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Introduction

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.[3l 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)“ or bis(2-methoxyethyl)aminosulfur trifluoride
(Deoxo-Fluor),®! or the conversion with electrophilic fluorinating agents like
Selectfluor.l®! Other common preparative pathways are the reactions of carboxylic
acids with MesNSCF3l’l or EtsN-3 HF (see|Scheme 1).8l 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|13 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).[1213]

6FKHPH3UHSDUDWLYH SDWKZD\V IRU WKH VIQWKHVLV RI DF\O IOXRU|
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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.[*41% 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!*® or a fluorine source in fluorination reactions.!*]
7KH\ DUH DOVR RIWHQ XWRX D FHDIQQ? HER@NnE Rahg déngicihlV
reactions, e. g. in Friedel-Crafts or Gatterman-Koch reactions.[**?11 Furthermore, acyl
fluorides are prominent intermediates in organic synthesis and are used in amidation
and esterification reactions,[?>2% or the solution- and solid-phase synthesis of

peptides.l?4

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.['®21l These are highly reactive
species and show versatile reactivity as C-, O-, S-, or N-acylating agents in many
cases.[? On a laboratory scale, acyl cations are synthesized most commonly from acyl
fluorides by two different routes. First, by the so-FDOOHG 3VLOYHU VDOW PHWK
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 BFs, AsFs, or SbFs (see

Equation 2).125-27]

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.[?83%1 Due to the high
electronegativity of fluorine, the C F bond is a very polar and very strong bond with a
high dipole moment.[3%:32 Therefore, strong Lewis acids are necessary for the fluoride
abstraction.

6FKHPHOHFKDQLVP RI WKH 1) QL W& B DD SM RQ V

The first stable acyl cation was synthesized and isolated by SEEL in 1943 from the
reaction of acetyl fluoride and the Lewis acid BFs in the aprotic solvent SO2 (see
Equation 3).133 The high stability of the acetylium ion is due to the stabilization by
hyperconjugation by the methyl group.[2¢!

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.[*® 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.343¢ 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, HORVATH observed the
HCO* cation in the binary superacidic system HF/SbFs under high pressure of carbon
monoxide using NMR and IR spectroscopy,[*l whereas StovyANov detected the elusive
cation from the interaction of carbon monoxide and the solid carborane superacid

H(CHB11F11) using IR spectroscopy.[4041]

The possibility of synthesizing and stabilizing highly reactive and cationic species,
including superelectrophiles, is offered by the use of superacidic media.l?%42-4%] The
WHUP 3VXSHUDFLG ™ ZDV Hal ¥y CoxMr ihR@2X¥ el defined by
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GILLESPIE in 1971 as acids that are stronger than 100% sulfuric acid or perchloric
acid.*”l To quantify the strength of superacids, HAMMETT and DEYRUP introduced the
Hammett acidity function Ho (see Equation 4) in 1932 since the pH scale is limited to
water as a solvent, with -, s6 as equilibrium constant, C as the concentration, a as
activity, and f as the activity coefficient.!8!
* > v 700/ > g/
4LFHK:€;6,,U“6LFZ %q, A6 EZ—(gwl—G 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 5.4

The Ho values of the Brgnsted 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. AsFs or SbFs.[*?50 For the strongest binary superacidic system
HF/SbFs, Ho values down to approximately 23 were measured.? In the binary
superacidic system HF/SbFs, HF acts both as a solvent and as a reactant.[*%51-54 The
high acidity of the binary superacid system is based on the autoprotolysis equilibrium

of the solvent aHF (Equations 6 and 7).[5%

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

LQ QXPHURXV RUJDQLF UHDFWLRQV 7KHUHE\ KH RIWHQ .
solvents like SO2, SO2CIF, or SO2F2.[°l 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
FSOsH/SbFs 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."!



Introduction

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 SbFs 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/SbFs to form CFsOH, which is subsequently protonated to [CF3OH2][SbFe].[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/MFs (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).164.65]

In the case of malonyl difluoride, the synthesis and isolation of the [FOCCH2 COJ*
cation by fluoride abstraction was also achieved by JESSEN and KORNATH from the
reaction of malonyl difluoride with SbFs in the aprotic solvent 1,1,1,2-tetrafluoroethane
(R-134a) (see Equations 12).[6¢]



Objectives

2 Objectives

Acyl fluorides show versatile reactivity in superacidic media. While acetyl fluoride forms
stable acetylium salts in the binary superacidic system FSOsH/SbFs,[*1 mono- and
diprotonated fumaryl fluoride and malonyl difluoride, respectively, were isolated as the
first examples of protonated acyl fluorides from HF/SbFs.[6485 In the case of malonyl
difluoride, the respective acyl cation was also isolated from the reaction with SbFs (see

Scheme 3).[¢¢l

6FKHPH3RVVLEOH UHDFWLRQV RI DF\O IOXRULGHV RIQ ZAKMHK WXISH UB EIL\G IVEX 8 HVOVD IF B G )

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 CHs moiety for an electron-withdrawing chlorine atom or a simple

hydrogen atom.
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6FKHPH/HZLYV VWUXFWXUHYV RI VHOHFWHG KDORDFHW\O IOXRULWKGEWDIR LLIYHVWLJ
VXEVWLWXHQWY RQ WKH UHDFWLYLW\ RI WKH &2) PRLHW\
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3 Summary

3.1 Properties of Chloroacetyl Fluoride and Fluoroacetyl Fluoride in HF/ MFs
(M = As, Sb)
7KH SURSHUWLHYV RI DFHW\O |O X4RIShFE) kveteQnveBtiDatédFoyD FL G~ )

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

was determined, whereas protonated acetyl fluoride was not observed.’]

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/MFs and DF/MFs (M = As, Sb), as in the case of chloro- and

fluoroacetyl fluoride (see Equations 13 and 14).167]

Single-crystal X-ray diffraction of the [SbFe] salts revealed a significant elongation of
the C=0 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=0 bond (see|Figure 1).[6467-69

JLIXUHQWHULRQLF LQWHUDFWLRQV RI WKH FD& PR Q @ Q@R G VS O\DW B B HSDF NMHAQILB M R&
SUREDELOLW\ B\PPHWU\ FRGHV \ ]
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1%2 FDOFXODWLRQV RQ -coVX/HZ-l&& of 'theoty] 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=0 bonds and a red-shift of the
v & 2 7KLV LV HVWDEOLVKHG LQ-AMKHESPWHUDWXUH DV WKFE

JLIXUROROHFXODU " ERKWXUIDFHV ZLWK PDSSHG HOHFWURVWDWLF SRWHQWLL
N- PROHG WRN- PRO EOXH OHIW NDPERAUBHG NWRRO EOXH ULJKW 7KH
HOHFWURVWDWLF SRWHQWLDO LVRVXUIDFHV DQG WK )13B3HAMD WDIHY KDYH EHH
>&H& 2+ )@) ULIJKW 6HOHFWHG 13% FKDUJHV DUH JEGY%HQ' IDXBEXT @HE%BOMRIODWHG
WKHRU\

3.2 Properties of Acetoacetyl Fluoride in HF/  MFs (M = As, Sh)

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
IRU WKH VWUXFWXUDOO\ UHODW H Gdr&lipiR/Rthipiuri@tend HG PD O

to show the formation of intramolecular O( H)---O hydrogen bonds. [/6]
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Acetoacetyl fluoride (AcAcF) was synthesized first from OLAH in 1961 by reacting
diketene in aHF (see Equation 15).'-7% $ V Ddicarbonyl 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.[’7-79

Diketene was reacted in HF/AsFs and HF/SbFs 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 [SbFe] 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.l®® 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 SbFs, diprotonated AcAcF was formed. The X-ray
structure analysis of the [SbFe] 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

_[68,69]

10
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JLIXUHQWHULRQLF LQWHUDFWLRQV RI WKH F& W & REQ& R DAW B@ ) F)U\G WADSD BBARHQWRI|
HOOLSVRLGV ZLWK SUREDELOLW\ \ 6\PEHWU\ FRGHV]

JLIXUHQWHULRQLF LQWHUDFWLRQV RI WKH F& W & RQ& LD W@ B GEY)\ VGULD/S GDFMNREBQWR | >,
HOOLSVRLGV ZLWK SUREDELOUW\ §\PIPHWU\ FRGHV \ ]

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 ) ERQG GXH W-R WKH 3
H I HIPY¥® Thus, the protonation of the C=0 bond is favored over a fluoride
abstraction when further equivalents of SbFs 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.!*2

11
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JLIXUHDOROHFXODU " ERKWXUIDFHV ZLWK PDSSHG HOHFWURVWDWLF SRWHQWLL

N- PROHG WRN- PRO EOXH OHIW NDRRAUBRAG NWHRRO EOXH ULJKW

7KH

HOHFWURVWDWLF SRWHQWLDO LVRVXUIDP®WFXOMEIBWMEH R BEERKAOY)I HYHKWY B B HQ F

>&& 2+ &®& 2+ )@ +) ULIKW &DOFXODWHGESDWOMKH O3RIDIKEKHRUN\

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.

