (displacement ellipsoids with 50% probability). Symmetry codes: i = 0.5��x, ��0.5+y, 0.5��z; ii = x, ��1+y, z. 

iii = 0.5��x, 0.5+y, 0.5��z. 
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Quantum Chemical Calculations  �± Vibrational Spectroscopy  

 

Table S22. Standard orientations of CClH2COF·AsF5 and CClH2COF·SbF5. 

�&�&�O�+���&�2�)���$�V�)�� �&�&�O�+���&�2�)���6�E�)�� 

�&�%�����;�'���D�X�J���F�F���S�9�7�=���Z�L�W�K��GenECP MWB28 for As �&�%�����;�'���D�X�J���F�F���S�9�7�=���Z�L�W�K��GenECP MWB46 for Sb 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ������������������  ����������������  ����������������  �& ������������������  ����������������  ����������������  

�) ������������������  ����������������  ������������������  �) ������������������  ����������������  ������������������  

�& ������������������  ����������������  ����������������  �& ������������������  ����������������  ����������������  

�+ ������������������  ����������������  ����������������  �+ ������������������  ����������������  ����������������  

�+ ������������������  ����������������  ������������������  �+ ������������������  ����������������  ������������������  

�2 ������������������  ������������������  ����������������  �2 ������������������  ������������������  ����������������  

�) ����������������  ������������������  ����������������  �6�E ����������������  ������������������  ����������������  

�) ����������������  ������������������  ������������������  �) ����������������  ������������������  ����������������  

�) ����������������  ����������������  ����������������  �) ����������������  ������������������  ������������������  

�) ����������������  ����������������  ������������������  �) ����������������  ����������������  ����������������  

�) ����������������  ������������������  ������������������  �) ����������������  ����������������  ������������������  

�&�O ������������������  ������������������  ������������������  �) ����������������  ������������������  ������������������  

�$�V ����������������  ������������������  ����������������  �&�O ������������������  ������������������  ������������������  

 
Table S23. Standard orientations of CH2FCOF·AsF5 and CH2FCOF·SbF5. 

�&�+���)�&�2�)���$�V�)�� �&�+���)�&�2�)���6�E�)�� 

�&�%�����;�'���D�X�J���F�F���S�9�7�=���Z�L�W�K��GenECP MWB28 for As �&�%�����;�'���D�X�J���F�F���S�9�7�=���Z�L�W�K��GenECP MWB46 for Sb 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ������������������  ����������������  ����������������  �& ������������������  ����������������  ����������������  

�) ������������������  ����������������  ������������������  �) ������������������  ����������������  ������������������  

�& ������������������  ������������������  ����������������  �& ������������������  ������������������  ����������������  

�+ ������������������  ����������������  ����������������  �+ ������������������  ����������������  ����������������  

�+ ������������������  ����������������  ������������������  �+ ������������������  ����������������  ������������������  

�2 ������������������  ������������������  ����������������  �2 ������������������  ������������������  ����������������  

�) ����������������  ������������������  ����������������  �6�E ����������������  ������������������  ������������������  

�) ����������������  ������������������  ������������������  �) ����������������  ������������������  ����������������  

�) ����������������  ����������������  ����������������  �) ����������������  ������������������  ������������������  

�) ����������������  ����������������  ������������������  �) ����������������  ����������������  ����������������  

�) ����������������  ����������������  ������������������  �) ����������������  ����������������  ������������������  

�$�V ����������������  ������������������  ������������������  �) ����������������  ����������������  ������������������  

�) ������������������  ������������������  ������������������  �) ������������������  ������������������  ������������������  
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Table S24. Standard orientations of [CClH2CO]+. 

�>�&�&�O�+���&�2�@�� 

�&�%�����;�'���D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �= 

�&�O ������������������  ������������������  ������������������  

�2 ����������������  ������������������  ����������������  

�& ����������������  ����������������  ������������������  

�& ������������������  ����������������  ����������������  

�+ ������������������  ����������������  ������������������  

�+ ������������������  ����������������  ����������������  

 
Table S25. Standard orientations of [CH2FCO]+. 

�>�&�+���)�&�2�@�� 

�&�%�����;�'���D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �= 

�& ������������������  ������������������  ����������������  

�+ ������������������  ������������������  ����������������  

�+ ������������������  ������������������  ������������������  

�) ����������������  ������������������  ����������������  

�& ����������������  ����������������  ����������������  

�2 ����������������  ����������������  ����������������  

 
Table S26. Standard orientations of CCl2HCOF·SbF5. 

�&�&�O���+�&�2�)���6�E�)�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ����������������  ������������������  ������������������  �) ������������������  ����������������  ������������������  

�) ����������������  ������������������  ������������������  �) ������������������  ������������������  ����������������  

�& ����������������  ����������������  ������������������  �) ������������������  ������������������  ������������������  

�+ ����������������  ������������������  ���������������� �� �) ������������������  ������������������  ����������������  

�2 ����������������  ����������������  ������������������  �&�O ����������������  ����������������  ������������������  

�6�E ������������������  ����������������  ����������������  �&�O ����������������  ������������������  ����������������  

�) ������������������  ����������������  ����������������      

�&�D�O�F�X�O�D�W�H�G���D�W���&�%�����;�'�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�����6�E���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�W���W�K�H���&�%�����;�'���*�H�Q�(�&�3���0�:�%�������O�H�Y�H�O�� 
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Table S27. Standard orientations of CHF2COF·SbF5. 

�&�+�)���&�2�)���6�E�)�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ����������������  ������������������  ������������������  �) ������������������  ����������������  ������������������  

�) ����������������  ������������������  ������������������  �) ������������������  ������������������  ����������������  

�& ����������������  ����������������  ������������������  �) ������������������  ������������������  ������������������  

�+ ����������������  ������������������  ������������������  �) ������������������  ������������������  ����������������  

�2 ����������������  ����������������  ������������������  �) ����������������  ����������������  ������������������  

�6�E ������������������  ����������������  ����������������  �) ����������������  ������������������  ����������������  

�) ������������������  ����������������  ����������������      

�&�D�O�F�X�O�D�W�H�G���D�W���&�%�����;�'�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�����6�E���Z�D�V���F�D�O�F�X�O�D�W�H�G���D�W���W�K�H���&�%�����;�'���*�H�Q�(�&�3���0�:�%�������O�H�Y�H�O�� 

 
Table S28. Standard orientations of [CCl2HCO]+. 

�>�&�&�O���+�&�2�@�� 

�&�%�����;�'���D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �= 

�& ������������������  ������������������  ����������������  

�+ ������������������  ������������������  ����������������  

�&�O ����������������  ������������������  ������������������  

�&�O ������������������  ������������������  ������������������  

�& ����������������  ����������������  ����������������  

�2 ����������������  ����������������  ������������������  

 
Table S29. Standard orientations of CClH2COF. 

�&�&�O�+���&�2�) 

�&�%�����;�'���D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �= 

�& ������������������  ����������������  ������������������  

�) ������������������  ������������������  ����������������  

�2 ������������������  ����������������  ����������������  

�& ����������������  ������������������  ������������������  

�+ ����������������  ������������������  ����������������  

�+ ����������������  ������������������  ������������������  

�&�O ����������������  ����������������  ����������������  
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Table S30. Standard orientations of CH2FCOF. 

�&�+���)�&�2�) 

�&�%�����;�'���D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �= 

�& ������������������  ����������������  ����������������  

�2 ������������������  ����������������  ����������������  

�) ������������������  ������������������  ������������������  

�& ����������������  ������������������  ����������������  

�+ ����������������  ������������������  ����������������  

�+ ����������������  ������������������  ������������������  

�) ����������������  ����������������  ������������������  

 
Table S31. Standard orientations of CCl2HCOF. 

�&�&�O���+�&�2�) 

�&�%�����;�'���D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �= 

�&�O ������������������  ������������������  ������������������  

�&�O ������������������  ����������������  ����������������  

�) ����������������  ������������������  ������������������  

�2 ����������������  ������������������  ����������������  

�& ����������������  ������������������  ������������������  

�& ������������������  ����������������  ������������������  

�+ ������������������  ����������������  ������������������  

 
Table S32. Standard orientations of CHF2COF. 

�&�+�)���&�2�) 

�&�%�����;�'���D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �= 

�) ����������������  ����������������  ����������������  

�2 ����������������  ������������������  ������������������  

�& ����������������  ������������������  ������������������  

�& ������������������  ������������������  ������������������  

�) ������������������  ������������������  ����������������  

�) ������������������  ����������������  ������������������  

�+ ������������������  ������������������  ������������������  
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Figure S 26. Calculated gas phase structures of [CClH2CO]+ and [CH2FCO]+ ���O�H�I�W�������%�R�Q�G���O�H�Q�J�W�K�V���D�U�H���J�L�Y�H�Q���L�Q���>�c�@�����&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���&�%�����;�'���D�X�J-
cc-pVTZ-level of theory.  
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Quantum Chemical Calculations  �± Hyperconjugation  

 

Table S33. Standard orientations of [CClH2CO]+���� �+�)���D�Q�G��[CH2FCO]+���� �+�)�� 

�>�&�&�O�+���&�2�@������ �+�) �>�&�+���)�&�2�@������ �+�) 

�0�3�����D�X�J���F�F���S�9�7�= �0�3�����D�X�J���F�F���S�9�7�= 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�&�O ����������������  ������������������  ������������������  �) ����������������  ������������������  ������������������  

�2 ������������������  ����������������  ����������������  �) ����������������  ������������������  ����������������  

�& ������������������  ������������������  ����������������  �2 ������������������  ����������������  ������������������  

�& ������������������  ������������������  �Y����������������  �& ������������������  ������������������  ������������������  

�+ ������������������  ������������������  ������������������  �& ������������������  ������������������  ����������������  

�+ ������������������  ������������������  ������������������  �+ ������������������  ������������������  ����������������  

�) ������������������  ������������������  ����������������  �+ ������������������  ������������������  ����������������  

�) ������������������  ����������������  ������������������  �) ������������������  ������������������  ������������������  

�) ����������������  ����������������  ������������������  �) ������������������  ����������������  ����������������  

�) ����������������  ������������������  ����������������  �) ����������������  ����������������  ������������������  

�+ ������������������  ������������������  ����������������  �+ ������������������  ������������������  ������������������  

�+ ������������������  ����������������  ������������������  �+ ������������������  ����������������  ������������������  

�+ ����������������  ������������������  ����������������  �+ ����������������  ������������������  ������������������  

�+ ����������������  ����������������  ������������������  �+ ����������������  ����������������  ������������������  
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Figure S 27. Calculated gas phase structures of [CClH2CO]+���� �+�) (top) and [CH2FCO]+���� �+�)�����E�R�W�W�R�P��. Bond lengths are given in [Å]. Calculated at 

the MP2/aug-cc-pVTZ-level of theory. 
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Table S34. Selected energies of donor-acceptor interactions from second-order perturbation theory analysis of [CClH2CO]+���� �+�) and 
[CH2FCO]+���� �+�)�����&�D�O�F�X�O�D�W�H�G���D�W���W�K�H���0�3�����D�X�J���F�F���S�9�7�=���O�H�Y�H�O���R�I���W�K�H�R�U�\�� 

Donor NBO  Acceptor NBO  Stabilizing energy [k J/mol]  

[CClH2CO]+��4 HF   

LP(Cl1) �1�
���&1��C2) 37.7 

�1���&�O����C1) �Œ�
���&����O1) 41.3 

�1���&����H1A) �Œ�
���&����O1) 40.2 

�1���&���� H1A) �Œ�
���&����O1) 9.16 

�1���&���� H1B) �Œ�
���&����O1) 35.9 

�1���&���� H1B) �Œ�
���&����O1) 10.5 

LP(F1) �Œ�
���&����O1) 0.75 

LP(F1) �Œ�
���&����O1) 0.75 

LP(F1) �Œ�
���&����O1) 0.25 

LP(F1) �Œ�
���&����O1) 7.87 

LP(F2) �Œ�
���&����O1) 1.09 

LP(F2) �Œ�
���&����O1) 3.35 

LP(F2) �Œ�
���&����O1) 0.54 

LP(F3) �Œ�
���&����O1) 0.75 

LP(F3) �Œ�
���&����O1) 2.47 

LP(F4) �Œ�
���&����O1) 0.71 

LP(F4) �Œ�
���&����O1) 0.71 

LP(F4) �Œ�
���&����O1) 5.94 

LP(F4) �Œ�
���&����O1) 1.38 

[CH2FCO]+��4 HF   

LP(F1) �1�
���&����C1) 65.5 

�1���&����F1) �Œ�
���&����O1) 6.07 

�1���&����H1) �Œ�
���&����O1) 41.3 

�1���&����H1) �Œ�
���&����O1) 9.16 

�1���&����H2) �Œ�
���&����O1) 26.9 

�1���&����H2) �Œ�
���&����O1) 12.7 

LP(F2) �Œ�
���&����O1) 1.05 

LP(F2) �Œ�
���&����O1) 7.74 

LP(F2) �Œ�
���&����O1) 3.77 

LP(F3) �Œ�
���&����O1) 0.33 

LP(F3) �Œ�
���&����O1) 0.79 

LP(F3) �Œ�
���&����O1) 0.33 

LP(F3) �Œ�
���&����O1) 10.5 

LP(F4) �Œ�
���&����O1) 1.17 

LP(F4) �Œ�
���&����O1) 4.64 

LP(F4) �Œ�
���&����O1) 0.84 

LP(F5) �Œ�
���&����O1) 0.54 
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LP(F5) �Œ�
���&����O1) 0.92 

LP(F5) �Œ�
���&����O1) 1.00 

LP(F5) �Œ�
���&����O1) 8.12 

 

Quantum Chemical Calculations  �± FIA Calculations  

 

Table S35. Standard orientations of [CH3CO]+. 

�>�&�+���&�2�@�� 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ������������������  ����������������  ������������������  �& ������������������  ����������������  ����������������  

�+ ������������������  ������������������  ��������������������  �+ ������������������  ������������������  ����������������  

�+ ������������������  ����������������  ������������������  �+ ������������������  ����������������  ������������������  

�+ ������������������  ������������������  ������������������  �+ ������������������  ������������������  ������������������  

�& ����������������  ����������������  ����������������  �& ����������������  ������������������  ������������������  

�2 ����������������  ������������������  ������������������  �2 ����������������  ����������������  ����������������  

 

Table S36. Standard orientations of CH3COF. 

�&�+���&�2�) 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ����������������  ������������������  ����������������  �& ����������������  ������������������  ����������������  

�+ ����������������  ����������������  ����������������  �+ ����������������  ����������������  ����������������  

�+ ����������������  ������������������  ����������������  �+ ����������������  ������������������  ����������������  

�+ ����������������  ����������������  ������������������  �+ ����������������  ����������������  ������������������  

�& ������������������  ������������������  ������������������  �& ������������������  ������������������  ������������������  

�2 ������������������  ������������������  ����������������  �2 ������������������  ������������������  ����������������  

�) ������������������  ����������������  ����������������  �) ������������������  ����������������  ����������������  

 

Table S37. Standard orientations of [CClH2CO]+. 

�>�&�&�O�+���&�2�@�� 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�&�O ������������������  ������������������  ������������������  �&�O ������������������  ������������������  ������������������  

�2 ����������������  ������������������  ����������������  �2 ����������������  ������������������  ����������������  

�& ����������������  ����������������  ������������������  �& ����������������  ����������������  ������������������  

�& ������������������  ����������������  ����������������  �& ������������������  ����������������  ����������������  

�+ ������������������  ����������������  ������������������  �+ ������������������  ����������������  ������������������  

�+ ������������������  ����������������  ����������������  �+ ������������������  ����������������  ����������������  
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Table S38. Standard orientations of CClH2COF. 

�&�&�O�+���&�2�) 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ������������������  ����������������  ������������������  �& ������������������  ����������������  ������������������  

�) ������������������  ������������������  ����������������  �) ������������������  ������������������  ����������������  

�2 ������������������  ����������������  ������������������  �2 ������������������  ����������������  ������������������  

�& ����������������  ������������������  ����������������  �& ����������������  ������������������  ������������������  

�+ ����������������  ������������������  ����������������  �+ ����������������  ������������������  ����������������  

�+ ����������������  ������������������  ������������������  �+ ����������������  ������������������  ������������������  

�&�O ����������������  ����������������  ����������������  �&�O ����������������  ����������������  ����������������  

 

Table S39. Standard orientations of [CH2FCO]+. 