6FKHPH3RVVLEOH SURWRQDWLRQ VLWHV RY BQ X HW HRQUH SDUREN RO MXHO®D W HIEHSV H C

3.3 Properties of Dichloroacetyl Fluoride in HF/  MFs (M = As, Sh)

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/MFs (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/MFs and DF/MFs (M = As,
Sb) according to Equation 18 and Equation 19.[80

12
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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, SbFs 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=0 bonds and a significant shortening of the C F bonds compared to

dichloroacetyl fluoride was observed.[6467]

JLIXURDWLRQV LQ WKH FU\VWD&2 VWIXFROLYH R +-@EHPEA@ GLVSODFHPHQW HOOLSVRL
SUREDELOLW\ 6\PPHWUWFRIGHV

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

hydrogen bonds and interionic CI---F as well as F---F contacts, as illustrated in |Figure

[68,69]

13
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JLIXUHQWHULRQLF FRQWDFWYV RI WKH FDW L+RQ 2+Q@W &8l FAL\Y SWDIDF 8 P H { WQ Bl (RO LRARL (
SUREDELOLW\ 6\PPHWUWHRRGHVY \ ] LLL[ \ ]

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
TXDQWXP FKHPLFDO FDOFXODW LE&QWTZReQel W Kheorg. %he;' D X J
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/SbFs

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 (FsAcF) in aHF and the binary superacidic
systems HF/SbFs and DF/SbFs were investigated.

As indicated by NMR spectroscopy, both haloacetyl fluorides form equilibria with their
FRUUHYV S Ri@@&dal@ahols in aHF at low temperatures. Thereby, the haloacetyl
fluorides are the predominant species. The addition of SbFs enabled the shift of the
HTXLOLEULD WR WiKiétoalcbldld, whichak€ Htabilized as the respective

14
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oxonium salts, due to protonation (see Equations 20 and 21).5961 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, 6869 as demonstrated by a Hirshfeld surface analysis

of the intermolecular contacts (see|Figure 8).[81.82]

JLIXUHQWHULRQLF FRQWDFWYV DQG +L&YE+HAF® W XRQDE® WK W KK \Y&DO SDFNLQJ
>&+R)2+ @>6@) PDSSHGrIEWIRRORU FRGLQJ RI WKH +LUVKIHOGHVXDIDFH': ZKLWH Gl
EOXGH[FHHGYV 9': GLVWDQMHYV DPBOWHE WKDQ 9': GLVWDQFH )RU WHHRQGURJHQ ER

WKH FRQWDFWLQJ IOXRULQH DWRP LV VKRZQ IRULD EHWWHWU YLWXDPL]DWLRQ 6\P

AXDQWXP FKHPLFDO FDOFXODWI{c®YVZRe! b¥ikedr&révealedD X J

that the substitution of the CCl2H moiety for the CHF2 and CFs moieties leads to a
VLIQLILFDQW LQFUHDVH LQ WKH HOHFWURSKLO LReW\ RI WK
of protonated CI2AcF is significantly lower than that of protonated F2AcF and FsAcF

(see |Figure 9). The addition of HF to the C=0 bond is therefore less favored and

proceeds much slower, which enables the observation of protonated Cl2AcF in the

15
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solution. The significantly increased electrophilicity of protonated F2AcF and FsAcF
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.["0-75!

JLIXUROROHFXODU " ERKWXUIDFHV ZLWK PDSSHG HOHFWURVWDWLF SRWHQWLL
N- PRODHG WRN- PRO EOXH WRS MNMOBRIWRPHG NWHRRO EOXH ERWWRP 7KH

HOHFWURVWDWLF SRWHQWLDO LVRVX$FDFHR) KDYSF)E HWMRSF DOSKQ)BWHG IRU &0
>&+R 2+ )@) DQG &&) )@) ERWWRP &DOFXODWHRS IV MWKHHOOR | BYKHR U\

16
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3.5 Isolation of Highly Reactive Haloacetylium lons

After investigating the influence of decreasing electron donation on the properties of
acetyl fluoride and its derivates in the binary superacids HF/MFs (M = As, Sh), 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®8.72-74.83 or inductive effects.[8485]
For this purpose, chloro-, dichloro-, fluoro-, and difluoroacetyl fluoride were reacted

with selected Lewis acids and fluoride ion acceptors in the aprotic solvent SO2CIF.

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 (CIAcF) and fluoroacetyl fluoride (FACF), respectively, with O-coordinated AsFs
and SbFs, when the acyl fluorides were reacted with equimolar amounts of the Lewis
acids (see Equation 22). CIAcF and FAcF showed no reactions with the weaker Lewis
acids BFs, GeFs, and PFs.

After reacting CIAcF and FAcF with two equivalents of AsFs and SbFs, respectively,
salts of the chloro- and fluoroacetylium ions were obtained from the reactions with SbFs
(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 SbFs, when the Lewis acid was applied in equimolar amounts (see
Equation 24).
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The reactions of Cl2AcF with two equivalents of SbFs 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 SbFs.

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]*.[?8l 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

JLIXUH,QWHULRQLF FRQWDFWV Rl WKH FDW ) &D@LP B K I LFUS O WV DIOP S QN HQD RS VR G V
SUREDELOLW\ 6\PPHWU\ FRGHVYL [\ ] LLL [\ ]

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®871 as well as intramolecular hyperconjugation of the halogen-substituted
methyl groups.?8l 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]J*. The bonds are further weakened by negative hyperconjugation

of the halogen lone pairs (both see|Figure 11). In the case of [CHF2CO]J*, 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.

JLIXUH,QWUDPROHFXODU K\SHUFR@VEIDWILRQ RIDW KK OX\& BFRFFSDW-OWHKHH O3R ID X J

WKHRU\

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.[8892] 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 CICO * Cation

Salts of the chloro-, dichloro-, and fluoroacetylium ions were isolated from the aprotic
solvent SO2CIF by reacting the respective acyl fluorides with SbFs. 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 CICO* cation. The triatomic cation has been synthesized
before and was characterized by NMR spectroscopy by OLAH in 1991, as well as
vibrational spectroscopy by AuskE in 1999.°4 Since the crystal structure of the cation
has not been elucidated, salts of the CICO™ cation were synthesized by reacting either
carbonyl chloride fluoride or oxalyl chloride with three equivalents of SbFs in the aprotic

solvent 1,1,1,2-tetrafluoroethane (R-134a), as presented in Equations 26 and 27.[°3-95]

The crystal structure of the chlorocarbonyl cation was elucidated by recrystallization of
the salts from R-134a and revealed a C CI 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.°® The bond lengths of the cation are in accordance with the
corresponding C O and C Cl bonds of the isoelectronic molecules OCS and
CICN.I97:%8] 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 [SbsFis] anions,

as well as Cl---F and O---F contacts, as presented in |Figure 12|

JLIXUH,QWHULRQLF FRQWDFWV Rl WKH FDWLRQ)L@® WXL 5O DFAMHPE GW FHNQ QLU SR/IR &V &
SUREDELOLW\ B\PPHWUWFRGHVL] \ ] LLL [ \]LY \[\ % [
\ ]
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1%2 FDOFXODWLRQV R QcoApKTH-I&# of;thddry,Jas 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.[9%1% 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),[7%7% as well as electron

donation of the fluorine ligands of the anions.[®%871 This results in the shortening of the

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

JLIXUH6HOHFWHG 1%2V IRWRZ WIKGIGERW®B Q@ RQH SDLUV RI &0 ZLWK RFFXSDQFLHV |

In the course of these studies, the properties of oxalyl chloride in the binary superacidic
systems HF/SbFs and DF/SbFs were investigated. Reacting the acyl chloride with
equimolar amounts of SbFs 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.“2
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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=0 bond and a

significant shortening of the C CI 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).68.6°]

JLIXUH,QWHULRQLF FRQWDFWV RI WKH FDVRLRQ &@)>ME)H GFLUASY QVIDFH BB O WL B ® @RI S\ER L C

SUREDELOLW\ 6\PPHWU\ FRGHYV vl

4XDQWXP FKHPLFDO FDOFXODW L-BcQVTR&el Wikitheo§ dere’ D X J

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

protonated haloacetyl fluorides, the protonation of the COCI 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,
GHVSLWH FKORULQ FHidadt thenFluorizeR' 7Y FhisEesults in the significant

shortening of the C Cl bond.

JLIXUHOROHFXODU " ERKWXUIDFHY ZLWK PDSSHG HOHFWURVWDWLF SRWHQWLI

N- PROHG WRN- PRO EOXH OHIW NDPERAUBHG NWRRO EOXH

ULJKW 7KH

HOHFWURVWDWLF SRWHQWLDO LVRVXUIDFHVY DQG WRB @B$WKDRQIBHYKDYH EHHQ FD!
ULJKW 6HOHFWHG 13% FKDUJHY DUH JL&% Q;'L QXBFSR 7@ HYDHOF ROBWHR UDW WKH
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3.7 Isolation of the Elusive HCO * Cation

Since the CICO* 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 SbFs 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.[°1.192] Reacting both acyl fluorides with equimolar
amounts of SbFs in the aprotic solvent R-134a at low temperatures led to the isolation
of HCOF and DCOF, respectively, with O-coordinated SbFs (see Equations 30 and 31).

HCOF was subsequently reacted with two equivalents of SbFs 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-SbFs 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-SbFs from R-134a at 50 °C led to the isolation of [HCO][Sbz2Fi1] 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 & A2 RI WKH VDOW ZeD-$hiffedE torhphyeH @&
gaseous carbon monoxidel®* and to values obtained before for HCO® in the gas
phase,8lin HF/SbFs, as well as in the solid state from the interaction of CO and the
carborane superacid H(CHB11F11).*%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

168,69]

JLIXUH,QWHULRQLF FRQWDFWV Rl WKH FDWLRQ)L@ WK FOUDF\W P B QSN FHMLALIS R R b & & 23
SUREDELOLW\ 6\PPHWU\LERGHV \ ] LLL [\ ]

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).169.81.82]
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JLIXUH,QWHULRQLF FRQWDFWV DQG +LUWEWLORG \LQUWKEHH FRU\WW B O SBF@I L QJ RI > +¢
PDSSHG @AM K @RORU FRGLQJ Rl WKH +LUVKIHOGHV XD (DF B': Z REHQKH HGW W D Q FH
GLVWDQFH GDQG/ RBIGOHU WKDQ 9': GLVWDQFH )RU WKHL& ) FIEDQGD&EWLY) & ) &
RQO\ WKH FRQWDFWLQJ IOXRULQH DWRPV DUH VKRZQLURU [D\ BHWW[HU YLVXDOL]DWLF
] LLL [\ ]
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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 BFs, 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 CICO™ cation as well as the elusive HCO™* cation
by reacting carbonyl chloride fluoride or formyl fluoride, respectively, with SbFs 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 CICO™* 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. Shafig, A. Nitzer, D. Hollenwager, 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 lons, publication in preparation.

6. S. Steiner, K. Djordjevic, D. Hollenwéager, V. Bockmair, A. J. Kornath, Protonated
Oxalyl Chloride and the CICO* 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.

34



Appendix

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, 20" 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, 23" International Symposium on Fluorine
Chemistry & 9" 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, 2" South African Fluorine Symposium, Sun City
(South Africa), February 11-15, 2024.
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Supporting Information

Table S1] Low temperature Raman and IR spectra of [CH3CO][AsFe] (1) and [CH3CO][SbFe] (2) and calculated vibrational frequencies [cm "] of [CH3COJ*.
Figure S1]Low temperature Raman and IR Spectra of [CH3CO][AsFe] (1), [CH3CO][SbFe] (2) and CH3COF.

Table S2]Low temperature Raman and IR spectra of [CCIH.C(OX)F][AsFg] (3, 5) and [CCIH.C(OX)F][SbFe] (4, 6) (X = H, D) and calculated vibrational
frequencies [cm "] of [CCIH.C(OH)F]*HF.

Figure S 2] Low temperature Raman and IR Spectra of [CCIH2C(OX)F][AsFe] (3, 5), [CCIH2C(OX)F][SbFe] (4, 6) (X = H, D) and CCIH.COF.
Table S3] Low temperature Raman and IR spectra of CCIH.COF and calculated vibrational frequencies [cm "] of CCIH2COF.

Table S4]Low temperature Raman and IR spectra of [CH2FC(OX)F][AsFe] (7, 9) and [CH2FC(OX)F][SbFe] (8, 10) (X = H, D) and calculated vibrational
frequencies [cm '] of [CH2FC(OH)F]*HF.

Figure S 3] Low temperature Raman and IR Spectra of [CH2FC(OX)FI[AsFs] (7, 9), [CH2FC(OX)F][SbFe] (8, 10) (X = H, D) and CHzFCOF.

Table SS] Low temperature Raman and IR spectra of CH.FCOF and calculated vibrational frequencies [cm "] of CH.FCOF.
X-ray data and refinement of 4 and 10.

Bond lengths [A] and bond angles [°] of [CCIH2C(OH)F][SbFe] (4) as well as donor-acceptor distances in 4.
Layer structure of 4 (displacement ellipsoids with 50% probability). Symmetry codes: i = ix, 11y, 1iz;ii = 1ix, 0.5+y, 1.5iz;iii = 1+x, 1.5 iy, 0.5+z.
Bond lengths [A] and bond angles [°] of [CH2FC(OD)F][SbF¢] (10) as well as donor-acceptor distances in 10.
[Figure S 5§-c. NMR Spectra of CCIHCOF in aHF, {50 °C.

[Figure_S63-c. NMR Spectra of [CCIH2C(OH)F][SbF] (4) in aHF, 50 °C.

[Figure S7§-c. NMR Spectra of CH2FCOF in aHF, 20 °C.

[Figure_S8%-c. NMR Spectra of CH2FCOF in aHF, i50 °C.

[Figure S9%-c. NMR Spectra of [CH2FC(OH)F][SbF¢] (8) in aHF, i50 °C.

Calculated gas-phase structures of [CCIH2C(OH)F]*HF and [CH2FC(OH)F]*HF.

Table S9] Calculated bond lengths [A] and bond angles [°] of [CCIH2C(OH)F]*, [CCIH2C(OH)F]*HF, [CHFC(OH)F]* and [CH2FC(OH)F]*HF as well as bond
lengths [A] and bond angles [] of [CCIH2C(OH)F]* (4) and [CH2FC(OH)F]* (10).

Table S 10] Output Orientations of [CCIH2C(OH)F]*HF and [CH2FC(OH)F]"HF.
Table S11]Calculated NPA charges of CCIH.COF, [CCIH2C(OH)F]"HF, CH2FCOF and [CH2FC(OH)F]*HF.

Figure S 11] Molecular 0.0004 bohr 3D isosurfaces with mapped electrostatic potential as a color scale ranging from i0.04 a.u. (red) to 0.04 (blue). The
electrostatic potential isosurfaces and the NPA charges have been calculated for CCIH2COF.

Figure S 12] Molecular 0.0004 bohr 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 [CCIH2C(OH)F]*.

Figure S 13] Molecular 0.0004 bohr 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 [CCIH2C(OH)F]"HF.



Table S1. Low temperature Raman and IR spectra of [CHsCO][AsFe] (1) and [CHsCO][SbFs] (2) and calculated vibrational frequencies [cm ] of [CHsCOJ*.

[CH3CO][AsF¢] (1) [CHsCO][SbFe] (2) [CHsCOJ* Assignment
Raman IR Raman IR calc.2?! (IR/Raman)
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 A s(CH3)
2308(69) 2309 m 2305(59) 2301 w 2311(226/47) 2 A s &A2
1623 w
1548 w
1377(11) 1371 m 1381(10) 1346(20/5) 7 E 2CHs)
1377(11) 1371 m 1375(11) 1367 w 1346(20/5) 8 E I(CHs)
1334(27) 1332 m 1335(22) 1334 m 1313(41/7) 3 AL /s(CH3)
1230 w
1016 m 1014 m 992(25/0) 9 E Jas(C-H)
1016 m 1014 m 992(25/0) 10 E Jas(C-H)
902(13) 901 w 904(11) 901 m 869(2/3) 4 AL s(C-C)
825 w
407(7) 414(4) 406(3/0) 1 E Is(C-&A 2
407(7) 409(4) 409 s 406(3/0) 12 E fas(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) I 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 [A%/u].

Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



Figure S1. Low temperature Raman and IR spectra of [CH3CO][AsFg] (1), [CH3CO][SbFs] (2) and CH3COF.



Table S2. Low temperature Raman and IR spectra of [CCIH2C(OX)F][AsFe] (3, 5) and [CCIH.C(OX)F][SbF¢] (4, 6) (X = H, D) and calculated vibrational frequencies
[cm ] of [CCIH2C(OH)F]*HF.