�>�&�+���)�&�2�@�� 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�) ����������������  ������������������  ����������������  �) ����������������  ������������������  ����������������  

�2 ������������������  ������������������  ����������������  �2 ������������������  ������������������  ����������������  

�& ������������������  ����������������  ������������������  �& ������������������  ����������������  ������������������  

�& ����������������  ����������������  ����������������  �& ����������������  ����������������  ������������������  

�+ ����������������  ����������������  ������������������  �+ ����������������  ����������������  ������������������  

�+ ����������������  ����������������  ����������������  �+ ����������������  ����������������  ����������������  

 

Table S40. Standard orientations of CH2FCOF. 

�&�+���)�&�2�) 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ������������������  ����������������  ������������������  �& ������������������  ����������������  ������������������  

�2 ������������������  ����������������  ����������������  �2 ������������������  ����������������  ������������������  

�) ������������������  ������������������  ����������������  �) ������������������  ������������������  ������������������  

�& ����������������  ������������������  ����������������  �& ����������������  ������������������  ����������������  

�+ ����������������  ������������������  ����������������  �+ ����������������  ������������������  ����������������  

�+ ����������������  ������������������  ������������������  �+ ����������������  ������������������  ������������������  

�) ����������������  ����������������  ������������������  �) ����������������  ����������������  ����������������  
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Table S41. Standard orientations of [CCl2HCO]+. 

�>�&�&�O���+�&�2�@�� 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ����������������  ����������������  ����������������  �& ������������������  ������������������  ����������������  

�+ ����������������  ����������������  ����������������  �+ ������������������  ������������������  ����������������  

�&�O ����������������  ����������������  ������������������  �&�O ����������������  ������������������  ������������������  

�&�O ����������������  ������������������  ������������������  �&�O ������������������  ������������������  ������������������  

�& ������������������  ������������������  ����������������  �& ����������������  ����������������  ����������������  

�2 ������������������  ������������������  ������������������  �2 ����������������  ����������������  ������������������  

 

Table S42. Standard orientations of CCl2HCOF. 

�&�&�O���+�&�2�) 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�&�O ����������������  ������������������  ����������������  �&�O ����������������  ������������������  ����������������  

�&�O ����������������  ����������������  ������������������  �&�O ����������������  ����������������  ������������������  

�) ������������������  ����������������  ����������������  �) ������������������  ����������������  ����������������  

�2 ������������������  ������������������  ������������������  �2 ������������������  ������������������  ������������������  

�& ������������������  ������������������  ������������������  �& ������������������  ������������������  ������������������  

�& ����������������  ����������������  ����������������  �& ����������������  ����������������  ����������������  

�+ ����������������  ����������������  ����������������  �+ ����������������  ����������������  ����������������  

 

Table S43. Standard orientations of [CHF2CO]+. 

�>�&�+�)���&�2�@�� 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ����������������  ������������������  ����������������  �& ������������������  ������������������  ����������������  

�+ ����������������  ������������������  ����������������  �+ ������������������  ������������������  ����������������  

�& ������������������  ������������������  ����������������  �& ����������������  ������������������  ����������������  

�2 ������������������  ������������������  ������������������  �2 ����������������  ������������������  ������������������  

�) ����������������  ����������������  ������������������  �) ������������������  ������������������  ������������������  

�) ����������������  ������������������  ������������������  �) ������������������  ����������������  ������������������  
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Table S44. Standard orientations of CHF2COF. 

�&�+�)���&�2�) 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�) ������������������  ����������������  ����������������  �) ������������������  ����������������  ����������������  

�2 ������������������  ������������������  ������������������  �2 ������������������  ������������������  ������������������  

�& ������������������  ������������������  ������������������  �& ������������������  ������������������  ������������������  

�& ����������������  ������������������  ������������������  �& ����������������  ������������������  ������������������  

�) ����������������  ����������������  ������������������  �) ����������������  ����������������  ������������������  

�) ����������������  ����������������  ����������������  �) ����������������  ����������������  ����������������  

�+ ����������������  ������������������  ������������������  �+ ����������������  ������������������  ������������������  

 
Table S45. Standard orientations of [CF3CO]+. 

�>�&�)���&�2�@�� 

�%�3�������G�H�I���6�9�3�3 �%�3�������G�H�I���6�9�3�3���L�Q���&�+���&�O�������&�3�&�0���V�R�O�Y�D�W�L�R�Q���P�R�G�H�O�� 

�$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ �$�W�R�P �&�R�R�U�G�L�Q�D�W�H�V���>�c�@ 

 �;  �< �=  �;  �< �= 

�& ������������������  ����������������  ����������������  �& ����������������  ����������������  ����������������  

�& ����������������  ����������������  ������������������  �& ������������������  ����������������  ����������������  

�2 ����������������  ������������������  ����������������  �2 ������������������  ����������������  ����������������  

�) ������������������  ������������������  ����������������  �) ����������������  ������������������  ������������������  

�) ������������������  ������������������  ������������������  �) ����������������  ������������������  ����������������  

�) ������������������  ����������������  ������������������  �) ����������������  ����������������  ������������������  

 
Table S46. Standard orientations of CF3COF. 
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Table S47. Standard orientations of SbF5. 
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Table S48. Standard orientations of [SbF6]��. 
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Table S49. Standard orientations of COF2. 
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Table S50. Standard orientations of [COF3]��. 
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Protonated Oxalyl Chloride and the ClCO + Cation  
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Abstract:  The reactions of oxalyl chloride were investigated in the 
binary superacid systems HF/SbF5 and DF/SbF5. O-monoprotonated 
oxalyl chloride was isolated and represents the first example of a 
protonated acyl chloride. Diprotonated oxalyl chloride is only stable in 
solution. Salts of the ClCO+ cation were synthesized from the 
reactions of oxalyl chloride or COClF with SbF5 in R-134a. The 
colorless salts were characterized by low-temperature vibrational 
spectroscopy, low-temperature NMR spectroscopy, and single-crystal 
X-ray diffraction. [C2O(OH)Cl2][SbF6] crystallizes in the monoclinic 
space group P21, [ClCO][Sb3F16] in the triclinic space group P31 with 
two and three formula units per unit cell each. Monoprotonated oxalyl 
chloride and the ClCO+ cation both display very short C��Cl bonds with 
a strong double bond character. This is discussed based on quantum 
chemical NBO and NRT calculations. The positive charges are 
stabilized by the back-donation of chlorine lone-pair electrons. 

Introduction  

Oxalyl chloride was first prepared by FAUCONNIER in 1892 by the 
reaction of diethyl oxalate and phosphorus pentachloride.[1] 
Nowadays, it is commercially produced by photochlorination of 
ethylene carbonate.[2] Due to its high reactivity, oxalyl chloride is 
one of the most versatile applicable organic reagents in chemical 
syntheses. Among others, it is used in chlorinations, oxidations, 
reductions, dehydrations, decarboxylations, or formylation 
reactions.[3-8] One of the best-known applications is its use in the 
Swern oxidation, the oxidation of primary and secondary alcohols 
to aldehydes and ketones.[4]  
The reactivity of oxalyl chloride towards strong Lewis acids has 
been thoroughly investigated. Thus, the chlorocarbonyl cation is 
observed in the reaction of oxalyl chloride with SbF5.[9] The ClCO+ 
cation is a representative of the compound class of linear, 
triatomic molecules such as OCS, ONP, ONS+, or ArCN+, for 
which numerous theoretical calculations have already been 
performed.[10,11] It can be synthesized by reacting SbF5 with either 
oxalyl chloride, phosgene, or carbonyl chloride fluoride. Further, 
the reaction of carbon monoxide with chlorine in SO2ClF/SbF5 
leads to the formation of the ClCO+ cation.[9,12,13] The latter was 
investigated by OLAH in 1991 using NMR spectroscopy,[9] 
whereas AUBKE characterized the species with Raman and IR 

spectroscopy for the first time in 1999.[12] However, it has not yet 
been possible to elucidate the crystal structure of the cation. This 
prompted us to isolate the ClCO+ cation and to perform single-
crystal X-ray diffraction to structurally characterize the cation. It 
was of interest to investigate the charge distribution in the 
triatomic molecule and to compare its bond lengths with 
isoelectronic molecules such as OCS which shows a short C��S 
bond with a strong C=S double bond character.[11] 

Furthermore, in previous studies of our group mono- and 
diprotonated species of oxalic acid, pyruvic acid, and parabanic 
acid were isolated and characterized, whereas the dications 
constitute vicinal superelectrophiles.[14-16] In addition, we recently 
investigated the reactivity of haloacetyl fluorides in superacidic 
media and observed the protonation of the carbonyl bond as well 
as HF-addition to the latter in the case of dichloroacetyl 
fluoride.[17,18] This prompted us to perform investigations on the 
reactivity of oxalyl chloride in the superacidic system HF/SbF5. 

Results and Discussion  

Synthes es and Properties of [C 2O(OX)Cl2][SbF 6] (X = H, D), 
[C2(OH)2Cl2][Sb nF5n+1]2, [ClCO][Sb 3F15Cl] and [ClCO][Sb 3F16] 
 
Oxalyl chloride was reacted in the binary superacidic systems 
HF/SbF5 and DF/SbF5. According to Equation 1, 
[C2O(OH)Cl2][SbF6] (1) and [C2O(OD)Cl2][SbF6] (2) were obtained 
as O-monoprotonated species of oxalyl chloride in quantitative 
yields as colorless solids. 

 

To obtain the diprotonated species, oxalyl chloride was reacted in 
the binary superacidic system HF/SbF5 with an excess of the 
strong Lewis-acid SbF5. However, even with a tenfold amount of 
SbF5 the isolation of diprotonated oxalyl chloride (3) as a solid was 
not possible. Instead of the desired species, monoprotonated 
oxalyl chloride (1) was obtained. To investigate the reaction of 
oxalyl chloride in aHF at �í60 °C with an excess of SbF5, NMR 
spectroscopy was performed applying eight equivalents of SbF5. 
Accordingly, the measured 1H, 19F, and 13C NMR spectra indicate 
the presence of 3 in the solution, as presented in Equation 2. 

[a] S. Steiner, K. Djordjevic, D. Hollenwäger, V. Bockmair, A. J. Kornath 
Department Chemie, Ludwig-Maximilians-Universität München, 
Butenandtstraße 5-13, 81377 Munich, Germany 
E-mail: andreas.kornath@cup.uni-muenchen.de 
Homepage: http://www.org.chemie.uni-muenchen.de/ac/kornath 

 Supporting information for this article is given via a link at the end of 
the document. 
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Salts 1 and 2 show thermal decomposition at �í45 °C. 
 
[ClCO][Sb3F15Cl] (4) was synthesized by reacting oxalyl chloride 
with three equivalents of SbF5 in 1,1,1,2-tetrafluoroethane (R-
�������D�����D�W���í���� °C. 4 was obtained as a colorless solid according to 
Equation 3. To avoid mixed occupancies of the fluorine positions 
of the anion with chlorine, carbonyl chloride fluoride was reacted 
under the same conditions to form [ClCO][Sb3F16] (5), as 
presented in Equation 4.[9,12,13] 

 

Vibrational Spectroscopy  
 
The low-temperature Raman (Ra) and Infrared (IR) spectra of 
[C2O(OH)Cl2][SbF6] (1), [C2O(OD)Cl2][SbF6] (2) and C2O2Cl2 are 
illustrated in Figure 1. In Table 1, selected observed Raman and 
IR frequencies of 1 and 2 are listed together with the quantum 
chemically calculated frequencies of the HF-complexed cation  

[C2O(OH)Cl2]·HF, which is discussed later. The complete 
vibrational frequencies of 1, 2, 4, and 5 as well as oxalyl chloride 
and carbonyl chloride fluoride are provided in the Supporting 
Information (see Figures S1-S3 and Tables S1-S5).[12,19,20] 
 
Vibrational Spectra of [C 2O(OX)Cl2][SbF 6] (1, 2) (X = H, D) 
 
For the [C2O(OH)Cl2]+ cation with Cs symmetry 15 fundamental 
vibrational modes are expected, all of which are Raman and IR 
active. The ��s(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. The O��D stretching vibration of the D-isotopomeric 
species (2) is observed at 2157 cm�í1 in the Raman spectrum and 
2388 cm�í1 in the IR spectrum. The C=O stretching vibration of the 
protonated COCl moiety is detected at 1607 cm�í1 (Ra) (1, 2) as 
well as 1605 cm�í1 (1) and 1593 cm�í1 (2) (IR) and is significantly 
red-shifted by approximately 165 cm�í1 compared to the starting 
material. They are red-�V�K�L�I�W�H�G�� �E�\�� �D�U�R�X�Q�G�� �������í������ cm�í1 in 
comparison to the corresponding vibrations of protonated acyl 
fluorides.[17,18,21] The ��s(C=O) of the adjacent unprotonated 
carbonyl group is not affected by the protonation. The C��Cl 
stretching vibration of the protonated COCl moiety appears at 
817 cm�í1 (2) in the Raman spectrum and at 833 cm�í1 (1) as well 
as 818 cm�í1 (2) in the IR spectra, hence blue-shifted by 
approximately 70 cm�í1. The ��s(C��Cl) of the neighboring COCl 
moiety is not affected by protonation and occurs at 623 cm �í1 (2) 
in the Raman spectra. Additionally, the C��C stretching vibration 
is detected at 1118 cm�í1 (Ra) (1) and 1117 cm�í1 (1, 2) (IR) and 
thus blue-shifted by approximately 20 cm�í1 in comparison to 
oxalyl chloride.  
For the anions [SbF6]�í with ideal octahedral symmetry more 
vibrations are observed than expected due to interionic 
interactions in the solid leading to a symmetry distortion.[22]

Table 1. Selected experimental vibrational frequencies [cm��1] of [C2O(OH)Cl2][SbF6] (1) and [C2O(OD)Cl2][SbF6] (2) as well as calculated vibrational frequencies 
[cm��1] of [C2O(OH)Cl2]+·HF. 

[C2O(OH)Cl2][SbF6] (1) [C2O(OD)Cl2][SbF6] (2) [C2O(OH)Cl2]+·HF Assignments 

Raman IR Raman IR calc.[a,b] (IR/Raman)[c]    

1779(16) 1774 m 1772(9) 1772 m 1799(206/18) ��2 A' ��s(C=O) 

1607(5) 1605 w 160785) 1593 vw 1575(179/8) ��3 A' ��s(C=O) 

1118(4) 1117 w  1117 w 1056(23/11) ��5 A' ��s(C��C) 

 833 w 817(12) 818 m 832(310/1) ��6 A' ��s(C��Cl) 

  623(30)  610(6/17) ��7 A' ��s(C��Cl) 

525(4) 525 vw 526(6)  520(11/0) ��8 A' �/s(COCl) 

[a] Calculated at �&B97XD/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956. [c] IR intensity in [km/mol] and Raman intensity in [Å4/u]. 
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Figure 1. Low-temperature Raman and IR spectra of [C2O(OX)Cl2][SbF6] (1, 2) 
(X = H, D) and C2O2Cl2. 

Crystal Structure of [C 2O(OH)Cl2][SbF 6] (1) 
 
The hexafluoridoantimonate of monoprotonated oxalyl chloride 
(1) crystallizes in the monoclinic space group P21 with two formula 
units per unit cell. The asymmetric unit of 1 is illustrated in Figure 
2. Crystal data and structure refinement are provided in the 
Supporting Information (Table S6). Selected structural 
parameters are listed in Table 2. 

 

Figure 2. Asymmetric unit of 1 (displacement ellipsoids with 50% probability). 