[CCIH.C(OH)F][AsFs]  [CCIH2C(OD)F][AsFe] [CCIH2C(OH)F][SbFs]  [CCIH2C(OD)F][SbFs]  [CCIH:C(OH)F*HF  Assignment
(3) (5) 4 (6)
Raman IR Raman IR Raman IR Raman IR calc.2?! (IR/Raman)
2977(48) 2976 2976(47) 2974w 2993(17) 2976w  2993(20) 2978  2958(24/48) 1 A (C-H)
2938(81)  2939m  2938(77) 2939 w 2951(35) 2939w  2953(40) 2928(839/201) 2 A (C-H)
2909(1404/34) 3 A (O-H)
2307(4) 2347w 2308(8) 2341's (0-D)
1694(16)  1691s  1694(14) 1695w 1692(5) 1691w 1689(9) 1693s  1652(275/7) . A (C=0)
1415(6) 1419 m  1415(5) 1438(4) 1425w  1416(6) 1441(206/5) 5 A /(COH)
1374(36)  1375s  1373(34) 1372w 1378(32) 1369w  1376(24)  1365m  1333(72/11) 6 A /(CHy)
1240(5) 1286m  1240(4) 1240 w 1285(4) 1290w 1240(5) 1238 m  1255(72/2) 7 A &1)
1201(6) 1205 w
1200(39)  1213s  1201(38) 1198 w 1192(14) 1194w  1192(13) 1196m  1187(104/1) 8 A (C-F)
1169 m
1078 w 1107m  1169(0/2) 0 A ZCH>)
1008(11)  1024s  1008(10) 1005w 1030w 1005(5) 999 m
968 w 942(109/0) 10 A /(COH)
907(10) 908 s 907(10) 906 w 909(10) 908w  911(5) 903m  892(23/1) 1 A (c-C)
879(9) 860 m 880(9) 878 w 864 w 876(4) 879 m 869(16/0) 12 A &%)
812(79) 818 s 812(75) 806 w 815(38) 8l4m  807(27) 808m  803(37/9) 13 A (c-cn
780(4) 779(4) 773 m
608(12) 608(11) 613 w
593(32) 502m  592(30) 588 w 593(23) 592w 594(20) 615(15/1) 14 A /(COF)
510(7) 501 s 510(6) 503 w 513(6) 503 504(8) 492m  493(0/0) 15 A &C=0)
428(20) 428(18) 428 w
409(31) 409(31) 408(23) 409w 407(20) 407m  398(5/3) 16 A /(C-C-F)
279(6) 280(5) 272
243(18) 243(17) 230(5) 230(8) 165(1/1) 7 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 &%)
735(4) 736(4) (M-F)
712(49) 712(58) (M-F)
703(100)  702vs  702(94) 700 vs (M-F)




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

684(3) 681(14) (M-F)

675(99) 673 s 674(100)  675m 667(100) 665m  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)

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

374s 366(28) 372m /(M-F)

359s 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 [kd/mol] and Raman intensity in [A%/u].
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.

Figure S 2. Low temperature Raman and IR spectra of [CCIH2C(OX)F][AsFe] (3, 5), [CCIH2C(OX)F][SbFe] (4, 6) (X = H, D) and CCIH2COF.



Table S3. Low temperature Raman and IR spectra of CCIH.COF and calculated vibrational frequencies [cm %] of CCIH2COF.

CCIH.COF CCIH:COF Assignment
Raman IR calc.®P! (IR/Raman)©
3006(22) 3023(1/47) 1 A as(C-H)
2962(95) 2974'm 2970(10/110) 1 A S(C-H)
2799(3) 24
1894 s +(C=0)
1880 vs +(C=0)
1859(32) 1867 vs 1878(256/14) 2 A +(C=0)
1406(28) 1414 m 1391(24/6) 3 A Is(C-H)
1310(4) 1310 m 1281(11/1) . A &)
1280(2) 1280 m
1230 s
1189(12) 1164(0/2) 12 A ZCH>)
1105(6) 1097 vs 1070(271/2) 5 A Is(C-F)
926(3) 926 m 904(8/0) 13 A &)
880(16) 876 s 864(64/1) 6 A §(C-C)
801(100) 798 m 785(22/14) 7 A «(C-Cl)
665(7) 667 m
629(12) 619 s 605(21/2) 8 A Is(COF)
562(5) 559 m
530(5) 514(5/0) 1 A &&2
451(6)
411(14)
393(64) 381 m 380(1/3) 0 A Is(C-C-F)
302(5)
224(28) 203(2/1) 10 A 15(CCO)
82(6/0) 15 A &%)

[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 [A%/u].
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



Table S4. Low temperature Raman and IR spectra of [CH2FC(OX)F][AsFe] (7, 9) and [CH2FC(OX)F][SbFe] (8, 10) (X = H, D) and calculated vibrational frequencies

[cm ] of [CH2FC(OH)F]"HF.

[CH2FC(OH)F][AsFe] [CH2FC(OD)F][AsFe] [CH2FC(OH)F][SbFs] [CH2FC(OD)F][SbFe] [CH2FC(OH)FI*HF Assignment
(7 9) (8) (10)
Raman IR Raman IR Raman IR Raman IR calc.2?! (IR/Raman)
3155 w 3236 vs «(O-H)
2998(33) 2997 w 2098(56) 2995w  3004(22) 3004(22) 3003w  2935(9/55) 13 as(C-H)
2978(14) 2974w 2073(63) 2972w 2979(21) 2987w  2977(28) 2974w  2898(167/204) 1 S(C-H)
2874(2052/40) 2 S(O-H)
2950(32) 2952(16) 2955w
2307(4) 2353 w 2285(2) 2347m «0-D)
1981 m
1821w
1772 w 1782 s
1697(22) 1692 w 1692(35) 1678w  1699(19) 1701w  1696(19) 1688m  1667(298/7) 3 (C=0)
1604(6) 1607 vw 1595w  1603(3) 1612w
1485(6) 1481 w 1476(10) 1470w  1482(6) 1472w 1472(4) 1473w 1457(170/3) 4 Is(COH)
1409(58) 1408 w 1408(90) 1400w  1405(61) 1404w  1404(47) 1398s  1372(40/15) 5 Is(CH2)
1332(6) 1333w 1325(13) 1323w 1332(6) 1340w 1324(7) 1323m  1313(98/1) 6 &)
1246(26)  1242m 1246(37) 1240w 1249(26) 1247w  1248(19) 1244w  1216(0/4) 1 ZCH>)
1221(4) 1212w 1223m  1208(103/1) 7 «(C-F)
1112(7) 1105 m 1110(16) 1101 m 1104(10) 1107 m 1105(9) 1103 s 1144(105/3) 8 s(CH2-F)
1016 m 1018(6) 1016 m 1013(2) 1013m  986(2/0) 15 &)
996 m 943(122/0) 16 Jas(COH)
898(33) 897 w 902(14) 906w  897(39) 895m  906(6) 908m  857(15/5) 0 §(C-C)
829 m 845 w
810(6) 813w 806(7) 810w
591(33) 608 m 590(40) 588m  586(31) 500w 585(32) 588m  633(17/1) 10 Is(COF)
569 m
519(10) 525 m 505(18) 523m  521(9) 524m  504(15) 518 s 510(1/0) 7 &C=0)
485(22) 482(30) 484m  483(24) 501m  480(25) 480m  462(3212) 1 Is(C-C-F)
283(6) 277(10) 286(29) 279(43) 305(45/0) 2 Is(C-C=0)
147(16) 145(22) 150(18) 148(19) 123(4/0) 18 &)
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) 640m  641(80) 644 s (M-F)




499(13) 500(12) 501 m I(M-F)

365(45) 359's 366(61) 368 s /(M-F)
459 w 466(15) /(M-F)

380(34) 397 vs 380(38) 393vs  387(5) 372w /(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 [A%/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][AsFe] (7, 9), [CH2FC(OX)F][SbF¢] (8, 10) (X = H, D) and CH2FCOF.



Table S5. Low temperature Raman and IR spectra of CH2FCOF and calculated vibrational frequencies [cm '] of CH2FCOF.

CH2FCOF CH2FCOF Assignment
Raman IR calc.2P! (IR/Raman)©
3001(33) 2981 w 2978(3/51) 1 A" as(C-H)
2962(100) 2962 w 2930(13/127) 1 A s(C-H)
2863(7) 24
2772(11)
1906 s s(C=0)
1871(53) 1890 s 1885(295/18) 2 A s(C=0)
1454 w Is(C-H)
1437(40) 1439 w 1414(17/7) 3 A Is(C-H)
1388 w I5(C-H)
1252(22) 1238 m 1363(3/0) s A &)
1224 m
1157 w 1227(2/4) 12 A" 2CHy)
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" &)
828(10) 824 w 851(20/6) 7 A N(eXo))
706(11) 8t 15
642(17) 640 w 623(27/2) 8 A Is(COF)
621 w
534(6) 597 w
456(47) 553 w 517(9/0) 14 A" &C=0)
466 w 441(2/12) 0 A I5(C-C-F)
287(10) 392 w
263(12) 241(4/0) 10 A I5(C-C=0)
114(10/0) 15 A" &)

[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 [A%/u].
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



Table S6. X-ray data and refinement of 4 and 10.

[CCIH2C(OH)F][SbFe] (4)

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

formula
M [g mol?]
crystal size [mm?]
crystal system
space group
a[A]
b [A]
c A
-
[l
[l
VA3
z
leaic[g cm9)
H [mmY]
MoK . [A]
F(000)
TIK]
hkl range
refl. measured
refl. unique
Rint
parameters
R(F)/wR(F?) 2 (all reflexions)
weighting scheme °
S (GooF) ©
residual density [e A3
device type
solution
refinement

CCDC

C2H3CIF70Sb
333.24
0.21x0.13 x 0.08
monoclinic

P2i/c

5.2976(2)
13.0856(4)
12.1986(4)

90

99.460(3)

90

834.14(5)

4

2.654

3.700

0.71073

616

110(2)

i7:6, 117:15, i16:16
7299

2067

0.0317

113
0.0290/0.0440
0.0168/0.0000
1.014
0.515/10.404
Oxford XCalibur
SHELXTM
SHELXL-2018/3?

2023176

C2H2DFgOSh
316.79

0.52 x 0.46 x 0.26
triclinic

Ps

4.9566(3)
7.6512(7)
9.7112(7)
78.650(7)
80.241(6)
85.234(6)
355.39(5)

2

2.960

3.990

0.71073

292

130(2)

i7:5, 110:10, i13:12
3662

2157

0.0329

113
0.0341/0.0670
0.0305/0.0000
1.043
1.106/i2.155
Oxford XCalibur
SHELXTM
SHELXL-2018/3

2023175

#Ri= FolilFc__ Fol_

PWR2 = > W{F? | F’c)” @ Fo)’]]"*; w = [ Pc(F%) + (xP]* + yPT™; P = (F% + 2F%c)/3;
¢ GooF =[ [(F?% i F2c)?)/(n ip)]¥? (n = number of reflexions; p = total numbers of parameters).
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Table S7. Bond lengths [A] and bond angles [] of [CCIH.C(OH)F][SbFe] (4) as well as donor-acceptor distances in 4.

[CCIHC(OH)FI][SbF¢] (4)

Bond lengths [A]

ci-Cl1 1.753(3) Sb1-F2 1.923(2)
C1-C2 1.469(4) Sb1-F3 1.857(2)
C2-01 1.231(3) Sb1-F4 1.863(2)
C2-F1 1.285(3) Sb1-F5 1.864(2)
01-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-C2-01 124.2(2) F3-Sb1-F7 89.47(8)
01-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-C2-01 6.4(4) Cl1-C1-C2-F1 i174.2(2)
Donor-acceptor distances [A]
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) - FTiii 3.141(3) C2 - F5ii 2.651(3)

Figure S 4. Layer structure of 4 (displacement ellipsoids with 50% probability).
Symmetry codes: i = ix, 11y, 1iz;ii = 1ix, 0.5+y, 1.5 iz, iii = 1+x, 1.5 iy, 0.5+z.
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Table S8. Bond lengths [A] and bond angles [] of [CH2FC(OD)F][SbFs] (10) as well as donor-acceptor distances in 10.

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

Bond lengths [A]

F2-C2 1.359(5) Sb1-F3 1.868(2)
Cc2-Cl 1.484(5) Sb1-F4 1.871(2)
C1-01 1.227(5) Sb1-F5 1.858(2)
C1-F1 1.278(4) Sb1-F6 1.875(2)
01-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-C1-01 123.2(3) F4-Sb1-F8 91.74(9)
0O1-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-Sh1-F6 175.00(9) F6-Sb1-F7 86.68(9)
F3-Sh1-F7 88.32(9) F6-Sb1-F8 90.22(9)
F3-Sh1-F8 89.60(9) F7-Sb1-F8 88.76(9)
F4-Sb1-F5 91.49(9)
Dihedral angles [°]
F2-C2-C1-01 0.1(5) F2-C2-C1-F1 i179.0(3)
Donor-acceptor distances [A]
01-(D1) - F7 2.465(3) Cl - 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 CCIH 2COF in aHF, i50 °C
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CCIH,COF:
1H NMR [400 MHz, 460 °C, (CDs): &2 @ 3.81 (d, J = 2.5 Hz, CCIH,).

19F NMR [377 MHz, #0 °C, (CD3)2&2 @ 31.52 (s, COF).

13C NMR [101 MHz, -60 °C, (CD3): &2 @ 164.5 (d, J = 358.0 Hz, COF), 37.5 (d, J = 71.4 Hz, CCIH,).
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Figure S6a-c: NMR Spectra of [CCIH 2C(OH)F][SbF] (4) in aHF, i50 °C
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[CCIH.C(OH)F][SbFs] (4):
1H NMR (400 MHz, (CD3)2CO): / = 9.92 (m, 1H, COH), 4.58 (d, J = 3.3 Hz, 2H, CCIH,).

19F NMR (376 MHz, (CD3)2CO): / = 46.60 (s, C(OH)F), 1126.07 (s, SbFe).

13C NMR (101 MHz, (CDs)CO): / G = 379.7 Hz, C(OH)F), 38.4 (d, J = 30.1 Hz, CCIH,).
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Figure S7a-c: NMR Spectra of CH 2FCOF in aHF, i20 °C
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CH,FCOF:
IH NMR [400 MHz, #60 °C, (CD3):&2 @ 4.71 (dd, J = 45.4, 3.7 Hz, CHF).

19F NMR [377 MHz, 460 °C, (CD3): &2 @ 21.30 (dt, J = 44.8, 4.5 Hz, COF), i235.61 (q, J = 47.3 Hz, CH,F).

13C NMR [101 MHz, -60 °C, (CD3): &2 @ 164.8 (dd, J = 359.7, 25.2 Hz, COF), 75.0 (dd, J = 182.4, 75.3 Hz, CH,F).
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Figure S8a-c: NMR Spectra of CH 2FCOF in aHF, i50 °C
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CH,FCOF:
H NMR [400 MHz, #60 °C, (CD3)2&2 @ 4.65 (dd, J = 45.4, 4.0 Hz, CH,F).

19F NMR [377 MHz, #60 °C, (CD3),&2 @ 20.46 (d, J = 46.0 Hz, COF), i235.66 (q, J = 46.9 Hz, CH,F).

13C NMR [101 MHz, -60 °C, (CD3): &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, CH,F), 74.9 (dd, J = 181.7, 75.2 Hz, CH,F).
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Figure S9a-c: NMR Spectra of [CH 2FC(OH)F][SbF¢] (8) in aHF, i50 °C
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[CH2FC(OH)F][SbFe] (8):
H NMR (400 MHz, (CD3)>CO): / =9.92 (m, 1H, COH), 5.27 (dd, J = 43.7, 3.4 Hz, 2H, CHF).

19F NMR (376 MHz, (CD3):CO): / = 30.02 (d, J = 42.4 Hz, C(OH)F), i123.83 (s, SbFs), i237.10 (q, J = 43.7 Hz, CH.F).
13C NMR (101 MHz, (CD3)>CO): / GJG= 363.7, 26.0 Hz, C(OH)F), 77.1 (dd, J = 191.5, 41.3 Hz, CH,F).
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Figure S 10. Calculated gas-phase structures of [CCIH2C(OH)F]*HF and [CH2FC(OH)F]*HF.

Table S9. Calculated bond lengths [A] and bond angles [] of [CCIH.C(OH)F]*,
[CCIH2C(OH)F]*HF, [CH2FC(OH)F]* and [CH.FC(OH)F]*HF as well as bond lengths [A] and
bond angles [°] of [CCIH2C(OH)F]* (4) and [CH2FC(OD)F]* (10).

[CCIH2C(OH)F]" B [CCIH.C(OH)F[ HF & @

Bond lengths [A]

c2-01 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)
ci-cii 1.747 1.749 1.753(3)
Bond angles []

01-C2-Cl 123.8 1245 124.2(2)
F1-C2-C1 117.5 116.4 116.4(2)
F1-C2-01 118.7 119.1 119.4(2)

[CHFC(OR)FI B [CHFC(OH)F]"HF & (10)

Bond lengths [A]

C1l-01 1.246 1.236 1.227(5)
C1l-F1 1.268 1.274 1.278(4)
Cl-Cc2 1.488 1.490 1.484(5)
C2-F2 1.338 1.341 1.359(5)
Bond angles [°]

0O1-C1-C2 122.2 122.9 123.2(3)
F1-C1-C2 118.0 116.9 115.8(3)
F1-C1-01 119.8 120.2 121.0(3)

[ Calculated at the &B97XD/aug-cc-pVTZ-level of theory.
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Table S10. Output Orientations of [CCIH2C(OH)F]*"HF and [CH2FC(OH)F]*HF.