Due to the protonation, the bond length C1��O1 (1.225(8) Å) is 
significantly elongated compared to the starting material 
(1.180(2) Å)[23] and is longer than a formal C=O bond (1.18 Å).[24] 
The bond length C2��O2 (1.184(8) Å) of the adjacent 
unprotonated C=O bond is not affected by the protonation 
(1.180(2) Å).[23] Furthermore, the bond length C1��Cl1 
(1.647(7) Å) is significantly shortened compared to the neutral 
compound (1.747(3) Å)[23] and is in the range between a formal 
C��Cl single bond (1.76 Å)[24] and C=Cl double bond (1.56 Å).[24] 
The same applies for the bond length C2��Cl2 (1.693(7) Å) (oxalyl 
chloride 1.747(3) Å).[23] The elongation of the C=O bond and the 
shortening of the C��Cl bonds are consistent with the observed 
shifts of the ��s(C=O) and ��s(C-Cl) in the vibrational spectra. The 
bond length C1��C2 (1.550(8) Å) is not affected by protonation 
(oxalyl chloride 1.545(8) Å).[23] This is consistent with the results 

that were observed for the mono- and diprotonated species of 
oxalic acid. In both cases, the protonation at the carbonyl groups 
does not affect the bond lengths of the C��C backbone.[14] 
The Sb��F bond lengths are in the range between 1.846(4) Å and 
1.941(3) Å and correspond with values reported in the 
literature.[25-27] Due to interionic interactions the anion displays 
distorted octahedral symmetry. The Sb1��F6 bond (1.941(3) Å) is 
significantly longer than the other Sb��F bonds with it being 
involved in hydrogen bonding. 
In the crystal structure of 1 the ions are arranged into chains along 
the a- and b-axis by the strong hydrogen bond O1��(H1)�« F6 
(2.421(7) Å) and the C�« F interactions C1�« F2i (2.617(7) Å) and 
C1�« F4ii (2.565(7) Å) (see Figures S4��S5).[28-29] The chains are 
linked to each other by the Cl�« F interactions Cl1�« F3iii 
(2.883(5) Å) to form layers. All interatomic C�« F and Cl�« F contacts 
are below the sum of their van der Waals radii (3.17 Å, 3.22 Å).[29] 
Interatomic distances are listed in Table 2. 

Table 2. Selected bond lengths [Å] and angles [°] of [C2O(OH)Cl2][SbF6] (1) and 
donor-acceptor distances. Symmetry codes: i = ��1+x, y, z; ii = 1��x, 0.5+y, 1��z; 
iii = 1��x, 0.5+y, ��z. 

Bond lengths [Å] 

C1��Cl1 1.647(7) C2��Cl2 1.693(7) 

C1��O1 1.225(8) C2��O2 1.184(8) 

C1��C2 1.550(8)   

Bond angles [°] 

Cl1��C1��O1 125.0(6) Cl2��C2��O2 126.5(6) 

Cl1��C1��C2 117.2(6) Cl2��C2��C1 114.0(5) 

O1��C1��C2 117.8(6) O2��C2��C1 119.5(7) 

Dihedral angles [°] 

Cl2��C2��C1��Cl1 ��177.4(4) Cl2��C2��C1��O1 2.6(7) 

Interatomic contacts [Å] 

O1��(H2)�« F6  2.421(7) C1�« F4ii 2.565(7) 

C1�« F2i 2.617(7) Cl1�« F3iii 2.883(5) 

 

Crystal Structure of [ClCO][Sb 3F16] (5) 
 
The crystal structures of 4 and 5 were both obtained by 
recrystallizing the salts in R-134a at ��40 °C. 
As 4 crystallizes as an inversion twin and further shows mixed 
occupancies of all 16 crystallographic fluorine positions with 
chlorine, the structural parameters show high standard deviations. 
Therefore, the crystal structure of 5 is used for the discussion of 
all experimental parameters. 
 
[ClCO][Sb3F16] (5) crystallizes in the trigonal space group P31 with 
three formula units per unit cell. The asymmetric unit of 5 is 
depicted in Figure 3. Crystal data and structure refinement are 
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provided in the Supporting Information (Table S6). Selected 
structural parameters are listed in Table 3. 

 

Figure 3. Asymmetric unit of 5 (displacement ellipsoids with 50% probability). 

The bond length C1��O1 (1.12(2) Å) is significantly shortened 
compared to ClFCO (1.173(2) Å).[30] It is in the range between a 
formal C=O double bond (1.19 �c�����D�Q�G���&�A�2���W�U�L�S�O�H���E�R�Q�G������������ Å).[24] 
It corresponds with the C=O bond length (1.1562 Å) of the 
isoelectronic molecule OCS.[11] Furthermore, the bond length 
C1��Cl1 (1.58(1) Å) is significantly shortened compared to ClFCO 
(1.725(2) Å).[30] It is in the range of a formal C=Cl double bond 
(1.56 Å) and thus displays a significant double bond character.[24] 
It corresponds with the C��Cl bond length (1.67(2) Å) of ClCN.[31] 
The bond angle Cl1��C1��O1 (178(2)°) shows a nearly linear 
structure of the cation. 
The Sb��F bond lengths of the terminal fluorine atoms are in the 
range between 1.83(2) Å and 1.87(2) Å. The bridging Sb��F bonds 
are longer than the terminal ones with bond lengths up to 
2.08(1) Å. The bond angles Sb1��F6��Sb2 (146.7(7)°) and 
Sb2��F11��Sb3 (156.4(8)°) are also in good agreement with the 
literature.[32-34] 

Table 3. Selected bond lengths [Å] and angles [°] of [ClCO][Sb3F16] (5) and 
donor-acceptor distances. Symmetry codes: i = ��x+y, ��x, ��1/3+z; ii = x, ��1+y, z; 
iii = ��1+x, ��1+y, z; iv = 1��y, x��y, 1/3+z; iii = ��1+x, ��2+y, z. 

Bond lengths [Å] 

C1��O1 1.12(2) C1��Cl1 1.58(1) 

Bond angles [°] 

Cl1-C1-O1 178(2) - 127.5(3) 

Interatomic contacts [Å] 

C1 �«  F2i 2.74(3) C1 �«  F16iv 2.92(3) 

C1 �«  F3ii 3.01(3) Cl1 �«  F1 2.57(1) 

C1 �«  F14iii 3.02(3) O1 �«  F13v 2.77(2) 

    

In the crystal structure of 5 the ions form a helically formed 
structure along the c-axis by the C�« F interaction C1�« F2i 
(2.74(3) Å) and the Cl�« F interaction Cl1�« F1 (2.57(1) Å) (see 
Figures S6-S7). The cation displays a tetracoordinated carbon C1 
and further forms the interatomic contacts C1�« F3ii (3.01(3) Å), 

C1�« F14iii (3.02(3) Å), C1�« F16iv (2.92(3) Å) and O1�« F13iii 
(2.77(3) Å) (see Figure 4). All interatomic C�« F, Cl�« F, and O�«F 
contacts are below the sum of their van der Waals radii (3.17 Å, 
3.22 Å, 2.99 Å).[29] Selected interatomic distances are listed in 
Table 3. 

 

Figure 4. Interatomic contacts of 5 (displacement ellipsoids with 50% 
probability). Symmetry codes: i = ��x+y, ��x, ��1/3+z; ii = x, ��1+y, z; iii = ��1+x, 
��1+y, z; iv = 1��y, x��y, 1/3+z; v = ��1+x, ��2+y, z. 

NMR Spectroscopy  
 
To trace the reactivity of oxalyl chloride in aHF and the binary 
superacidic system HF/SbF5, 1H, 19F, and 13C NMR spectra were 
measured at ��60 °C with acetone-d6 as external standard. In 
Table 4 the observed NMR shifts of the starting material, the 
monoprotonated (1), and diprotonated species of oxalyl chloride 
(3) are summarized. The measured NMR spectra and the 
complete NMR data of oxalyl chloride, 1, and 3 are listed in the 
Supporting Information (Figures S8-S18). 

Table 4. 1H and 13C NMR chemical shifts [ppm] of C2O2Cl2, 1 and 3 measured 
at ��60 °C. 

 C2O2Cl2[a] 1[b] 3[c] 

�/ 1H obs [ppm] - 10.03 (s) (OH) 9.61 (s) (OH) 

�/ 13C obs [ppm] 161.1 (s)  
(COCl) 

161.7 (s) 
(CO) 
 
183.4 (s) 
(C(OH)Cl) 

183.1 (s) 
(C(OH)Cl) 

[a] aHF as solvent. [b] in HF/SbF5. [c] in HF/8 SbF5.  

 

The 13C NMR spectrum of oxalyl chloride dissolved in aHF at 
��60 °C shows a singlet at 161.1 ppm for both COCl moieties. 
Further, no chlorine-fluorine exchange or HF-addition to the 
carbonyl bond is observed under these conditions. 
By first dissolving equimolar amounts of SbF5 compared to oxalyl 
chloride in HF and then adding the acyl chloride, monoprotonated 
oxalyl chloride (1) is formed. The 1H NMR spectrum shows a 
singlet at 10.03 ppm for the protonated carbonyl group. The 13C 
NMR spectrum displays two singlets located at 161.7 ppm and 
183.4 ppm. These are assigned to the carbonyl groups, whereas 
the NMR resonance of the protonated COCl moiety is shifted 
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downfield significantly. The 19F NMR spectrum indicates chlorine-
fluorine exchange initiated by the protonation of oxalyl chloride. 
Thus, the NMR resonance at 17.74 ppm indicates the formation 
of oxalyl fluoride. 1H, 19F and 13C NMR spectra of the latter at 
��60 °C in aHF are illustrated in Figures S10-S11 (see Supporting 
Information). Further, in the 19F NMR spectrum, the resonance at 
��124.78 ppm is assigned to the anion [SbF6]��.[35] 
Since the diprotonated oxalyl chloride (3) could not be isolated as 
a solid, the reaction of oxalyl chloride in HF/SbF5 at ��60°C was 
investigated with NMR spectroscopy, whereas an eightfold 
amount of SbF5 was applied. Accordingly, the NMR spectra 
indicate the presence of 3 in the solution. The 1H NMR spectrum 
shows a singlet at 9.61 ppm for the protonated COCl moieties, 
whereas the 13C NMR spectrum displays a singlet at 183.06 ppm. 
Compared to the neutral compound, the 13C NMR resonance is 
shifted downfield significantly. Further, in the 19F NMR spectrum, 
multiple resonances located in the range between ��117.46 ppm 
and ��143.05 ppm are assigned to the polyanions [SbnF5n+1]��.[35] 
Thus, diprotonated oxalyl chloride is stable in solution at ��60°C. 
However, after removal of the excess HF at ��78 °C, it 
decomposes under the formation of 1. Furthermore, as in the 
NMR spectra of 1, a chlorine-fluorine exchange is observed as 
the signal at 17.46 ppm indicates the formation of oxalyl fluoride. 
Additional signals in the 19F NMR spectra of 3 at ��21.78 ppm and 
��59.90 ppm are assigned to COF2 and CF3OH.[36] 1H, 19F and 13C 
NMR spectra of COF2 in aHF at ��60 °C are depicted in the 
Supporting Information (Figure S12). COF2 is likely formed due to 
the decomposition of oxalyl fluoride under superacidic conditions. 
 
Theoretical Calculations  
 
Quantum chemical calculations were performed at the 
�&B97XD/aug-cc-pVTZ-level of theory.[37] Oxalyl chloride, the 
monoprotonated species as well as the chlorocarbonyl cation 
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 adding 
additional HF molecules to the cations in the gas-phase.[38] In the 
Supporting Information (Figure S19), the calculated cations are 
illustrated with selected bond lengths and angles in comparison 
to the crystal structures. The calculated values of the complexed 
cations are in good agreement with the experimentally obtained 
data. 
As observed in the single-crystal X-ray structures of 1 and 5, the 
protonation of the COCl moiety as well as the formation of the 
ClCO+ cation cause a significant shortening of the C��Cl bonds, 
displaying a significant C=Cl double bond character in both cases. 
To get a more detailed insight into the bonding situations, NBO 
calculations were performed at the MP2/aug-cc-pVTZ-level of 
theory alongside the calculation of Mapped Electrostatic 
Potentials (MEPs) and Natural Population Analysis charges 
(NPAs).[37] The calculated MEPs and NPAs of C2O2Cl2, 
[C2O(OH)Cl2]+·HF and [ClCO]+·HF are depicted in Figure 5, 
Figure 6, and Figure 7. 

 

Figure 5. Molecular 0.0004 bohr��3 3D isosurface with mapped electrostatic 
potential as a color scale from ��15.7 kcal/mol (red) to 36.3 kcal/mol (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated 
for C2O2Cl2. 

 

Figure 6. Molecular 0.0004 bohr��3 3D isosurface with mapped electrostatic 
potential as a color scale from 51.9 kcal/mol (red) to 151.3 kcal/mol (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated 
for [C2O(OH)Cl2]+·HF. 

In the case of oxalyl chloride, the most positive electrostatic 
potential (blue) is located on the carbon backbone, whereas the 
most negative electrostatic potential (red) is localized on the 
carbonyl oxygens. Due to monoprotonation, in the region of the 
carbonyl carbon a massive electron-deficient moiety 
(141.7 kcal/mol), a so-�F�D�O�O�H�G���Œ-hole, is located.[39-41] This indicates 
an increased electrophilicity of the carbonyl carbon due to 
protonation of the carbonyl bond and is confirmed by the NPA 
charges, whereas the NPA charge of the carbon is increased 
massively compared to the neutral compound. Furthermore, the 
NPA charge of the chlorine atom is strongly increased assuming 
that the positive charge located at the carbonyl carbon is 
stabilized due to electron-donation of the chlorine atom. 
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The concept of stabilization of carbocations by halogen 
substituents such as chlorine or fluorine atoms bound directly to 
the cationic center is thoroughly investigated. Thus, chlorine or 
fluorine can stabilize electron-deficient cationic centers by 
donation of lone-pair electrons, despite their electronegativity, 
with fluorine being a better �Œ-donor than chlorine. This so-called 
�³���5-�H�I�I�H�F�W�´���Z�D�V���R�E�V�H�U�Y�H�G���I�R�U���F�K�O�R�U�R-substituted carbocations and 
recently for protonated acyl fluorides.[39-50] In the case of chlorine-
substituted carbocations C��Cl bond lengths in the range of 1.67 Å 
were observed, which is consistent with the C��Cl bond length of 
1 (1.647(7) Å).[46] 
The stabilizing effect of chlorine in the case of 1 is confirmed by 
the NBO analysis. This indicates a strong interaction between the 
�Œ�
���&� �2���� �D�Q�G�� �W�K�H�� �L�Q-plane chlorine lone-pair (see Figure S25). 
The observed interaction is stabilized by nearly 79.4 kcal/mol and 
is significantly increased compared to the neutral compound 
(34.0 kcal/mol). In accordance with this are the occupations of the 
�F�R�U�U�H�V�S�R�Q�G�L�Q�J�� �R�U�E�L�W�D�O�V���� �7�K�X�V���� �W�K�H�� �R�F�F�X�S�D�W�L�R�Q�� �R�I�� �W�K�H�� �Œ�
���&� �2����
orbital is increased from 0.102 e to 0.227 e, whereas the 
occupation of the in-plane chlorine lone-pair is decreased from 
1.905 e to 1.787 �H�����)�X�U�W�K�H�U�����W�K�H���1�
���&��Cl) orbital is less occupied 
(0.040 e) than in the neutral compound (0.105 e).  
To further quantify this effect, Wiberg bond indices (WBI) of 
monoprotonated oxalyl chloride were calculated.[51,52] Selected 
WBIs of oxalyl chloride, monoprotonated oxalyl chloride, and the 
chlorocarbonyl cation are listed in Table 5. When protonated, the 
C=O bond order in oxalyl chloride is decreased from 1.86 to 1.39, 
which demonstrates the significant weakening of the bond C1��O1. 
This results in the increased C=O bond length and the lowering of 
the C=O stretching vibration. In contrast, the C��Cl bond order is 
increased from 1.04 to 1.33, reflecting the significant double bond 
character of the bond C1��Cl1. Thus, in the case of 
monoprotonated oxalyl chloride results similar to those that were 
found for protonated acyl fluorides were observed.[17,18,22] 
Furthermore, in the crystal structure of 1, the formation of C�«F 
contacts by the carbon atom C1 with the fluorine ligands F2i and 
F4ii were observed. Since the lone-pairs of both are aligned 
�W�R�Z�D�U�G�V���W�K�H���Œ�
���&� �2�����R�U�E�L�W�D�O���R�I��1, both can donate electron density 
into these and thus further stabilize the positive charge located at 
the carbonyl carbon.[15,53] Hence, the positive charge in 1 is 
stabilized by back-donation of electron density from both the lone-
pair of chlorine and the fluorine ligands of the anions. 

Table 5. Selected Wiberg bond indices of C2O2Cl2, [C2O(OH)Cl2]+·HF, 
[ClCO]+·HF and [ClCO]+·4HF. 