[CCIH2C(OH)F["HF &

[CHzFC(OH)FIHF

Atom Coordinates [A] Atom Coordinates [A]

X Y z X Y z
C2 0.167946 0.516405 0.000090 C1 0.292634 0.331841 #).000110
F1 0.928249 1.542651 #.000075 O1 6.400309 #.691261 0.000017
C1l #.286824 0.776299 0.000442 H1 +1.404068 #).567745 0.000074
H2B #.499161 1.393425 0.878933 F1 #6.260028 1.479621 #.000032
H2A #.499531 1.394384 #).877264 C2 1.782102 0.300964 0.000055
Cl1 £2.265166 $.673287 #.000096 H2B 2.123521 0.849055 #.887555
o1 0.678236 #).611153 0.000009 H2A 2.123296 0.848865 0.887884
H1 1.686189 #).651593 #).000180 F2 2.222496 #).965533 #).000023
F 3.219063 #6.670291 #.000211 F 2.908118 #.338028 0.000111
H 3.781904 #.408574 #).000552 H 13.577837 #).981453 #).000718

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

Table S11. Calculated NPA charges of CCIH2COF, [CCIH2C(OH)F]*"HF, CH2FCOF and [CH2FC(OH)F]*HF.

CCIH.COF [CCIH2C(OH)F]*HF &
Atom NPA charge Atom NPA charge
c2 0.863 Cc2 0.996
F1 #.346 F1 #.218
C1 0.494 C1 .536
H2B 0.244 H2B 0.295
H2A 0.244 H2A 0.295
Cl1 0.017 Cl1 0.076
o1 .494 o1 #.516
H1 0.545
F 1.540
H 0.603
CH:FCOF [CH2FC(OH)F]*HF &
Atom NPA charge Atom NPA charge
C1 0.837 C1 0.966
o1 40.493 o1 1.513
H1 0.545
F1 10.347 F1 .213
Cc2 40.053 Cc2 1.058
H2B 0.196 H2B 0.249
H2A 0.196 H2A 0.249
F2 4.337 F2 .292
F 1.523
H 0.604

[ Calculated at the &B97XD/aug-cc-pVTZ-level of theory.
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Figure S 11. Molecular 0.0004 bohr 3D isosurfaces with mapped electrostatic potential as a color scale ranging from i0.04 a.u. (red) to 0.04 (blue). The
electrostatic potential isosurfaces and the NPA charges have been calculated for CCIH.COF.

Figure S 12. Molecular 0.0004 bohr? 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 [CCIH2C(OH)F]*.

Figure S 13. Molecular 0.0004 bohr? 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 [CCIH2C(OH)F]*HF.
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Ring -Opening of Diketene in Superacidic Media
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Dedication

Abstract: The reactions of diketene were investigated in the binary
superacidic systems HF/MFs and DF/MFs (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)CH,COF][SbF¢]-HF crystallizes in the monoclinic space
group P2;/n, [CH3C(OH)CH,C(OH)F][SbF¢].-HF in the triclinic space
group P’swith 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.! 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.? One of these,
acetoacetyl fluoride (AcAcF), was synthesized first by OLAH in
1961 from the reaction of diketene and anhydrous hydrogen
fluoride (aHF).B! 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.*® The influence of strong Lewis acids, such as AsFs or
SbFs, 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 AsFs
or SbFsto aHF is necessary for the ring-opening and the formation
of the corresponding acy! fluoride.!® This prompted us to perform
investigations on the properties of diketene in aHF and the binary
superacidic systems HF/MFs (M = As, Sb). It was of interest to
investigate, if protonated diketene can be isolated by the addition
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E- mall andreas. kornath cup.uni-muenchen.de|
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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/MFs and DF/MFs (M = As, Sb).

Results and Discussion

Syntheses and Properties of [CH 3C(OX)CH2COF][MFe] and
[CH3C(OX)CH2C(OX)F][SbF ]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.P!

To study the presence of strong Lewis acids to aHF, the -lactone
diketene was reacted in the binary superacidic systems XF/MFs
(X =H, b; M = As, Sbh). According to Equation 2,
[CH3C(OH)CH,COF][AsFs] (1) and [CH3C(OH)CH,COF][SbFe]
(2) as well as [CH3;C(OD)CH,COF][AsFs] (3) and
[CH;C(OD)CH,COF][SbFe] (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/SbFs and DF/SbFs
with an excess of the strong Lewis acid SbFs. Applying four
equivalents of SbFs led to the formation of
[CH3C(OH)CH,C(OH)F][SbFg). (5) and
[CH3C(OD)CH,C(OD)F][SbFg]. (6) in quantitative yields as
colorless solids, as presented in Equation 3.



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 [CgH10F203][SbF¢][Sh2F11]-CoH,.F7 (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 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)CH,COF]*-HF and [CH3C(OH)CH.C(OH)F]?*-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).2478l

Vibrational Spectra of [CH 3C(OX)CH2COF][AsF¢] (1, 3) and
[CH3C(OX)CH2COF][SbF¢] (2, 4) (X = H, D)

For the [CH3C(OH)CH,COF]* cation with C; 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 * (3) and
that of 4 at 2581 cm ! in the IR spectra. The C=O stretching

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

vibration of the COF moiety in 1 is detected at 1803 cm * and in 2
at 1798 cm ! (Ra) as well as 1792 cm ! and 1797 cm ! (IR),
respectively. It is significantly red-shifted by approximately
40 cm * compared to the keto tautomer of AcAcF.B4l In addition,
the (C=0) of the carbonyl group occurs significantly red-shifted
by about 100 cm ! in 1 at 1597 cm * and in 2 at 1587 cm ! (Ra)
as well as at 1574 cm ! and 1583 cm ! (IR), respectively. This
indicates the monoprotonation of the C=0O moiety and
corresponds to literature values of protonated ketones.[®! The
stretching vibration of the C F bond is significantly blue-shifted by
approximately 145 cm ! in comparison to AcAcF and is detected
at1175cmtin1and 1172 cm tin 2 (Ra) as wellas 1173 cm tin
1 and 1165cm ® in 2 (IR), respectively.?4 Additionally, the

(C C) are detected at 1175cm *, 883cm?, and 849cm *in 1
(Ra) and thus occur blue-shifted of up to 137 cm ! compared to
AcAcF.B4The C H stretching and CH; bending vibrations of the

Table 1. Selected experimental vibrational frequencies [cm ] of [CHsC(OH)CH2COF][AsFe] (1) and [CH3C(OH)CH2COF][SbFs] (2) as well as calculated vibrational

frequencies [cm '] of [CHsC(OH)CH.COF]*-HF.

[CH3C(OH)CH2COF][AsFs] (1) [CH3C(OH)CH2COFI[SbFs] (2)

[CH3C(OH)CH2COF]*-HF Assignments

Raman IR Raman IR calc.2! (IR/Raman)

1803(15) 1792 w 1798(15) 1797 m 1793(219/17) V7 A v(C=0)
1597(7) 1574 w 1587(6) 1583 m 1578(92/2) Ve A v(C=0)
1175(6) 1173 m 1172(4) 1165 m 1150(359/3) Vi A v(C F)
1135(5) 1139(4) 1136 m 1106(91/2) vi7 A v(C C)
883(14) 880(26) 879 vw 884(5/2) Va1 A v(C C)
849(6) 842(2/7) Va2 A v(C C)
699(28) 698(8) 700 vs 673(22/3) Vaa 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
[A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, vs = very weak.



Table 2. Selected experimental vibrational frequencies [cm "] of [CHsC(OH)CH2C(OH)F][SbFe]2 (5) and [CHsC(OD)CH2C(OD)F][SbFe]. (6) as well as

calculated vibrational frequencies [cm ] of [CH3C(OH)CH2C(OH)F]?*-2 HF.

[CH3C(OH)CH2C(OH)F][SbFe]2 (5) [CH3C(OD)CH2C(OD)F][SbFes]2 (6)

[CH3C(OH)CH2C(OH)F]?*2 HF Assignments

Raman IR Raman IR calc.®? (IR/Raman)
1674(4) 1693 w 1712(9) 1703 m 1665(375/7) Vs A v(C=0)
1623(3) 1624 vw 1617(7) 1614 w 1582(63/3) Vo A v(C=0)
1239(3) 1236 w 1229(7) 1225w 1233(94/3) Va7 A v(C F)
1161(6) 1163 vw 1180 w 1140(85/1) Vio A v(C C)
934(3) 931(6) 932 m 968(16/3) Vas A I(C C)
890(4) 896(6) 893 w 887(25/1) Ve A v(C C)
847(4) 861(5/4) Vo5 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
[A%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 [AsFg] and [SbFg] with octahedral symmetry more
vibrations are observed than expected due to interionic
interactions in the solid leading to a symmetry distortion. %

Vibrational Spectra of [CH 3C(OX)CH2C(OX)F][SbF¢]2 (5, 6)
(X=H, D)