 CO bond  CCl bond  

C2O2Cl2 
[a] 1.86 1.04 

[C2O(OH)Cl2]+·HF [a] 1.39 (C(OH)Cl) 
1.87 (COCl) 

1.33 (C(OH)Cl) 
1.11 (COCl) 

[ClCO]+·HF [a] 2.26 1.48 

[ClCO]+·4HF [a] 2.23 1.47 

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

 

To demonstrate the high contribution of the C=Cl double bond 
character to the structure of the protonated oxalyl chloride, an 
additional Natural Resonance Theory (NRT) analysis included in 
NBO 6.0 was performed for [C2O(OH)Cl2]+·HF at the MP2/aug-cc-
pVTZ-level of theory.[37,54,55] The three main contributing 
resonance structures (see Figures S31-S33 and Tables S21-S23) 
were calculated together with their weightings and are illustrated 
in Scheme 1. Thus, for 1 the resonance structure with two C��Cl 
single bonds is the most important one with a weighting of 38.48%. 
However, the resonance structure displaying the C=Cl double 
bond for the protonated COCl moiety shows high importance with 
a weighting of 24.68%. Further, even the structure with a C=Cl 
double bond located at the adjacent COCl moiety shows a 
weighting of 7.14%. This emphasizes the smaller contribution of 
electron donation of the chlorine atom Cl2 to stabilize the positive 
charge. 

 

Scheme 1. Three most important resonance structures of 1 with weighting. 

In the case of the chlorocarbonyl cation, the most positive 
electrostatic potential is also located at the carbon atom, but this 
time, in contrast to 1, a ring-�V�K�D�S�H�G�� �Œ-hole is observed (see 
Figure 7).[39-41] When looking at the NPA charges, it is noticeable 
that the NPA charges of C1 as well as of Cl1 and O1 are increased 
massively compared to oxalyl chloride. This indicates a 
delocalization of the positive charge over all three atoms of the 
cation and a stabilization due to electron-donation of the chlorine 
atom. 

 

Figure 7. Molecular 0.0004 bohr��3 3D isosurface with mapped electrostatic 
potential as a color scale from 82.8 kcal/mol (red) to 149.8 kcal/mol (blue). The 
electrostatic potential isosurfaces and the NPA charges have been calculated 
for [ClCO]+.HF. 
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Both is confirmed by the NBO analysis performed for [ClCO]+·HF. 
�7�K�X�V�����V�W�U�R�Q�J���L�Q�W�H�U�D�F�W�L�R�Q�V�� �R�I���W�K�H���R�U�E�L�W�D�O�V�� �Œx�
���&�A�2���� �D�Q�G���Œz�
���&�A�2����
with the in-plane chlorine lone-pairs were observed that are 
stabilized by 72.65 kcal/mol each. In Figure 8, the bonding and 
antibonding orbitals with the participation of C1 as well as the two 
in-plane lone-pairs of Cl1 are illustrated. In addition, both lone-
pairs of Cl1 are less occupied in the cation (1.817 e) than in oxalyl 
chloride (1.905 e, 1.969 �H������ �7�K�H�� �R�F�F�X�S�D�Q�F�L�H�V�� �R�I�� �W�K�H�� �Œ�
���&�A�2����
orbitals are increased from 0.102 e to 0.169 e. In the case of the 
�1�
���&��Cl) orbital the occupancy is lowered significantly from 
0.105 e to 0.014 e.  
Selected calculated Wiberg bond indices of [ClCO]+·HF are listed 
in Table 5.[51,52] The C��Cl bond order in the chlorocarbonyl cation 
is 1.48, which is significantly increased compared to oxalyl 
chloride. This reflects the strengthening and the significant double 
bond character of the bond C1��Cl1. Further, the C��O bond order 
is 2.26, which emphasizes the strong double bond character of 
the bond C1��O1. 
As observed in the crystal structure of 5, carbon atom C1 is tetra-
coordinated by four fluorine ligands of the anion. This indicates a 
further stabilization of the positive charge by electron donation of 
the ligands. To quantify this effect, [ClCO]+·4HF (see Figure S19) 
was calculated at the MP2/aug-cc-pVTZ-level of theory and an 
additional NBO analysis was performed.[37] Thus, the fluorine 
lone-pairs of the added HF molecules are oriented towards the 
�R�U�E�L�W�D�O�V�� �Œx�
���&�A�2���� �D�Q�G�� �Œz�
���&�A�2���� ���V�H�H�� �)�L�J�X�U�H S27). This enables 
donor-acceptor interactions and electron donation from the 
fluorine lone-pairs. As indicated by the NBO analysis, these 
interactions are stabilized by 1.16 kcal/mol and 1.18 kcal/mol, 
respectively, each, which sums up to a total stabilization energy 
of 9.36 kcal/mol for all four fluorine ligands.[15,53] The calculated 
WBIs of [ClCO]+·4HF are listed in Table 5 and are in the same 
range as for [ClCO]+·HF. Hence, as observed in 1, the positive 
charge is stabilized by electron donation from the chlorine lone-
pairs as well as the fluorine ligands of the anions.

Furthermore, an additional NRT analysis was performed for the 
chlorocarbonyl cation at the MP2/aug-cc-pVTZ-level of 
theory.[37,54,55] The three main contributing resonance structures 
(see Figures S28-S30 and Tables S18-S20) were calculated 
alongside their weightings and are depicted in Scheme 2. The 
structure with the C���&�O�� �V�L�Q�J�O�H�� �E�R�Q�G�� �D�Q�G�� �W�K�H�� �&�A�2�� �W�U�L�S�O�H�� �E�R�Q�G��
shows the highest weighting (58.80%). But, as observed for 1, the 
resonance structure with the second highest weighting (28.28%) 
demonstrates the high contribution of the C=Cl double bond to the 
structure of the chlorocarbonyl cation. 

 

Scheme 2. Three most important resonance structures of 5 with weighting. 

�,�Q�W�H�U�H�V�W�L�Q�J�O�\�����H�Y�H�Q���W�K�H���U�H�V�R�Q�D�Q�F�H���V�W�U�X�F�W�X�U�H���Z�L�W�K���D���&�A�&�O���W�U�L�S�O�H���E�R�Q�G��
and a C��O single bond shows an unexpectedly high weighting of 
11.80%, despite two formally positive charges being located at 
the chlorine atom. This emphasizes the highly positive 
electrostatic potential located at the chlorine atom, which results 
in the formation of the Cl�« F interaction Cl1�« F1, as observed in 
the crystal structure of 5. 

Conclusions  

Oxalyl chloride was reacted in the binary superacidic systems 
HF/SbF5 and DF/SbF5 to form the O-monoprotonated and its D-
isotopomeric species as hexafluoridoantimonates. Both represent 
the first examples of protonated acyl chlorides. When the Lewis-
acid SbF5 is applied in eightfold excess, diprotonated oxalyl 
chloride is formed, which is only stable in solution. By reacting

 

Figure 8. Selected NBOs for the bond C1��O1 and the lone-pairs of Cl1 with occupancies of [ClCO]+·HF. 
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oxalyl chloride or carbonyl chloride fluoride in the aprotic solvent 
1,1,1,2-tetrafluoroethane (R-134a) with a threefold excess of 
SbF5, salts of the chlorocarbonyl cation were isolated.  
The colorless salts were characterized by low-temperature 
vibrational spectroscopy and low-temperature NMR spectroscopy. 
The crystal structures of [C2O(OH)Cl2][SbF6] and [ClCO][Sb3F16] 
were determined by single-crystal X-ray diffraction analyses. The 
experimental data are discussed together with quantum chemical 
calculations at the �&B97XD/aug-cc-pVTZ- and MP2/aug-cc-
pVTZ-level of theory. As monoprotonated oxalyl chloride as well 
as the chlorocarbonyl cation both display very short C��Cl bonds 
with strong double bond character, NBO, and NRT calculations 
were performed alongside calculations of Mapped Electrostatic 
Potentials, Natural Population Analysis charges and bond orders. 
The positive charges are stabilized by back-donation of chlorine 
lone-pair electrons as well as electron-donation from the fluorine 
ligands of the anions, which results in the significant shortening of 
the C��Cl bonds and an increase of the C��Cl bond orders. 

Experimental Section  

Caution!  Avoid skin contact with all compounds. Hydrolysis can lead to 
the formation of HF or DF that burns skin and causes irreparable damage. 
Ensure appropriate safety precautions while handling these materials. 

Apparatus and Materials:  All reactions were performed employing 
standard Schlenk techniques using a stainless-steel vacuum line. 
Syntheses were carried out using FEP/PFA tube reactors closed with 
stainless-steel valves. Before use, the stainless-steel vacuum line and all 
reactors were dried with fluorine. Low-temperature Raman spectra were 
recorded under vacuum using glass cells cooled with liquid nitrogen and a 
Bruker® MultiRAMII FT Raman spectrometer equipped with Nd:YAG laser 
(�� = 1064 nm) and a laser excitation of 500�í1000 mW. Low-temperature 
IR spectra were recorded with a Bruker® Vertex FT IR spectrometer at 
�í196 °C. For measurements, low-temperature IR cells[56] were prepared 
with CsBr single-crystal plates coated with a small amount of the samples. 
For visualization, the software Advanced Chemistry Development Inc.® 
(ACD/Labs 2015) was employed. Low-temperature X-ray diffraction was 
performed with an Oxford XCalibur3 diffractometer equipped with a 
Spellman Generator (50 kV, 40 mA) and a Kappa CCD detector, using Mo-
K�.�� �U�D�G�L�D�W�L�R�Q�� ���� = 0.71073 Å). The program CrysAlisPro 1.171.40.84a 
(Rigaku OD, 2020)[57] was employed for the data collection and reduction. 
The structure solution and refinement were performed with the software 
SHELXT[58] and SHELXL-2018/3,[59] implemented in the WinGX software 
package.[60] The solution was checked with the program PLATON[61] and 
the absorption correction was performed using the SCALE3 ABSPACK 
multi-scan-method.[62] Selected data and parameters of the single-crystal 
X-ray structure analyses are summarized in Table S6 for 1 and 5, 
respectively (see Supporting Information). Crystallographic data 
(excluding structure factors) for the structures in this paper were deposited 
at the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, 
Cambridge CB21EZ, UK. Copies of the data can be obtained free of 
charge by quoting the depository number CCDC-2304777 for 
[C2O(OH)Cl2][SbF6] (1) and CCDC-2304793 for [ClCO][Sb3F16] (5) (Fax: 
+44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, 
http://www.ccdc.cam.ac.uk). NMR samples were prepared by adding the 
HF solution to a small FEP tube under a nitrogen stream. The tube was 
sealed under a vacuum and inserted into a standard NMR tube. For 1H, 
19F, and 13C NMR measurements a JEOL ECX 400 NMR spectrometer 
was used. For evaluation, MNOVA by Mestrelab was used.[63] Quantum 

chemical calculations were performed at the �ZB97XD/aug-cc-pVTZ- and 
MP2/aug-cc-pVTZ-level of theory by Gaussian16.[37] GaussView 6.0 was 
used for visualization and illustration of the MEP calculations.[64] 

Synthesis of [C 2O(OH)Cl2][SbF 6]:  Antimony pentafluoride (1 mmol, 
217 mg, 1.0 eq.) and anhydrous hydrogen fluoride (100 mmol, 2 mL) were 
condensed into an FEP tube-reactor at �í196 °C. To form the superacid, 
the mixture was warmed up to �í50 °C and both components were mixed. 
After the mixture was cooled to �í196 °C again, oxalyl chloride (1 mmol, 
127 mg, 1.0 eq.) was condensed into the reaction vessel. Subsequently, 
the mixture was warmed to �í60 °C and all components were reacted. Then, 
the temperature was reduced to �í78 °C. The remaining HF was removed 
in a dynamic vacuum at �í78 °C. Compound (1) was obtained in 
quantitative yield as a colorless solid. Compound (2) was prepared 
analogously, using aDF instead of aHF. 

Synthesis of [C 2(OH)2Cl2][Sb nF5n+1]  (3):  Antimony pentafluoride 
(3.28 mmol, 710 mg, 8.0 eq.) and anhydrous hydrogen fluoride (100 mmol, 
2 mL) were condensed into an FEP tube-reactor at �í196 °C. To form the 
superacid, the mixture was warmed up to �í50 °C and both components 
were mixed. After the mixture was cooled to �í196 °C again, oxalyl chloride 
(0.409 mmol, 52 mg, 1.0 eq.) was condensed into the reaction vessel. 
Subsequently, the mixture was warmed to �í60 °C and all components 
were reacted. For NMR measurements, the samples were prepared as 
mentioned before.   

Synthesis of [ClCO][Sb 3F15Cl]:  Antimony pentafluoride (1.5 mmol, 
326 mg, 3.0 eq.) and 1,1,1,2-tetrafluoroethane (R-134a) 
(50 mmol, 4.2 mL) were condensed into an FEP tube-reactor at �í196 °C. 
Then, the mixture was warmed up to �í30 °C and both components were 
mixed. After the mixture was cooled to �í196 °C again, oxalyl chloride 
(0.5 mmol, 63 mg, 1.0 eq.) was condensed into the reaction vessel. 
Subsequently, the mixture was warmed to �í78 °C and all components 
were reacted. Then, the temperature was reduced to �í78 °C. The 
remaining R-134a was removed in a dynamic vacuum at �í78 °C. 
Compound (4) was obtained in quantitative yield as a colorless solid. 
[ClCO][Sb3F16] (5) was prepared analogously, using carbonyl chloride 
fluoride (0.5 mmol, 41 mg, 1.0 eq.) instead of oxalyl chloride. 
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Abstract:  The reactions of oxalyl chloride were investigated in the binary superacid systems HF/SbF5 and DF/SbF5. O-
monoprotonated oxalyl chloride was isolated and represents the first example of a protonated acyl chloride. Diprotonated oxalyl 
chloride is only stable in solution. Salts of the ClCO+ cation were synthesized from the reactions of oxalyl chloride or COClF with 
SbF5 in R-134a. The colorless salts were characterized by low-temperature vibrational spectroscopy, low-temperature NMR 
spectroscopy, and single-crystal X-ray diffraction. [C2O(OH)Cl2][SbF6] crystallizes in the monoclinic space group P21, 
[ClCO][Sb3F16] in the triclinic space group P31 with two and three formula units per unit cell each. Monoprotonated oxalyl chloride 
and the ClCO+ cation both display very short C��Cl bonds with a strong double bond character. This is discussed based on quantum 
chemical NBO and NRT calculations. The positive charges are stabilized by the back-donation of chlorine lone-pair electrons. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���>�&���2���2�+���&�O���@�>�6�E�)���@�����������D�Q�G���>�&���2���2�'���&�O���@�>�6�E�)���@�����������D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V��
�>�F�P�����@���R�I���>�&���2���2�+���&�O���@�����+�)�� 

[C2O(OH)Cl2][SbF6] (1) [C2O(OD)Cl2][SbF6] (2) [C2O(OH)Cl2]+·HF Assignment 

Raman IR Raman IR calc.[a,b] (IR/Raman)[c]  

   3508 w     

   3157 w    H2O 

    2932(1978/128) ��1 A' ��s(O��H) 

   2849 w     

 2484 m       

   2388 vs     

  2286(7)      

  2157(4)     ��s(O��D) 

 2150 vw       

   1857 w    C2O2Cl2 

1779(16) 1774 m 1772(9) 1772 m 1799(206/18) ��2 A' ��s(C=O) 

  1764(21)     C2O2Cl2 

   1726 w     

1607(5) 1605 w 1607(5) 1593 vw 1575(179/8) ��3 A' ��s(C=O) 

   1468 w     

1329(2) 1319 w  1313 w 1326(249/5) ��4 A' �/s(COH) 

   1265 w     

   1229 w     

  1195(3) 1194 w     

   1148 w     

   1138 w     

1118(4) 1117 w  1117 w 1056(23/11) ��5 A' ��s(C��C) 

1095(3)  1095(4)     C2O2Cl2 

 1045 m       

  1025(5)      

  993(12)      

  982(15) 986 w     

 962 w  966 w     

 924 m  922 w 939(91/0) ��12 A'' ��as(COH) 

  890(3)      

 851 w       

 833 w 817(12) 818 m 832(310/1) ��6 A' ��s(C��Cl) 

   754 m     

712(7)  710(5)  707(0/0) ��13 A'' ��as(CCO) 

  623(30)  610(6/17) ��7 A' ��s(C��Cl) 

525(4) 525 vw 526(6)  520(11/0) ��8 A' �/s(COCl) 



466(13) 476 m 445(9) 446 s 456(57/4) ��9 A' �/s(COCl) 

  429(13)     C2O2Cl2 

 399 m  382 m 383(5/0) ��14 A'' ��as(COCl) 

238(5)    245(11/1) ��10 A' �/s(ClCCO) 

182(4)  167(7)  165(5/0) ��11 A' �/s(ClCCO) 

    12(0/0) ��15 A'' �2as(CCCl) 

681(21) 685 s 690(13)     ��(Sb��F) 

668(100) 669 s 672(35)     ��(Sb��F) 

  658(100) 656 m    ��(Sb��F) 

639(54) 636 w 639(26)     ��(Sb��F) 

589(17) 588 w 591(13)     ��(Sb��F) 

560(4)  553(8)     ��(Sb��F) 

  491(8) 486 w    �/(Sb��F) 

  399(14)     �/(Sb��F) 

  391(14) 390 m    �/(Sb��F) 

 374 w      �/(Sb��F) 

 361 w  359 m    �/(Sb��F) 

294(21)       �/(Sb��F) 

284(18)  287(31)     �/(Sb��F) 

268(19)  268(14)     �/(Sb��F) 

230(5)  230(7)     �/(Sb��F) 

193(4)       �/(Sb��F) 

136(14)       �/(Sb��F) 

117(10)       �/(Sb��F) 

[a] Calculated at �ZB97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���V�S�H�F�W�U�X�P���R�I���>�&�O�&�2�@�>�6�E���)���� �&�O�@�����������D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�����@���R�I���>�&�O�&�2�@�����+�)���>���@ 

[ClCO][Sb3F15Cl] (4) [ClCO]+·HF Assignment 

Raman calc.[a,b] (IR/Raman)[c]  

2256(31) 2256(366/33) ��1 ��  ��(C�AO) 

947(3)    2v3 

841(5)     

804(22)    ��(C��Cl) 

795(10) 784(13/12) ��2 ��  ��(C��Cl) 

463(16) 489(16/0) ��3 �Œ �/(ClCO) 

706(56)    ��(Sb��F) 

696(28)    ��(Sb��F) 

685(50)    ��(Sb��F) 

673(24)    ��(Sb��F) 

655(100)    ��(Sb��F) 

613(9)    ��(Sb��F) 

605(17)    ��(Sb��F) 

453(19)    �/(Sb��F) 

396(52)    �/(Sb��Cl) 

324(9)    �/(Sb��F) 

302(25)    �/(Sb��F) 

278(19)    �/(Sb��F) 

254(8)    �/(Sb��F) 

239(17)    �/(Sb��F) 

225(20)    �/(Sb��F) 

214(12)    �/(Sb��F) 

193(13)    �/(Sb��F) 

134(28)    �/(Sb��F) 

114(24)    �/(Sb��F) 

[a] Calculated at �ZB97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR 
intensity in [km/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���V�S�H�F�W�U�X�P���R�I���>�&�O�&�2�@�>�6�E���)���� �@�����������D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�����@���R�I���>�&�O�&�2�@�����+�)���>���@ 

[ClCO][Sb3F16] (5) [ClCO]+·HF Assignment 

Raman calc.[a,b] (IR/Raman)[c]  

2256(20) 2256(366/33) ��1 ��  ��(C�AO) 

947(4)    2v3 

841(6)     

804(17)    ��(C��Cl) 

795(9) 784(13/12) ��2 ��  ��(C��Cl) 

465(8) 489(16/0) ��3 �Œ �/(ClCO) 

749(8)    ��(Sb��F) 

717(100)    ��(Sb��F) 

706(47)    ��(Sb��F) 

685(34)    ��(Sb��F) 

671(97)    ��(Sb��F) 

655(72)    ��(Sb��F) 

613(9)    ��(Sb��F) 

606(12)    ��(Sb��F) 

321(11)    �/(Sb��F) 

303(20)    �/(Sb��F) 

278(36)    �/(Sb��F) 

239(19)    �/(Sb��F) 

229(14)    �/(Sb��F) 

205(12)    �/(Sb��F) 

188(11)    �/(Sb��F) 

137(19)    �/(Sb��F) 

[a] Calculated at �ZB97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR 
intensity in [km/mol] and Raman intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, 
m = medium, w = weak. 
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�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���&���2���&�O�����D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�����@���R�I���&���2���&�O�����>���@ 

C2O2Cl2 C2O2Cl2 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

 1857 w     

 1770 s 1829(467/0) ��9 Bu ��(C=O) 

1764(79)  1802(0/43) ��1 Ag ��(C=O) 

1095(13) 1099 w 1030(0/7) ��2 Ag ��(C��C) 

1047(2) 1049 w     

 876 w     

 806 m     

 756 s 743(534/0) ��10 Bu ��(C��Cl) 

713(4)  706(0/0) ��6 Bg �����&�2�&�O�� 

623(100)  591(0/28) ��3 Ag ��(C��Cl) 

 518 w     

 498 m 478(7/0) ��11 Bu �/(COCl) 

444(12)      

430(20)  416(0/10) ��4 Ag �/(COCl) 

 390 m 376(17/0) ��7 Au �����&�2�&�O�� 

292(19)      

287(20)  274(0/6) ��5 Ag �/(CCCl) 

103(10)  195(4/0) ��12 Bu �/(CCCl) 

  15(1/0) ��8 Au �2(CCCl) 

[a] Calculated at �ZB97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 

 

  



�7�D�E�O�H���6�������/�R�Z���W�H�P�S�H�U�D�W�X�U�H���5�D�P�D�Q���D�Q�G���,�5���V�S�H�F�W�U�D���R�I���&�O�)�&�2���D�Q�G���F�D�O�F�X�O�D�W�H�G���Y�L�E�U�D�W�L�R�Q�D�O���I�U�H�T�X�H�Q�F�L�H�V���>�F�P�����@���R�I���&�O�)�&�2���>���@ 

ClFCO ClFCO Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

 2648 w    v1+v3 

 2357 w     

 2187 m     

 2172 m    2v2 

1854(16) 1867 vs 1864(430/14) ��1 A' ��s(C=O) 

1829(22)     v2+v3 

 1340 w     

 1325 w    2v6 

 1271 m     

 1256 m     

1150(5) 1178 w    v4+v6 

1083(3) 1103 vs 1076(424/2) ��2 A' ��s(C��F) 

 1009 w    2v4 

 989 w     

 910 w    v4+v5 

 847 s    2v5 

767(100) 771 vs 742(94/10) ��3 A' ��s(C��Cl)+ 
�/(COF) 

 756 vs     

 683 s     

663(3) 671 s 655(15/0) ��6 A'' �����&�2�)�� 

537(9)      

507(78) 513 w  482(1/6) ��4 A' �/(COCl) 

413(28) 395 m 395(0/1) ��5 A' �/(ClCF) 

401(5)      

352(4)      

248(4)      

[a] Calculated at �ZB97XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 

  



�7�D�E�O�H���6�������; ���U�D�\���G�D�W�D���D�Q�G���U�H�I�L�Q�H�P�H�Q�W���R�I���>�&���2���2�+���&�O���@�>�6�E�)���@�����������D�Q�G���>�&�O�&�2�@�>�6�E���)���� �@���������� 

 [C2O(OH)Cl2][SbF6] (1) [ClCO][Sb3F16] (5) 

formula C2HCl2F6O2Sb CClF16OSb3 

Mr [g mol-1] 363.68 732.71 

crystal size [mm3] 0.306 x 0.171 x 0.118 0.190 x 0.136 x 0.106 

crystal system monoclinic trigonal 

space group P21 P31 

a [Å] 6.1616(8) 8.0824(2) 

b [Å] 10.8379(10) 8.0824(2) 

c [Å] 6.8805(8) 18.3341(8) 

�.��[°] 90 90 

����[°] 106.472(13) 90 

����[°] 90 120 

V [Å³] 440.61(9) 1037.22(7) 

Z 2 3 

�!calc [g cm-3]  2.741 3.519 

µ [mm-1] 3.801 6.191 

��MoK�. [Å]  0.71073 0.71073 

F(000) 336 984 

T [K] 106(2) 102(2) 

hkl range ��9:9, ��15:15, ��10:10 ��8:10, ��10:8, ��19:22 

refl. measured 8919 4498 

refl. unique 2930 2193 

Rint 0.0415 0.0375 

parameters 120 200 

R(F)/wR(F²) a (all reflexions) 0.0364/0.0570 0.0474/0.0986 

weighting scheme b 0.0193/0.0000 0.0151/20.4359 

S (GooF) c 1.043 1.179 

residual density [e Å-3] 1.184/��0.656 1.937/��1.324 

device type Oxford XCalibur Oxford XCalibur 

solution SHELXT[4] SHELXT[4] 

refinement XHELXL-2018/3[5] XHELXL-2018/3[5] 

CCDC 2304777 2304793 

a R1 = ��  ||F0|�í|FC||/ �� |F0|; 
b wR2 = [�� [w(F2

0 �í F2
C)2]/ �� (F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

c GooF = [�� [(F2
0 �í F2

C)2]/(n�íp)]1/2 (n = number of reflexions; p = total numbers of parameters). 

  



�7�D�E�O�H���6�������%�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���E�R�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���>�&���2���2�+���&�O���@�>�6�E�)���@�����������D�V���Z�H�O�O���D�V���G�R�Q�R�U���D�F�F�H�S�W�R�U���G�L�V�W�D�Q�F�H�V���R�I������ 

[C2O(OH)Cl2][SbF6] (1) 

Bond lengths [Å] 

C1��Cl1 1.647(7) Sb1��F2 1.863(4) 

C1��O1 1.225(8) Sb1��F3 1.848(4) 

C1��C2 1.550(8) Sb1��F4 1.856(3) 

C2��Cl2 1.693(7) Sb1��F5 1.848(4) 

C2��O2 1.184(8) Sb1��F6 1.941(3) 

Sb1��F1 1.846(4)   

Bond angles [°] 

Cl1��C1��O1 125.0(6) F2��Sb1��F3 91.58(18) 

Cl1��C1��C2 117.2(6) F2��Sb1��F4 88.5(2) 

O1��C1��C2 117.8(6) F2��Sb1��F5 173.9(2) 

C1��C2��Cl2 114.0(5) F2��Sb1��F6 85.84(16) 

O2��C2��C1 119.5(7) F3��Sb1��F4 92.51(17) 

O2��C2��Cl2 126.5(6) F3��Sb1��F5 94.5(2) 

F1��Sb1��F2 89.3(2) F3��Sb1��F6 177.30(18) 

F1��Sb1��F3 92.44(17) F4��Sb1��F5 91.05(19) 

F1��Sb1��F4 174.63(18) F4��Sb1��F6 86.60(16) 

F1��Sb1��F5 90.6(2) F5��Sb1��F6 88.10(17) 

F1��Sb1��F6 88.36(16)   

Dihedral angles [°] 

Cl1��C1��C2��Cl2 ��177.4(4) O1��C1��C2��O2 ��175.1(7) 

Cl1��C1��C2��O2 4.9(8) O1��C1��C2��Cl2 2.6(7) 

Donor-acceptor distances [Å] 

O1-(H2). . .F6 2.421(7) C2. . .F4ii 2.809(7) 

C1. . .F2i 2.617(7) Cl1. . .F3iii 2.883(5) 

C1. . .F4ii 2.565(7) F1. . .F4iii 2.832(6) 

C2. . .F2i 3.026(8) O1. . .F2i 2.843(6) 
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�7�D�E�O�H���6�������%�R�Q�G���O�H�Q�J�W�K�V���>�c�@���D�Q�G���E�R�Q�G���D�Q�J�O�H�V���>�ƒ�@���R�I���>�&�O�&�2�@�>�6�E���)���� �@�����������D�V���Z�H�O�O���D�V���G�R�Q�R�U���D�F�F�H�S�W�R�U���G�L�V�W�D�Q�F�H�V���R�I������ 

[ClCO][Sb3F16] (5) 

Bond lengths [Å] 

C1��O1 1.12(2) Sb2��F8 1.85(2) 

C1��Cl1 1.58(1) Sb2��F9 1.83(1) 

Sb1��F1 1.85(1) Sb2��F10 1.83(1) 

Sb1��F2 1.86(1) Sb2��F11 1.98(1) 

Sb1��F3 1.84(2) Sb3��F11 2.08(1) 

Sb1��F4 1.83(2) Sb3��F12 1.87(2) 

Sb1��F5 1.84(1) Sb3��F13 1.86(1) 

Sb1��F6 2.07(1) Sb3��F14 1.86(2) 

Sb2��F6 1.99(1) Sb3��F15 1.84(1) 

Sb2��F7 1.83(1) Sb3��F16 1.84(2) 

Bond angles [°] 

Cl1��C1��O1 178(2) F7��Sb2��F10 94.7(7) 

F1��Sb1��F2 95.5(6) F7��Sb2��F11 85.2(6) 

F1��Sb1��F3 95.1(7) F8��Sb2��F9 95.1(7) 

F1��Sb1��F4 95.6(6) F8��Sb2��F10 94.2(7) 

F1��Sb1��F5 94.5(6) F8��Sb2��F11 83.3(6) 

F1��Sb1��F6 177.9(6) F9��Sb2��F10 98.9(7) 

F2��Sb1��F3 89.3(7) F9��Sb2��F11 171.9(6) 

F2��Sb1��F4 88.0(6) F10��Sb2��F11 89.1(6) 

F2��Sb1��F5 169.7(7) F11��Sb3��F12 82.3(6) 

F2��Sb1��F6 86.2(6) F11��Sb3��F13 83.8(6) 

F3��Sb1��F4 169.2(7) F11��Sb3��F14 84.9(6) 

F3��Sb1��F5 92.6(7) F11��Sb3��F15 84.1(6) 

F3��Sb1��F6 83.6(6) F11��Sb3��F16 179.0(6) 

F4��Sb1��F5 88.3(7) F12��Sb3��F13 90.0(7) 

F4��Sb1��F6 85.7(6) F12��Sb3��F14 167.3(6) 

F5��Sb1��F6 83.9(6) F12��Sb3��F15 88.9(7) 

F6��Sb2��F7 84.6(6) F12��Sb3��F16 96.9(7) 

F6��Sb2��F8 85.0(6) F13��Sb3��F14 88.5(6) 

F6��Sb2��F9 89.0(6) F13��Sb3��F15 167.9(7) 

F6��Sb2��F10 172.1(6) F13��Sb3��F16 96.7(7) 

F6��Sb2��F11 83.0(6) F14��Sb3��F15 90.0(6) 

F7��Sb2��F8 165.3(7) F14��Sb3��F16 95.8(7) 

F7��Sb2��F9 95.0(7) F15��Sb3��F16 95.4(7) 

Sb1��F6��Sb2 146.7(7) Sb2��F11��Sb3 156.4(8) 

Dihedral angles [°] 



F1��Sb1��F6��Sb2 1(2) F16��Sb3��F11��Sb2 ��76(4) 

F9��Sb2��F11��Sb3 171(4) F10��Sb2��F11��Sb3 ��16(2) 

Donor-acceptor distances [Å] 

C1. . .F2i 2.74(3) Cl1. . .F1 2.57(1) 

C1. . .F3ii 3.01(3) O1. . .F4i 2.88(2) 

C1. . .F5iii 3.01(3) O1. . .F5iii 2.88(3) 

C1. . .F14iii 3.02(3) O1. . .F10v 2.83(2) 

C1. . .F16iv 2.92(3) O1. . .F13v 2.77(3) 
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Abstract:  In this work, we present a convenient way to synthesize the 

elusive formylium ion HCO+. Its high reactivity towards even weak 

nucleophiles necessitates the usage of an unconventional solvent like 

the refrigerant 1,1,1,2-tetrafluoroethane. The stabilization and 

isolation of the smallest possible acyl cation at low temperatures 

allowed us to thoroughly investigate its [Sb2F11]�� salt via vibrational 

spectroscopy and single-crystal X-ray diffraction. The experimental 

data together with quantum chemical calculations on the M06-2X/aug-

cc-pVTZ-level of theory help to understand the stabilization of the 

elusive cation in the solid state. 