For the [CH3C(OH)CH,C(OH)F]?* cation with C; 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 ! (Ra) and 2324 cm ! (IR), respectively. The
C=0 stretching vibrations of the COF moiety in 5 appear at
1674cmtandin6at 1712 cm * (Ra) as well as in 5 at 1693 cm *
and in 6 at 1703 cm * (IR), respectively. They are red-shifted by
140 cm * compared to AcAcF and by about 100 cm * compared
to the monoprotonated species 1-4.34 This agrees well with
values of protonated acyl fluorides reported in the literature. -l
Due to the diprotonation, the (C O) of the carbonyl group are
detected blue-shiffed by 25cm?! compared to the
monoprotonated species. In this way, the (C O)in 5 is observed
at 1623cm * and in 6 at 1616 cm * (Ra) as well as in 5 at
1624 cm?! and in 6 at 1614 cm ! (IR), respectively. The C F
stretching vibrations occur significantly blue-shifted by
approximately 200 cm ! at 1239 cm ! for 5 and 1236 cm * for 6
(Ra) as well as 1236 cm * for 5 and 1225 cm * for 6 (IR).4 In
comparison to 1-4, the C F stretching vibrations of 5 and 6 are
blue-shifted by around 55 cm *. In this way, the (C C) appear at
1161 cm *and 890 cm * of 5 as well as 896 cm ! and 847 cm ! of
6 (Ra). Due to diprotonation, the C C bonds are strengthened and
the vibrations are blue-shifted by up to 135 cm ! compared to
AcAcF and only 25 cm ! in comparison to the monoprotonated
species 1-4.54 The C H stretching and CH, bending vibrations of
the salts 5 and 6 are not affected by diprotonation. For the
octahedral anions [SbFg] in 5 and 6 more vibrations are observed

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

than expected due to solid state effects leading to a lowered
symmetry.[0

Crystal Structure of [CH 3C(OH)CH2COF][SbF ¢]-HF (2)
[CH3C(OH)CH,COF][SbF¢]-HF (2) crystallizes in the monoclinic
space group P2;/n with four formula units per unit cell. The
asymmetric unit of 2 is illustrated in Crystal data and
structure refinement are provided in the Supporting Information
(Table S5). Selected geometric data are listed in

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. I



Figure 3. Asymmetric unit of [CH3C(OH)CH:zF][SbFe]-HF (2) (displacement
ellipsoids with 50% probability).

The bond C2 O1 (1.268(2)A) of 2 is longer than the
corresponding C=0 bond in the keto tautomer of AcAcF (1.207 A)
and longer than a formal C=0 bond (1.18 A).5 |t agrees with
the bond lengths of monoprotonated ketones reported in the
literature. In addition, the C2 O1 bond in 2 is shorter than the
corresponding C O(H) bond of the enol tautomer (1.333(2) A) of
AcAcF and thus lies between the C O bond lengths of both the
keto and enol tautomers.”! The bond C4 02 (1.192(3) A) of 2 is
not affected by protonation. The bond lengths C1 C2 (1.448(4) A),
C2 C3(1.492(3) A), and C3 C4 (1.487(3) A) of 2 are shortened
compared to the keto tautomer of AcAcF (1.505 A, 1.533 A,
1.502 A).Bl The bonds C1 C2 and C3 C4 of 2 are also
significantly shortened in comparison to the enol tautomer of
AcACF (1.480(2) A, 1.418(2) A)."1 The C2 C3 bond (1.492(3) A)
is longer than the C=C bond (1.351(2) A) of the enol tautomer of
AcAcF." Furthermore, the bond length C4 F1 (1.329(2) A) is
significantly shortened compared to both tautomers of AcAcF
(1.362 A, 1.363(1) A).*® 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 [A] and bond angles [] of
[CH3C(OH)CH2COF][SbFe]-HF (2) and donor-acceptor distances of 2.

Symmetry codes:i=1 x,1vy,1 zii=15 x, 05+y,15 z.
Bond lengths [A]
Cl C2 1.448(4) C2 01 1.268(2)
C2 C3 1.492(3) C4 02 1.192(3)
C3 c4 1.487(3) C4 F1 1.329(2)
Bond angles []
Cl C2C3 120.0(2) Cl C2 01 118.1(2)
C2 C3 C4 114.9(2) C3 C4 02 127.5(2)
Dihedral angles [°]
Cl C2C3cC4 176.5(2) 01 C2 C3 C4 3.7(2)
Interatomic contacts [A]
01( H2)«02 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 [SbFg] in 2 are in the range
between 1.869(2) A and 1.899(1) A and correspond to values
reported in the literature.’5'1 The anion displays distorted
octahedral symmetry due to interionic interactions. The bonds
Sbl F7 and Sb1l 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)<02 (2.605(2) A)
(according to the classification by JEFFREY)!8 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) A) and the weak hydrogen bond
C3( H3B)“F5i (3.155(3) A) (see Figure S4).181 Dimers of cation-
anion pairs are formed by the moderate hydrogen bond
O1( H2)“F4i (2.911(2) A) and the C<F interaction C2<F2
(2.674(3) A) (see Figure S5).11!
Crystal Structure of [CH 3C(OH)CH2C(OH)F][SbF ¢]2-HF (5)
[CH3C(OH)CH,C(OH)F][SbFg]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 Crystal data and
structure refinement are provided in the Supporting Information
(Table S5). Selected geometric data are listed in

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

Due to the diprotonation, the bond length C1 O1 (1.207(7) A) in
5 is longer compared to both tautomers of AcAcF (1.182 A,
1.196(1) A) and the monoprotonated species 2 (1.192(3) A).4% It
is also longer than a formal C=0 bond (1.18 A) and is consistent
with the bond lengths of protonated acyl fluorides reported in the
literature.['"13] The bond C3 02 (1.243(6) A) is longer than the
corresponding bond in the keto tautomer of AcAcF (1.207 A), but
significantly shorter than in 2 (1.268(2) A).”! The bonds C1 C2
(1.487(3) A), C2 C3 (1.489(7) A), and C3 C4 (1.459(7) A) of 5
are in the same range as the corresponding C C bonds of 2
(1.487(3) A, 1.492(3) A, 1.448(3) A), but significantly shorter
compared to acetoacetyl fluoride (1.505 A, 1.532 A, 1.502 A).145]
Furthermore, the bond C1 F1 (1.295(5) A) is significantly shorter
compared to both tautomers of AcAcF (1.362 A, 1.363(1) A) and



Table 4. Selected bond lengths [A] and bond angles [°] of
[CH3C(OH)CH2C(OH)F][SbFs]2-HF (5) and donor-acceptor distances of 5.
Symmetry codes:i= Xx,1y, zii= x, y,1 zii=1x, y,12ziv=1x1yY,
zzv=1Xx, Yy, z

Table 5. Observed *H, 1°F, and *3C NMR chemical shifts [ppm] of AcAcF, 2, and
5.

Bond lengths [A]

Cl C2 1.478(8) C1 01 1.207(7)
C2 C3 1.489(7) C3 02 1.243(6)
Cc3 c4 1.459(7) Cl F1 1.295(5)
Bond angles []

Cl C2 C3 118.3(4) Cc2 C1 01 126.8(5)
C2 C3 C4 118.6(4) C4 C3 02 123.8(4)
Dihedral angles [°]

Cl C2 C3 C4 166.8(4) Cl1 C2 C3 02 14.9(7)
Interatomic contacts [A]

01( H1)<F5 2.416(5) C1<F6iii 2.650(5)
02( H2)<F2 2.509(4) C3<F12iv 2.714(6)
C2( H2A)<F10i  3.116(5) C3<Fl4v 2.857(6)
C2( H2B)“FS8ii 3.180(6)

2 (1.329(2) A).*% 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 [SbF¢] in 5 are in the range between
1.856(3) A and 1.946(2) A and are similar to values reported in
the literature.['>71 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) A) and
C3“F14v (2.857(6) A) (see Figure S6).'9 Furthermore, each
cation displays strong hydrogen bonds O1( H1) “F5 (2.416(5) A)
and O2( H2)“F2 (2.509(4) A).'8! Ring-like structures between
the cations and anions are formed by the weak hydrogen bonds
C2( H2A)“F10i (3.116(5) A) and C2( H2B) “F8ii (3.180(6) A) as
well as the C “F interactions C1 “F6iii (2.650(5) A) and C3 “F12iv
(2.714(6) A) (see Figure S7).118.19]

NMR Spectroscopy

To investigate the reactivity of diketene in aHF and the binary
superacidic system HF/SbFs, 'H, 1°F, and 3C NMR spectra were
measured at 60 °C with acetone-ds as an external standard. For
comparison, *H and 3C NMR spectra of diketene dissolved in SO,
were measured at 40 °C. 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).242% The NMR
spectra of diketene dissolved in aHF showed the formation of
AcAcF with the keto tautomer predominant at 60 °C.