The stabilization and characterization of highly reactive, positively 
charged intermediates, including carbocations, is one of the main 
goals in organic chemistry and essential to gaining a better 
understanding of reactions involving electrophilic species.[1-4] An 
important intermediate in the chemistry of carbon monoxide under 
acidic media is the elusive HCO+ cation.[5] The formyl cation is 
assumed to be the formylating agent in electrophilic formylation 
reactions of aromatic compounds, e.g. in Gatterman-Koch 
reactions.[5-10] It has further been observed in interstellar 
molecular clouds and is recognized as a frequently occurring 
positively charged species in interstellar space.[11-13] The cation 
can easily be generated in the gas phase by chemical ionization 
of methanol or acetaldehyde[14] and has been detected by 
microwave, infrared (IR), and mass spectroscopy.[15,16] Its 
synthesis in the condensed phase, however, has turned out to be 
a challenging task. Many different synthetic pathways were tried, 
e.g. the direct protonation of carbon monoxide in FSO3H/SbF5 or 
FSO3H/Au(SO3F)3,[17,18] fluoride abstraction from formyl fluoride in 
FSO3H/SbF5/SO2,[17] dehydration of protonated formic acid,[8,17] or 
protonation and subsequent decomposition of carboxylic 
anhydrides.[17] In 1997, HORVÁTH observed the formyl cation in 
HF/SbF5 under high pressure of carbon monoxide.[19] The formyl 
cation was detected using NMR and IR spectroscopy, forming an 
equilibrium with CO and the SbF5 adduct of formyl fluoride.[19] 
Later, STOYANOV investigated the reactions of solid carborane 
superacids in CO atmosphere and observed the formylium ion 
from the interaction of carbon monoxide and H(CHB11F11) using 
IR spectroscopy.[20,21]  
In previous studies of our group, we found a convenient way to 
synthesize and isolate highly reactive haloacetylium ions by 

reacting selected haloacetyl fluorides with SbF5 in the aprotic 
solvents SO2ClF or 1,1,1,2-tetrafluoroethane (R-134a).[22,23] As 
attempts have been made to isolate the HCO+ cation by fluoride 
abstraction from formyl fluoride,[17] our results prompted us to 
apply our method to formyl fluoride and to perform further 
investigations on its properties towards SbF5. 
Therefore, at first, formyl fluoride was prepared according to 
Equation 1 from sodium formate, benzoyl chloride, and potassium 
bifluoride suspended in acetonitrile at 80 °C.[24,25] Pure HCOF was 
separated from the by-products by trapping the volatile gas at 
��196 °C. The deuterated species DCOF was obtained 
analogously from sodium formate-d (see Equation 2). HCOF and 
DCOF both decompose rapidly at room temperature to CO and 
HF or DF, respectively, and were therefore stored at ��30 °C.[24,25] 

 

To investigate the properties of both acyl fluorides towards strong 
Lewis acids, HCOF and DCOF were reacted with SbF5 at ��78 °C 
in R-134a. Thereby, equimolar amounts of the Lewis acid and the 
acyl fluorides were applied. The mixtures were reacted for 15 min 
under the formation of colorless precipitates. As presented in 
Equations 3 and 4, adducts of HCOF and DCOF, respectively, 
with O-coordinated SbF5 (1, 2) were obtained as colorless solids 
after removing the solvent and volatile residues in a dynamic 
vacuum at ��78 °C. 
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The thermal and moisture-sensitive solids 1 and 2 decompose at 
��50 °C under the formation of HF and DF, respectively, CO, as 
well as SbF5. 
To obtain salts of the elusive HCO+ cation, HCOF was 
subsequently reacted with an excess of SbF5. According to 
Equation 5, applying two equivalents of the Lewis acid led to the 
formation of [HCO][Sb2F11] (3) as a colorless crystalline 
precipitate after keeping the mixture stored at ��30 °C for several 
days. The mixture was then cooled to ��70 °C until no further 
precipitation was observed. Subsequently, the solvent was 
removed in a dynamic vacuum and 3 was obtained as colorless 
crystals. The solid shows thermal decomposition at ��55 °C but 
can be stored in solution at ��30 °C. A reaction time of seven days 
was required to obtain 3 as a pure solid. When the solvent was 
removed after less than seven days, a mixture of 1 and 3 was 
observed using Raman spectroscopy (see Figure S7). 

 

To obtain salts of the DCO+ cation, we consequently applied the 
reaction conditions to DCOF. However, instead of the desired 
DCO+ cation, the reactions led to the isolation of 2. 
 
In the course of our studies on the properties of haloacetyl 
fluorides towards strong Lewis acids in aprotic solvents, a second 
preparative pathway for 3 was observed. When difluoroacetyl 
fluoride was reacted with equimolar amounts of SbF5 in R-134a 
or SO2ClF at low temperatures, CHF2COF·SbF5 (4) was obtained 
(see Equation 6). Recrystallizing 4 from R-134a at ��50 °C resulted 
in the formation of 3 as a colorless, crystalline precipitate after 
several days (see Equation 7). We were not able to determine the 
mechanism of the formation of 3 but CHF3 and CO are identified 
as by-products in the gas phase via IR spectroscopy (see Figure 
S8). 

 

Interestingly, the formyl cation was only observed as [Sb2F11]�� salt. 
This is consistent with the favored formation of the anion over 
[SbF6]�� in aprotic solvents like SO2 or SO2ClF.[26-31] 
 
Single-crystal X-ray diffraction of 3 was performed directly after 
the removal of the solvent in a dynamic vacuum. The structure 
refinement revealed the protonation of CO at the carbon site as 
the best solution for the structure. As the oxygen site of the cation 
showed an enlarged displacement ellipsoid, we tried different 
refinements of the structure, all of which turned out as less 
favorable solutions (see Table S8). We assume that the large 

ellipsoids are due to the electronic structure of the cation and the 
formation of interionic contacts in the crystal structure. 
3 crystallizes in the monoclinic space group P21/c with four units 
per unit cell. The molecular unit of 3 is depicted in Figure 1. Crystal 
data and structure refinement are provided in the Supporting 
Information (Table S8). Selected geometric data are listed in 
Table 1. 

 

Figure 1. Molecular unit of [HCO][Sb2F11] (3) (displacement ellipsoids with 50% 
probability). 

The bond length C1��O1 (1.060(7) Å) is significantly shortened 
compared to formyl fluoride (1.773 Å).[32] It is in the range of a 
�&�A�2���W�U�L�S�O�H���E�R�Q�G������������ Å),[33] but significantly shortened compared 
to the C��O bond lengths of [CH3CO][SbF6] (1.108(4) Å)[34] as well 
as gaseous carbon monoxide (1.128 Å)[35] and [HCO]+ 
(1.105 Å).[36] The C1��O1 bond length is also shortened compared 
to the C��O bond length reported for [ClCO][Sb3F16] (1.12(2) Å).[23] 
Thus, substituting the methyl group of [CH3CO]+ for a hydrogen 
atom results in the shortening of the C��O bond, due to the 
removal of the stabilization by hyperconjugation of the CH3 moiety. 
The substitution of the electron-withdrawing chlorine atom for a 
hydrogen atom also leads to the shortening of the C��O bond, due 
to the removal of the negative hyperconjugation of the halogen 
lone pairs. 
The Sb��F bond lengths of the terminal fluorine atoms are in the 
range between 1.838(3) Å and 1.880(3) Å. The bridging Sb-F 
bonds are longer than the terminal ones with bond lengths up to 
2.047(3) Å. The bond angle Sb1��F6��Sb2 (151.1(1)°) is also in 
good agreement with the literature.[37-40] 

In the crystal structure of 3, the cation displays a tetracoordinated 
carbon atom C1 that forms the interionic contacts C···F contacts  
C1···F1  (2.488(6) Å), C1···F5 i (2.769(6) Å), C1···F8 ii (2.608(6) Å), 
and C1···F10 i (2.504(6) Å)[41] as well as the moderate hydrogen 
bond C1(��H1)···F9 iii (2.725(6) Å) (see Figure 2).[42] The oxygen 
atom O1 forms the significantly weaker interionic O···F contacts 
O1···F2 iv (2.855(6) Å), O1···F3 v (2.879(6) Å), and O1···F11 vi 
(2.824(6) Å) (see Figure S12).[41] All interionic C···F and O···F 
contacts are below the sum of their van-der-Waals-radii (3.22 Å, 
2.99 Å).[41] Selected interionic distances are listed in Table 1. 
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Figure 2. Interionic contacts of 3 (displacement ellipsoids with 50% probability). 
Symmetry codes: i = ��1+x, y, z; ii = 1��x, ��0.5+y, 1.5��z; iii = 1��x, 1��y, 1��z. 

Table 1. Selected bond lengths [Å] of [HCO][Sb2F11] (3) and selected 
compounds from the literature as well as donor-acceptor distances of 3. 
Symmetry codes: i = ��1+x, y, z; ii = 1��x, ��0.5+y, 1.5��z; iii = 1��x, 1��y, 1��z; 
iv = 1��x, 1��y, 2��z; v = 1��x, 0.5+y, 1.5��z; vi = ��1+x, 1.5��y, 0.5+z. 

Compound C��O bond lengths [Å] 

[HCO][Sb 2F11] 1.060(7) 

[CH3CO][SbF6][34] 1.108(4) 

[ClCO][Sb3F16][23] 1.12(2) 

CO (gas phase)[35] 1.128 

[HCO]+ (gas phase)[36] 1.105 

Interionic contacts [Å] 

C1···F1  2.488(6) C1···F10 i 2.504(6) 

C1···F5 i 2.769(6) O1···F2 iv 2.855(6) 

C1(��H1)···F9 iii 2.725(6) O1···F3 v 2.879(6) 

C1···F8 ii 2.608(6) O1···F11 vi 2.824(6) 

To further investigate the stabilization of the formyl cation in the 
solid-state phase, a Hirshfeld surface analysis of the 
intermolecular contacts was performed for the cation of 3.[43,44] In 
Figure 3, the mapped Hirshfeld surface with dnorm of the [HCO]+ 
cation in 3 is shown, whereas the C···F contacts  C1···F1, C1···F5 i, 
C1···F8 ii, and C1···F10 i as well as the moderate hydrogen bond 
C1(��H1)···F9 iii are highlighted. The 2D fingerprint plots of the 
interionic contacts are depicted in the Supporting Information (see 
Figure S12). As illustrated, the C···F contacts and the C( ��H)···F 
hydrogen bond are the predominant intermolecular contacts in the 
coordination sphere of the cation of 3, with their distances being 
below the sum of their van-der-Waals radii (3.22 Å).[41] This is 
confirmed by the 2D fingerprint plots of the intermolecular 
contacts. Thus, although the O···F contacts occur more often in 
the coordination sphere of the cation in 3 in terms of area, they 
are much weaker contacts and have a significantly smaller 
influence on the structure and stabilization of the cation, due to 
their distances being equal to or exceeding the van der Waals 
radii (2.99 Å).[41] The H···F contacts occur less than the O···F 
contacts in terms of area but are stronger and thus more relevant 
for the crystal structure of 3. 

 

Figure 3. Interatomic contacts and Hirshfeld surface of the [HCO]+ cation in 3 
(mapped with dnorm).[43,44] Color coding on the Hirshfeld surface: white (distance 
d equals VDW), blue (d exceeds VDW distance), and red (d is smaller than 
VDW distance). For the C···F contacts C1···F1, C1···F5 i, C1···F8 ii, and 
C1···F10 i as well as the hydrogen bond C1(��H1)···F9 iii, only the contacting 
fluorine atoms are shown for a better visualization. Symmetry codes: i = ��1+x, 
y, z; ii = 1��x, ��0.5+y, 1.5��z; iii = 1��x, 1��y, 1��z. 

Vibrational spectroscopy was used in addition to single-crystal X-
ray diffraction to trace the formation of 3 and to verify the purity of 
the obtained solids. The low-temperature Raman (Ra) and IR 
spectra of 3 are illustrated in Figure 4, and the vibrational spectra 
of 1, 2, and 4 are depicted in Figures S1, S2, and S6. In Table 2, 
selected observed vibrational frequencies of 3 are listed together 
with quantum chemically calculated frequencies of [HCO]+·4 HF. 
Details on the HF-complexed cation are reported in the 
Supporting Information (see Table S11), as well as complete lists 
of the observed and calculated frequencies (see Figures S1-S6 
and Tables S1-S7). 

 

Figure 4. Low-temperature Raman and IR spectra of [HCO][Sb2F11] (3, red) as 
well as vibrational spectra of HCOF (blue). 

For HCOF·SbF5 and DCOF·SbF5 with Cs symmetry, 24 
fundamental vibrational modes are expected, all of which are 
Raman and IR active. The C=O stretching vibrations of the COF 
moieties are detected in 1 at 1665 cm��1 and in 2 at 1651 cm��1 (Ra) 
as well as at 1659 cm-1 (1) and 1649 cm��1 (2) (IR). The ��s(C=O) 
are significantly red-shifted by about 135 cm��1 compared to HCOF 
and 120 cm��1 compared to DCOF.[45] This agrees with values 
reported in the literature for acyl fluoride-SbF5 adducts[22] and 
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protonated acyl fluorides[46-48] as well as with the observed values 
reported from HORVÁTH for HCOF·SbF5.[19] The stretching 
vibrations of the C��F bonds are significantly blue-shifted by 
approximately 215 cm��1 compared to HCOF and 185 cm��1 in 
comparison to DCOF.[45] They occur at 1295 cm��1 in 1 and 
1247 cm��1 in 2 (Ra) as well as 1294 cm��1 (1) (IR) and are also in 
good agreement with values reported in the literature.[22,46-48] 
The [HCO]+ cation possesses C�’ v symmetry. For the cation four 
fundamental vibrational modes are expected, all of which are 
Raman and IR active. The v���&�A�2�����L�V���G�H�W�H�F�W�H�G���D�W���������� cm��1 in the 
Raman spectrum and at 2089 cm��1 in the IR spectrum. The 
v(C=O) of HCOF (1801 cm��1) is not observed in the vibrational 
spectra of 3.[45] The v���&�A�2���� �R�I��3 is in good agreement with the 
values reported from HORVÁTH of [HCO]+ in HF/SbF5 
(2110 cm��1).[19] The stretching vibration is red-shifted by around 
50 cm��1 compared to gaseous carbon monoxide (2143 cm��1)[18] 
and by around 90 cm��1 compared to the v���&�A�2���� �R�I�� �J�D�V�H�R�X�V��
[HCO]+ (2184 cm��1).[18] It is also significantly red-shifted compared 
�W�R���W�K�H�� �R�E�V�H�U�Y�H�G���&�A�2���V�W�U�H�W�F�K�L�Q�J�� �Y�L�E�U�D�W�L�R�Q�V���R�I�� �>�&�+3CO]+[34,47] and 
[ClCO]+.[23,49] STOYANOV investigated the protonated species of 
CO by IR spectroscopy.[20] The observed IR frequencies of 
[HCO][CHB11F11] are listed in Table 2 and are blue-shifted 
compared to the results of this work.[20] We assume that this is 
due to the extremely low basicity of the carborane anion and solid-
state effects in 3. The v(C��H) of 3 is superposed by condensed 
water in the IR spectrum due to the measuring. This is in 
accordance with the calculations. For the [Sb2F11]�� anion of 3 with 
dioctahedral symmetry, more vibrations are observed than 
expected due to interionic interactions leading to symmetry 
distortions.[50] The complete vibrational modes of the anion are 
listed in the Supporting Information. 

 
Table 2. Selected experimental vibrational frequencies [cm��1] of 3, 
[CH3CO][SbF6], and [ClCO][Sb3F16], IR frequencies of CO and [HCO]+ as well 
as calculated vibrational frequencies [cm��1] of [HCO]+·4 HF. 

Compound Method v(CO) [cm��1] 

[HCO][Sb 2F11] exp. Raman/IR 2092(9) / 2089 w 

[HCO]+·4 HF calc.[a,b] IR/Raman[c] 2209(162/33) 

[CH3CO][SbF6][34,47] exp. Raman/IR 2305(59) / 2301 w 

[ClCO][Sb3F16][23,49] exp. Raman/IR 2256(100) / 2256 s 

CO (gas phase)[18] exp. IR 2143 

[HCO]+ (gas phase)[18] exp. IR 2184 

[HCO]+ (solution)[d],[19] exp. IR 2110 

[HCO]+ (solid)[e],[20] exp. IR 2152-2117 

[a] Calculated at the M06-2X/aug-cc-pVTZ-level of theory. [b] Frequencies 
are scaled with a factor of 0.956. [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Abbreviations for IR intensities: vs = very strong, 
s = strong, m = medium, w = weak. [d] in HF/SbF5 at 28 atm, anion: 
[SbnF5n+1]��. [e] Anion: [CHB11F11]��. 

In conclusion, we investigated the reactivity of formyl fluoride with 
SbF5. By applying our method of fluoride abstraction in the aprotic 
solvent R-134a, we succeeded with the stabilization and isolation 
of the elusive HCO+ cation in a convenient way. [HCO][Sb2F11] 

was also obtained by the recrystallization of CHF2COF·SbF5 from 
R-134a. The crystal structure of the elusive cation was elucidated 
for the first time by single-crystal X-ray diffraction. Raman and IR 
spectroscopy were performed to investigate the vibrational 
frequencies of the [Sb2F11]�� salt and to compare them to values 
obtained before in the solution and the solid state. The formyl 
cation is stabilized in the solid-state phase by electron donation 
from the fluorine ligands of the anions as well as C(��H)···F 
hydrogen bonds. The v���&�A�2�����R�I���W�K�H���V�D�O�W���Z�D�V���R�E�V�H�U�Y�H�G���U�H�G-shifted 
compared to gaseous carbon monoxide and to values of HCO+ 
observed in the gas phase, in HF/SbF5, and from the interaction 
of CO with solid carborane superacids. The stabilization of the 
elusive cation from R-134a enables convenient access to this 
compound class and provides insights into the chemistry of 
carbon monoxide under acidic conditions. 
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The formylium ion HCO+ is the smallest possible acyl cation. The highly reactive cation can easily be generated in the gas phase and 
shows high astrochemical relevance. Its synthesis in condensed phase, however, has been elusive for a long time. Is it possible to 
stabilize the elusive cation in the solid state? Single-crystal X-ray diffraction and quantum chemical calculations provide answers to 
fathom its stabilization in the solid state. 
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Experimental Procedures  

Caution!  Avoid skin contact with all compounds. Hydrolysis can lead to the formation of HF or DF that burns skin and causes irreparable 
damage. Ensure appropriate safety precautions while handling these materials. 

Apparatus and Materials:  All reactions were performed employing standard Schlenk techniques using a stainless-steel vacuum line. 
Syntheses were carried out using FEP/PFA tube reactors closed with stainless-steel valves. Before use, the stainless-steel vacuum 
line and all reactors were dried with fluorine. Low-temperature Raman spectra were recorded under vacuum using glass cells cooled 
with liquid nitrogen and a Bruker® MultiRAMII FT Raman spectrometer equipped with Nd:YAG laser (�� = 1064 nm) and a laser excitation 
of 500-1000 mW. Low-temperature IR spectra were recorded with a Bruker® Vertex FT IR spectrometer at ��196 °C. For measurements, 
low-temperature IR cells[1] were prepared with CsBr single-crystal plates coated with a small amount of the samples. For visualization, 
the software Advanced Chemistry Development Inc.® (ACD/Labs 2015) was employed. Low-temperature X-ray diffraction was 
performed with an Oxford XCalibur3 diffractometer equipped with a Spellman Generator (50 kV, 40 mA) and a Kappa CCD detector, 
using Mo-�.�.�� �U�D�G�L�D�W�L�R�Q�� ���� = 0.71073 Å). The program CrysAlisPro 1.171.40.82a (Rigaku OD, 2020)[2] was employed for the data 
collection and reduction. The structure solution and refinement were performed with the software SHELXT [3] and SHELXL-2018/3,[4] 
implemented in the WinGX software package.[5] The solution was checked with the program PLATON,[6] and the absorption correction 
was performed using the SCALE3 ABSPACK multi-scan-method.[7] Selected data and parameters of the single-crystal X-ray structure 
analyses are summarized in Table S8 for 3 (see Supporting Information). Crystallographic data (excluding structure factors) for the 
structures in this paper were deposited at the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, 
UK. Copies of the data can be obtained free of charge by quoting the depository number CCDC-2354091 for [HCO][Sb2F11] (3) (Fax: 
+44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk). NMR samples were prepared by cannulating the 
SO2 or R-134a solution into a small FEP tube under a nitrogen stream. The tube was sealed in a vacuum and inserted into a standard 
NMR tube. For 1H, 2H, 19F, and 13C NMR measurements a JEOL ECX 400 and Bruker BioSpin GmbH AV400RT NMR spectrometer 
were used with acetone-d6 as external standard. For evaluation, MNOVA by Mestrelab was used.[8] Quantum chemical calculations 
were performed at the M06-2X/aug-cc-pVTZ-level of theory by Gaussian16.[9] Hirshfeld surface analysis was performed with the 
CrystalExplorer software.[10,11] 

Typical procedure (TP1): SbF5 and 1,1,1,2-tetrafluoroethane (R-134a) �Z�H�U�H���F�R�Q�G�H�Q�V�H�G���L�Q�W�R���D�Q���)�(�3���W�X�E�H���U�H�D�F�W�R�U���D�W���í���������ƒ�&�����7�K�H�Q����
�W�K�H���P�L�[�W�X�U�H���Z�D�V���Z�D�U�P�H�G���X�S���W�R���í�������ƒ�&���D�Q�G���E�R�W�K���F�R�P�S�R�Q�H�Q�W�V���Z�H�U�H���P�L�[�H�G�����$�I�W�H�U���W�K�H���P�L�[�W�X�U�H���Z�D�V���F�R�R�O�H�G���W�R���í���������ƒ�&���D�J�D�L�Q����formyl fluoride 
or difluoroacetyl fluoride, respectively, were condensed into the reaction vessel. Subsequently, the mixture was warmed up to the 
�U�H�V�S�H�F�W�L�Y�H�� �U�H�D�F�W�L�R�Q�� �W�H�P�S�H�U�D�W�X�U�H�� �D�Q�G�� �D�O�O�� �F�R�P�S�R�Q�H�Q�W�V�� �Z�H�U�H�� �U�H�D�F�W�H�G���� �7�K�H�Q���� �W�K�H�� �W�H�P�S�H�U�D�W�X�U�H�� �Z�D�V�� �U�H�G�X�F�H�G�� �W�R�� �í�������� �ƒ�&���� �D�J�D�L�Q���� �7�K�H��
remaining R-134a was removed in a dy�Q�D�P�L�F���Y�D�F�X�X�P���D�W���í�������ƒ�&����1, 2, 3, and 4 were obtained as colorless solids, respectively. 

Syntheses of HCOF and DCOF  

The syntheses were carried out in a two-necked flask, equipped with a reflux condenser and a dropping funnel. The upper end of the 
condenser was connected with two cooling traps at ��78 °C and ��196 °C, respectively. Potassium bifluoride (7.8 g, 0.10 mol, 0.8 eq) 
and sodium formate (8.8 g, 0.13 mol, 1.0 eq) were suspended in acetonitrile (1.90 mol, 100 mL) at room temperature. Then, benzoyl 
chloride (15.1 mL, 0.13 mol, 1.0 eq) was dropped slowly into the stirred suspension. Subsequently, the mixture was slowly heated to 
80 °C and stirred for 1h. Formyl fluoride was collected in the cooling trap at ��196 °C. DCOF was prepared analogously, using sodium 
formate-d (9.0 g, 0.13 mol, 1.0 eq). 

Syntheses of HCOF·SbF 5 (1) and DCOF·SbF 5 (2) 

1 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), R-134a (24 mmol, 2 mL), and formyl fluoride (1.00 mmol, 
�������P�J�������������H�T�������D�W���í�������ƒ�&�����D�V���G�H�V�F�U�L�E�H�G���L�Q���7�3���� 2 was prepared analogously, using DCOF instead of HCOF. 

Syntheses of [HCO][Sb 2F11] (3) starting from formyl fluoride  

3 was prepared from antimony pentafluoride (2.00 mmol, 434 mg, 2.0 eq.), R-134a (24 mmol, 2 mL), and formyl fluoride (1.00 mmol, 
�������P�J�������������H�T�������D�W���í�������ƒ�&�����D�V���G�H�V�F�U�L�E�H�G���L�Q���7�3���� The reactor was kept at ��30 °C for 7d until a colorless crystalline precipitant was formed. 
Then, excess solvent was removed at ��78 °C in a dynamic vacuum. 3 was obtained as colorless crystalline solid. 

Syntheses of [HCO][Sb 2F11] (3) starting from difluoroacetyl fluoride  

4 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), R-134a (24 mmol, 2 mL), and difluoroacetyl fluoride (1.00 
�P�P�R�O�����������P�J�������������H�T�������D�W���í�������ƒ�&�����D�V���G�H�V�F�U�L�E�H�G���L�Q���7�3������Recrystallizing 4 from R-134a at ��50 °C led to the formation of 3. The reactor 
was kept at ��50 °C for 7d until a colorless crystalline precipitant was formed. Then, excess R-134a was removed at ��78 °C in a dynamic 
vacuum. 3 was obtained as colorless crystalline solid. 
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Vibrational Spectroscopy  

 
Table S1. Low-temperature Raman and IR spectrum of HCOF·SbF5 (1) and calculated frequencies [cm��1] of HCOF·SbF5. 

HCOF·SbF5 (1) HCOF·SbF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3132(7) 3134 vs 3046(2/97) ��1 A' ��s(C��H) 

1665(5) 1659 m 1761(489/13) ��2 A' ��s(C=O) 

1386(5) 1387 m 1342(8/3) ��3 A' �/s(CHF) 

1295(4) 1294 m 1208(189/3) ��4 A' ��s(C��F) 

 1209 w     

1173(3) 1171 w     

1075(3) 1072 w 1031(0/0) ��16 A'' �2as(CHF) 

 964 w     

 893 m     

682(64) 689 s 691(20/2) ��5 A' �/s(COF) 

670(100)  680(137/0) ��17 A'' ��as(Sb��F) 

653(53) 662 s 679(120/0) ��6 A' ��s(Sb��F) 

639(31)  674(119/3) ��7 A' ��s(Sb��F) 

608(12) 627 s 628(1/19) ��8 A' ��s(Sb��F) 

599(13)  581(1/2) ��18 A'' ��as(Sb��F) 

 523 m     

 492 m     

 382 m     

307(28)  291(66/1) ��19 A'' �/as(Sb��F) 

289(36)  284(0/1) ��9 A' �/s(Sb��F) 

280(37)  283(7/1) ��10 A' ��s(Sb��F) 

  265(54/0) ��11 A' �/s(Sb��F) 

  254(14/0) ��20 A'' ��as(Sb��F) 

231(16)  248(131/0) ��12 A' ��s(Sb��F) 

  212(1/1) ��13 A' ��s(Sb��F) 

  189(3/1) ��21 A'' ��as(Sb��F) 

140(11)  142(1/0) ��14 A' ��s(Sb��F) 

  130(0/0) ��22 A'' �2as(Sb��F) 

  105(8/1) ��23 A'' ��as(Sb��F) 

  84(1/0) ��15 A' ��s(Sb��F) 

  56(0/0) ��24 A'' ��as(Sb��F) 

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory, Sb was calculated at the M06-2X/GenECP MWB46 level. [b] Frequencies are scaled with 
a factor of 0.956, [c] IR intensity in [km/mol] and Raman intensity in [Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to 
be 100. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 
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Figure S 1. Low-temperature Raman and IR spectra of HCOF·SbF5 (1) and vibrational spectra of HCOF. 
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Table S2. Low-temperature Raman and IR spectrum of DCOF·SbF5 (2) and calculated frequencies [cm��1] of DCOF·SbF5. 

DCOF·SbF5 (2) DCOF·SbF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

 3416 w     

 3402 w     

2360(16)      

2330(22)  2272(32/40) ��1 A' ��s(C��D) 

 1887 w     

1651(24) 1649 w 1731(475/18) ��2 A' ��s(C=O) 

1637(20) 1638 w    ��(C=O) 

 1323 w     

1269(23) 1261 w    ��(C��F) 

1247(24)  1208(162/4) ��3 A' ��s(C��F) 

 1140 w     

 1109 w     

 1094 w     

 1018 w     

986(13) 991 w 967(13/2) ��4 A' �/s(CDF) 

 950 w     

875(8) 874 w 869(5/0) ��16 A'' ��as(DCF) 

758(13)      

 708 w     

682(93) 690 w 685(19/2) ��5 A' �/s(COF) 

  680(135/0) ��17 A'' ��as(Sb��F) 

675(78)  679(117/0) ��6 A' ��s(Sb��F) 

658(100) 665 w 674(124/3) ��7 A' ��s(Sb��F) 

648(90)  627(1/19) ��8 A' ��s(Sb��F) 

600(41) 609 w 581(1/2) ��18 A'' ��as(Sb��F) 

 507 w     

 480 w     

 387 w     

306(46)  284(0/1) ��9 A' �/s(Sb��F) 

292(37)  282(64/0) ��19 A'' �/as(Sb��F) 

277(29)  278(13/1) ��10 A' �/s(Sb��F) 

  264(53/0) ��11 A' �/s(Sb��F) 

  250(8/0) ��20 A'' ��as(Sb��F) 

249(24)  247(125/0) ��12 A' ��s(Sb��F) 
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238(28)  212(1/1) ��13 A' ��s(Sb��F) 

192(20)  185(2/1) ��21 A'' ��as(Sb��F) 

  142(1/0) ��14 A' ��s(Sb��F) 

  130(0/0) ��22 A'' �2as(Sb��F) 

  96(7/1) ��23 A'' ��as(Sb��F) 

  84(1/0) ��15 A' ��s(Sb��F) 

  56(0/0) ��24 A'' ��as(Sb��F) 

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory, Sb was calculated at the M06-2X/GenECP MWB46 level. [b] Frequencies are scaled with 
a factor of 0.956, [c] IR intensity in [km/mol] and Raman intensity in [Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to 
be 100. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak. 

 

 
 

Figure S 2. Low-temperature Raman and IR spectra of DCOF·SbF5 (2) and vibrational spectra of DCOF. 
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Table S3. Low-temperature Raman and IR spectrum of [HCO][Sb2F11] (3) and calculated frequencies [cm��1] of [HCO]+·4 HF. 

[HCO][Sb2F11] (3) [HCO]+·4 HF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

 3711 w     

 3300 w 3190(103/5) ��1 �™ ��(C��H) 

 2706 w     

2092(9) 2089 w 2209(162/33) ��2 �™ ��(C�AO) 

 1711 w     

 1672 w     

 905 w     

  812(14/0) ��13 �Œ �/(HCO) 

  810(13/0) ��4 �Œ �/(HCO) 

716(14) 714 s    SbF5 

693(100)     ��(Sb��F) 

686(37) 681 vs    ��(Sb��F) 

660(63) 662 vs    ��(Sb��F) 

651(72)     ��(Sb��F) 

627(4)     ��(Sb��F) 

601(16) 600 s    ��(Sb��F) 

575(14) 575 m    ��(Sb��F) 

 550 w    ��(Sb��F) 

492(4) 494 m    SbF5 

451(5)     �/(Sb��F) 

411(5)     �/(Sb��F) 

300(30)     �/(Sb��F) 

280(14)     �/(Sb��F) 

269(13)     �/(Sb��F) 

260(12)     �/(Sb��F) 

237(24)     �/(Sb��F) 

214(9)     �/(Sb��F) 

155(7)     �/(Sb��F) 

136(9)     �/(Sb��F) 

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to be 100. Abbreviations for IR intensities: vs = very strong, 
s = strong, m = medium, w = weak. 
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Figure S 3. Low-temperature Raman and IR spectra of [HCO][Sb2F11] (3) and vibrational spectra of HCOF. 
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Table S4. Low-temperature Raman and IR spectrum of HCOF and calculated frequencies [cm��1] of HCOF.[12] 

HCOF HCOF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

 3877 vs     

3160(4)      

3024(57)  2994(19/78) ��1 A' ��s(C��H) 

2670(2)      

2032(2)      

 1850 vw     

1801(100) 1819 vs 1851(317/16) ��2 A' ��s(C=O) 

1772(5)      

1347(22)  1323(2/3) ��3 A' �/s(CHF) 

 1080 vw 1074(271/3) ��4 A' ��s(C��F) 

1025(14) 1051 vw 1012(0/1) ��6 A'' �2as(CHF) 

663(38) 623 w 653(22/2) ��5 A' �/s(COF) 

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to be 100. Abbreviations for IR intensities: vs = very strong, 
s = strong, m = medium, w = weak. 

 

 
 

Figure S 4. Low-temperature Raman and IR spectra of HCOF. 
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Table S5. Low-temperature Raman and IR spectrum of DCOF and calculated frequencies [cm��1] of DCOF.[12] 

DCOF DCOF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

2953(11)      

2293(55) 2272 w 2245(60/29) ��1 A' ��s(C��D) 

2258(12) 2249 w     

 2154 w     

 2143 w     

 2125 w     

 1815 w     

1771(100) 1784 w 1800(292/24) ��2 A' ��s(C=O) 

1744(6)      

 1718 w     

1710(21) 1701 w    ��3+��5 

 1689 w     

 1094 w     

1060(12) 1070 w 1078(225/3) ��3 A' ��s(C��F) 

 982 w     

965(17) 953 w 951(30/2) ��4 A' �/s(CDF) 

920(4)      

863(3)  855(3/0) ��6 A'' ��as(CDF) 

 669 w     

658(28) 646 w 647(22/2) ��5 A' �/s(COF) 

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to be 100. Abbreviations for IR intensities: vs = very strong, 
s = strong, m = medium, w = weak. 
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Figure S 5. Low-temperature Raman and IR spectra of DCOF. 
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Table S6. Low-temperature Raman and IR spectra of CH2FCOF·SbF5 (4) and calculated frequencies [cm��1] of CH2FCOF·SbF5.[13] 

CHF2COF·SbF5 (4) CHF2COF·SbF5 Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3004(15) 3003 w 2970(8/85) ��1 A ��(C��H) 

1752(9) 1753 w 1811(433/12) ��2 A ��(C=O) 

 1445 w     

1409(4) 1406 w 1394(55/2) ��3 A �/(CCH) 

1346(8) 1344 w     

1331(9) 1329 w 1326(33/3) ��4 A �/(FCH) 

 1317 w     

1294(4) 1294 s     

1222(7) 1221 w 1259(167/2) ��5 A ��(C��F) 

1158(5) 1159 s     

1139(7) 1132 s 1178(148/2) ��6 A ��(C��F) 

 1103 w     

1083(5)  1129(135/3) ��7 A ��(C��F) 

925(8) 924 m 915(26/4) ��8 A ��(C��C) 

 834 w     

784(9) 781 w 765(22/4) ��9 A �/(COF) 

607(16) 608 w 596(48/2) ��14 A �/(CCO) 

550(5) 544 w 546(10/1) ��16 A �/(CF2) 

446(11)  441(11/1) ��17 A �/(CCF) 

434(11)      

393(9) 390 w 369(7/0) ��18 A �/(CCF) 

270(17)  259(12/0) ��22 A �/(CCF) 

  62(0/0) ��31 A �2(COF) 

716(38) 719 s    SbF5 

 708 vs     

 696 vs    ��(Sb��F) 

685(18) 681 vs 681(129/0) ��10 A ��(Sb��F) 

671(100) 673 vs 681(118/0) ��11 A ��(Sb��F) 

658(90) 657 s 676(119/4) ��12 A ��(Sb��F) 

  630(4/19) ��13 A ��(Sb��F) 

  582(1/2) ��15 A ��(Sb��F) 

504(5)     ��(Sb��F) 

481(8) 482 w    SbF5 

 376 w    �/(Sb��F) 
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 355 m    �/(Sb��F) 

300(25)  285(0/1) ��19 A �/(Sb��F) 

  273(41/0) ��20 A �/(Sb��F) 

257(12)  264(54/0) ��21 A �/(Sb��F) 

232(18)  252(139/0) ��23 A ��(Sb��F) 

  222(4/1) ��24 A �/(Sb��F) 

  210(1/1) ��25 A �2(Sb��F) 

153(13)  165(0/1) ��26 A �2(Sb��F) 

146(13)  133(0/0) ��27 A ��(Sb��F) 

  125(0/0) ��28 A �2(Sb��F) 

  120(6/0) ��29 A ��(Sb��F) 

  65(0/0) ��30 A ��(Sb��F) 

  33(1/0) ��32 A ��(Sb��F) 

  24(1/0) ��33 A ��(Sb��F) 

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to be 100. Abbreviations for IR intensities: vs = very strong, 
s = strong, m = medium, w = weak. 

 

 
 

Figure S 6. Low-temperature Raman and IR spectra of CHF2COF·SbF5 (4) and vibrational spectra of CHF2COF. 
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Table S7. Low-temperature Raman and IR spectrum of CHF2COF and calculated frequencies [cm��1] of CHF2COF.[14] 

CHF2COF CHF2COF Assignment 

Raman IR calc.[a,b] (IR/Raman)[c]  

3010(65) 2980 m 3020(10/63) v1  A'  vs(C��H)  

2779(4)     v(C��H) 

2676(8)      

1876(98) 1886 vs 1890(248/14) v2 A' vs(C=O) 

1840(6)      

1398(13)  1345(75/1) v3 A' �/s(CCH) 

1350(34) 1362 m 1332(15/2) v11 A'' �/as(CCH) 

1250(4) 1256 s    vs(C��F) 

1188(23)  1254(186/2) v4 A' vs(C��F) 

 1151 vs     

1128(11) 1117 vs 1116(206/3) v12 A'' vas(CF2) 

1090(27) 1107 vs 1115(61/4) v5 A' vs(CF2) 

919(64) 916 m 853(79/7) v6 A' vs(C��C) 

862(7) 864 m    vs(C��C) 

751(100) 748 m 745(21/0) v13 A'' ��as(COF) 

699(3) 704 m 685(53/2) v7 A' �/s(COF) 

 619 m     

 611 m     

581(27) 581 m 566(18/2) v8 A' �/s(CF2) 

569(18) 571 m    �/(CF2) 

501(7)      

421(21) 426 m 401(3/2) v9 A' �/s(CCO) 

322(28)      

240(12)  241(6/0) v10 A' �/s(CCF) 

211(4)  228(7/1) v14 A'' ��as(CF2) 

  48(4/1) v15 A'' lattice 

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory. [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [km/mol] and Raman 
intensity in [Å4/u]. Experimental Raman intensity is scaled to the most intensive mode to be 100. Abbreviations for IR intensities: vs = very strong, 
s = strong, m = medium, w = weak. 
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Figure S 7. Stacked low-temperature Raman spectra of HCOF·SbF5 (1, green, bottom), reaction mixture of HCOF and 2 eq. SbF5 in R-134a at ��30 °C after 4d 
(blue, middle), as well as [HCO][Sb2F11] (3, red, top). 

 

 
 

Figure S 8. Stacked gaseous IR spectra (100 mbar) of CHF3 (green, bottom), 1,1,1,2-tetrafluoroethane (R-134a, red, middle), and the decomposition of 4 (blue, 
top). Dashed lines mark the bands of CHF3 in the top IR spectra. 
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Crystallographic Data  

Structure Solution and Refinement  

The crystal structure of [HCO][Sb2F11] (3) was solved in the monoclinic space group P21/c as the solutions in Pc and P21 showed 
weaker R1 values and therefore seemed not to be reliable. 

The refinement of all non-hydrogen atoms was performed until the wR2 value converged. The structure was refined anisotropically, 
and the position of H1 was calculated with AFIX 163 for acetylenic C��H bonds. The proton was freely refined under the restriction of a 
DFIX command. A protonation on the O-site seemed not reliable, due to a large F distance of 2.851 Å. The C protonation resulted in a 
lower wR2 value and displayed a moderate C(��H)···F hydrogen bond with a length of 2.725(6) Å. 

The crystal structure of 3 shows a large thermal ellipsoid of the O atom, which is referred to the spherical environment of the O atom 
with weak contacts in the range of 2.85 Å (see Table S8 and Hirshfeld surface of [HCO]+ in Figure 3). 

The Q-peaks on the electron difmap (see Figure S9) showed that a mix-occupation on the C1 and O1 sites is not reliable, due to the 
low electron density close to O1. Q100, the closest Q-peak linear to the cation, is located with a distance of 1.916 Å to O1, whereas 
the closest F atom is located 3.610 Å from O1. 

 
Figure S9. Electron difmap of 3 with Q-peaks and PLAN command set to 100. 

Other refinement solutions  

The refinement with PART function only led to not positively defined atoms. Furthermore, no suitable Q-peaks were found (see 
Figure S10). Therefore, no reliable H atom was found. 

 
Figure S10. HCO+ cation refined with mix-occupation (displacement ellipsoids with 50% probability). 

The occupation of the O-site with the lighter atoms N shoed a smaller ellipsoid but at the expense of a larger C ellipsoid. Therefore, 
this also seems not to be reliable. The same applies to HN2

+. All solutions showed similar wR2 values. The preparation of 3 was 
performed under a total exclusion of nitrogen atmosphere or nitrogen containing starting materials. Therefore, only the presented 
solution for 3 seems to be reliable. 

 
Figure S11. Solution of 3 as HCNH+ and HN2

+ cations (displacement ellipsoids with 50% probability). 
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Table S8. X-ray data and refinement of [HCO][Sb2F11] (3). 

 
[HCO][Sb2F11] (3) 

formula CHF11OSb2 

Mr [g mol-1] 481.52 

crystal size [mm3] 0.343 x 0.305 x 0.254 

crystal system monoclinic 

space group P21/c 

a [Å] 8.1584(7) 

b [Å] 11.5174(9) 

c [Å] 9.8960(7) 

�.��[°] 90 

����[°] 93.081(7) 

����[°] 90 

V [Å³] 928.52(13) 

Z 4 

�!calc [g cm-3] 3.445 

µ [mm-1] 5.967 

��MoK�. [Å] 0.71073 

F(000) 864 

T [K] 101(2) 

hkl range ��11:10, ��15:15, ��12:13 

refl. measured 8940 

refl. unique 2597 

Rint 0.0384 

parameters 139 

R(F)/wR(F²) a (all reflexions) 0.0437/0.0889 

weighting scheme b 0.0422/1.2365 

S (GoF) c 1.107 

residual density [e Å-3] 1.678/��1.611 

device type Oxford XCalibur 

solution SHELXT[3] 

refinement SHELXL-2018/3[4] 

CCDC 2354091 

a R1 = ��  ||F0|-|FC||/ �� |F0|; 
b wR2 = [�� [w(F2

0 - F2
C)2]/ �� (F0)2]]1/2; w = [�12

C(F2
0) + (xP]2 + yP]-1; P = (F2

0 + 2F2
C)/3; 

c GooF = [�� [(F2
0 - F2

C)2]/(n-p)]1/2 (n = number of relexions; p = total numbers of parameters). 
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Table S9. Bond lengths [Å] and bond angles [°] of [HCO][Sb2F11] (3) as well as donor-acceptor distances of 3. Symmetry codes: i = 1��x, 1��y, 1��z; ii = ��1+x, y, z; 
iii = 1��x, ��0.5+y, 1.5��z; iv = 1��x, 1��y, 2��z; v = 1��x, 0.5+y, 1.5��z; vi = ��1+x, 1.5��y, 0.5+z. 

[HCO][Sb2F11] (3) 

Bond lengths [Å] 

C1��O1 1.060(7) Sb2��F6 2.008(3) 

Sb1��F1 1.865(3) Sb2��F7 1.838(3) 

Sb1��F2 1.840(3) Sb2��F8 1.858(3) 

Sb1��F3 1.846(4) Sb2��F9 1.880(3) 

Sb1��F4 1.843(4) Sb2��F10 1.861(3) 

Sb1��F5 1.861(3) Sb2��F11 1.849(3) 

Sb1��F6 2.046(2)   

Bond angles [°] 

F1��Sb1��F2 88.2(1) F6��Sb2��F7 86.5(1) 

F1��Sb1��F3 96.3(2) F6��Sb2��F8 85.6(1) 

F1��Sb1��F4 90.5(2) F6��Sb2��F9 85.6(1) 

F1��Sb1��F5 167.5(2) F6��Sb2��F10 84.2(1) 

F1��Sb1��F6 83.1(1) F6��Sb2��F11 177.4(1) 

F2��Sb1��F3 94.2(2) F7��Sb2��F8 90.9(1) 

F2��Sb1��F4 172.0(2) F7��Sb2��F9 90.4(1) 

F2��Sb1��F5 90.0(1) F7��Sb2��F10 170.5(1) 

F2��Sb1��F6 85.6(1) F7��Sb2��F11 96.0(1) 

F3��Sb1��F4 93.8(2) F8��Sb2��F9 171.1(1) 

F3��Sb1��F5 96.1(2) F8��Sb2��F10 90.2(1) 

F3��Sb1��F6 179.4(1) F8��Sb2��F11 95.0(1) 

F4��Sb1��F5 89.5(2) F9��Sb2��F10 87.2(1) 

F4��Sb1��F6 86.4(1) F9��Sb2��F11 93.6(1) 

F5��Sb1��F6 84.4(1) F10��Sb2��F11 93.3(1) 

Dihedral angles [°] 

F3��Sb1��F6��Sb2 ��134(13) Sb1��F6��Sb2��F11 ��57(3) 

Donor-acceptor distances [Å] 

C1(��H1)··· F9 2.725(6) C1··· F10ii 2.504(6) 

C1··· F1i 2.488(6) O1··· F2iv 2.855(6) 

C1··· F5ii 2.769(6) O1··· F3v 2.879(6) 

C1··· F8iii 2.608(6) O1··· F11vi 2.824(6) 
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Figure S 12. Crystal packing of [HCO][Sb2F11] (3) (displacement ellipsoids with 50% probability). 

 

 
 

Figure S 13. Chains along the b-axis of [HCO][Sb2F11] (3) (displacement ellipsoids with 50% probability). Symmetry codes: i = 1��x, 0.5+y, 1.5��z; ii = 1��x, ��0.5+y, 
1.5��z; iii = x, ��1+y, z. 
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Figure S 14. Chains along the c-axis of [HCO][Sb2F11] (3) (displacement ellipsoids with 50% probability). Symmetry codes: i = 1��x, 1��y, 1��z; ii = 1��x, 0.5+y, 1.5��z; 
iii = x, 1.5��y, 0.5+z; iv = 1��x, 1��y, 2��z; v = x, y, 1+z. 

 

 
 

Figure S 15. HCO+ cation with selected interionic contacts (displacement ellipsoids with 50% probability). Symmetry codes: i = ��1+x, y, z; ii = 1��x, ��0.5+y, 1.5��z; 
iii = 1��x, 1��y, 1��z; iv = 1��x, 1��y, 2��z; v = 1��x, 0.5+y, 1.5��z; vi = ��1+x, 1.5��y, 0.5+z. 
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Hirshfeld Surface Analysis  
 
Hirshfeld surface analysis was performed with the CrystalExplorer software.[10,11] The Hirshfeld fingerprint plots of the cation of 3 are depicted in Figure S10. The 

different contacts and the percentages of all contacts are noted in the diagrams. 

 

 

 
 

Figure S 16. Fingerprint plots of the cation of the crystal structure of 3. 
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NMR Spectroscopy  

  

Figure S 17. 1H and 19F NMR spectra of HCOF in SO2 at ��70 °C. 
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HCOF: 

1H NMR [400 MHz, (CD3)2CO)]: �/ = 8.29 (d, J = 180.2 Hz, HCOF). 
19F NMR [376 MHz, (CD3)2CO)]: �/ = 45.45 (d, J = 179.9 Hz, HCOF). 

13C NMR [101 MHz, (CD3)2CO)]: �/ = 152.7 (dd, J = 370.6, 7.3 Hz, HCOF). 

 
  

Figure S 18. 13C NMR spectrum of HCOF in SO2 at ��70 °C. 
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Figure S 19. 2H and 19F NMR spectra of DCOF in SO2 at ��70 °C. 
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DCOF: 

2H NMR [61 MHz, (CD3)2CO)]: �/  = 8.32 (d, J = 27.2 Hz, DCOF). 
19F NMR [376 MHz, (CD3)2CO)]: �/ = 43.86 (t, J = 27.6 Hz, DCOF). 

13C NMR [101 MHz, (CD3)2CO)]: �/ = 152.7 (dt, J = 368.3, 41.3 Hz, DCOF). 

 
  

Figure S 20. 13C NMR spectrum of DCOF in SO2 at ��70 °C. 
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Quantum Chemical Calculations  

Table S10. Standard orientations of HCOF·SbF5 and DCOF·SbF5. 
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Table S11. Standard orientation of [HCO]+·4 HF. 
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Table S12. Standard orientations of HCOF and DCOF. 
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Table S13. Standard orientations of CHF2COF·SbF5. 
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Figure S 21. Calculated gas-phase structures of HCOF·SbF5 (left) and DCOF·SbF5 (right). Calculated at the M06-2X/aug-cc-pVTZ-level of theory. 
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Figure S 22. Calculated gas-phase structure of [HCO]+·4 HF. Calculated at the M06-2X/aug-cc-pVTZ-level of theory. 

 

 

 

Figure S 23. Calculated gas-phase structure of CHF2COF·SbF5. Calculated at the M06-2X/aug-cc-pVTZ-level of theory. 
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