AcACFB341[a 2 [l 5l
/ *H obs. 2.05 (s) (CHs) 2.27 (s) (CHs) 2.57 (m) (CHa)
[ppm] 3.67 (d) (CH2) 3.85(s) (CH2) 4.13 (s) (CH2)
9.86 (s) (C(OH)F)

/ *F obs. 48.68 (s) (COF) 47.34 (s) (COF) 45.67 (s) (C(OH)F)
[ppm]

/ 3C obs. 28.0 (s) (CHs) 28.5 (d) (CHag) 28.1 (d) (CHas)
[ppm] 49.7 (d) (CH2) 42.6 (d) (CH2) 40.1 (d) (CH2)

161.0 (d) (COF)
231.2 (s) (COH)

163.8 (d) (C(OH)F)
238.1 (d) (COH)

161.7 (d) (COF)
214.8 (s) (CO)

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

By first dissolving equimolar amounts of SbFs and diketene in HF
DQG WKHQ DG @actonk, Wdtbprotonated acetoacetyl
fluoride (2) was formed. The *H NMR spectrum showed singlets
at 2.27 ppm and 3.85 ppm for the CH; and CH, moieties,
respectively. The 3C NMR spectrum of 2 displayed a doublet at
161.0 ppm and a singlet at 231.2 ppm. These were assigned to
the C=0 groups, whereas the NMR resonance of the protonated
carbonyl moiety was shifted significantly downfield compared to
AcAcF. In contrast, the CH, 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 °F
and C NMR spectra, hence the signals were hardly affected by
the protonation of the neighboring carbonyl group. The resonance
at 128.75 ppm in the °F NMR spectrum was assigned to the
anion [SbFg] .

To measure NMR spectra of diprotonated AcAcF (5), diketene
was dissolved in HF/SbFs at 60 °C, whereas four equivalents of
SbFs were used. In the *H NMR spectrum, a multiplet at 2.57 ppm
was observed for the CH; group and a singlet at 4.13 ppm for the
CH, group. Both NMR resonances were shifted downfield
significantly compared to AcAcF and 2. The **C 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 3C NMR spectrum showed two doublets at 28.1 ppm and
40.1 ppm for the CHz and CH; groups, respectively. In the °F
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 2.4 The
signal located at 128.04 ppm in the °F NMR spectrum was
assigned to the anion [SbFe] .

Theoretical Calculations

Quantum chemical calculations were performed at the
B3LYP/aug-cc-pVTZ-level of theory.?Y Diketene, AcAcF (keto
form), [CH3C(OH)CH,COF]*-HF, and
[CH3C(OH)CH,C(OH)F]?*-2HF were calculated in the gas phase
for a better assignment of the vibrational modes and comparison
to experimentally determined geometric parameters. Solid-state



effects and intramolecular interactions were simulated by adding
additional HF molecules to the cations in the gas phase.?? 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.?® 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/MFs
(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. 2124331

The acid-catalyzed ring- R S H Q L Q-lhcRes, to which diketene
is also assigned, has been extensively discussed in the
literature. 3649 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 Qlac®es via 1,3-proton shift.

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.B23% The use of
these acidity functions, also referred to as linear free energy
relation (LFER)[23%, 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 .44 |n[Table 6] all calculated pKa
values are listed.

Table 6. Calculated pKa values for protonated diketene.

Species [ Solvent pKa value @
Water 8.9
DMSO 12.9
Water 9.0
DMSO 13.9

&RQVLVWHQW ZLWK WKLV DUH UHFHQW VWXGLHV RQ Wi UHDFWLY LW\ RI

propiolactone in the binary superacidic systems HF/AsFs and
HF/SbFs.! 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.48l
Unlike -propiolactone, diketene contains an additional basic
center in the form of the C=C double bond compared to the
G HV F U LgEdpiGlactone. This has a significant influence on the
reactivity of the compound and leads to an altered reactivity
Ewards electrophiles, as it can also be protonated (see
_[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.?>3 The protonated diketenes 8, 9, and 10 were

DMSO 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. 2535

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 Gaussianl6 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 301cm?! (see also in Supporting Information Table S19).
Using the IRC option in Gaussianl6, the corresponding reaction
path was calculated as illustrated in 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



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 A
each, starting from a proton distance of 2.20 A to the lactone
oxygen of diketene. The energy scan is displayed in
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 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 (04) 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
DGGLWLRQ RI 10 XR wdieyHvonlRledd KoHagok2ric
acyl fluorides. As indicated by NMR spectroscopy, the diketo
tautomer of AcAcF is the predominant species at low
temperatures.®! When diketene is protonated at the carbonyl
JUR XS -fldggoalcohol is formed alongside pathway B after the
nucleophilic addition of fluoride to the protonated carbony! 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.



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 *C 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)CH.C(OH)F]?*-2 HF (see 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.*?

Conclusions

Diketene forms monoprotonated AcAcF in the binary superacidic
systems HF/MFs and DF/MFs (M = As, Sb). When SbFs 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)CH,COF][SbF¢]-HF and

[CH3C(OH)CH,C(OH)F][SbF¢).-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? 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 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® MultiRamll 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
i196 °C. For measurements, low-temperature IR cells*3 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 A). The programs CrysAlisPro 1.171.39.46e
(Rigaku OD, 2018)*4 and CrysAlisPro 1.171.40.82a (Rigaku OD, 2020)1!
were employed for the data collection and reduction. The structure solution
and refinement were employed with the software SHELXTH ¢ and
SHELXL-2018/3,1 implemented in the WinGX software package.*8l The
solution was checked with the program PLATONM9 and the absorption
correction was performed using the SCALE3 ABSPACK multi-scan-
method. 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][SbFe]-HF (2),
CCDC-2288141 for [CH3C(OH)CH2C(OH)F][SbFe]2-HF (5) and CCDC-
2288142 for [CgHi0F203][SbFe][SbaF11]-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 SOz 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 'H, °F, and '3C NMR
measurements a JEOL ECX 400 NMR spectrometer was used with
acetone-ds as an external standard. For evaluation, MNOVA by Mestrelab
was used.B Quantum chemical calculations were performed on the
B3LYP/aug-cc-pVTZ-, MP2/aug-cc-pVTZ, and BP/TZVP-levels of theory
using Gaussian16.?4 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®’ and the
COSMOtherm program.?5-35 GaussView 6.0 was used for visualization
and illustration of the MEP calculations.%d 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/ MFs
(M =As, Sh): The Lewis acid and anhydrous hydrogen fluoride were
condensed into an FEP tube reactor at {196 °C. To form the superacid,
the mixture was warmed to 50 °C and both components were mixed.
After the mixture was cooled to 1196 °C again, diketene was added into
the reaction vessel under nitrogen flow. Subsequently, the mixture was
warmed up to i60°C and all components were reacted. Then, the
temperature was reduced to 196 °C, again. The remaining HF was
removed in a dynamic vacuum at i78 °C. The salts were obtained in
quantitative yields as yellowish or colorless solids.

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

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

Synthesis of [CH 3C(OH)CH.C(OH)F][SbF¢],: 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 uL, 1.0 eq.) as described in TP1. Compound (6) was prepared
analogously, using aDF instead of aHF.
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Abstract: The reactions of diketene were investigated in the binary superacidic systems HF/MFs and DF/MFs (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)CH,COF][SbFe]-HF  crystallizes in the  monoclinic  space  group P2,/n,
[CH3C(OH)CH,C(OH)F][SbFe],-HF in the triclinic space group P swith 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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7DEOH/RZWHPSHUDWXUH 5DPDQ DQG,5 RSHENASHAR) >0QGC &&2 &+&2)@ >6@) , + ' DQG
FDOFXODWHG YLEUDWLR® RO &@MT X KQF@HV >FP
[CH3sC(OH)CH2COF] [CH3C(OD)CH2COF] [CH3C(OH)CH2COF] [CH3C(OD)CH2COF] [CHsC(OH)CH2COF]*-HF  Assignment
[AsFq] (1) [AsFq] (3) [SbFe] (2) [SbFe] (4)
Raman IR Raman IR Raman IR Raman IR calc.2?! (IR/Raman)!®
3112(6) 3053(5/51) 1 (C H)
3043(8) 3039(8) 3048(8) 3049 m 3024(9) 2982(9/78) 2 (C H)
2984(10) 2986 m 2978(16) 2956(17/60) 3 (C H)
2948(25) ?
2933(36) 2938(50) 2938(22) 2933 m 2932(29) 2928(30/158) 4 (C H)
2915(31) 2910 m 2912(30) 2906 m 2910(12/116) 5 (C H)
2891(872/16) 6 O H)
2422 w 2581 w (0 D)
2345w ?
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 (C=0)
1738 w ?
1682 w AcAcF
1651w AcAcF
1597(7) 1574 w 1593(9) 1581w 1587(6) 1583 m 1589(6) 1578 m 1578(92/2) 8 (C=0)
1543 w 1534(6) 1543 m ?
1456w 1472(6) 1468 m 1451(6) 1428(145/3) 0 /(COH)
1427(10) 1419 w 1435(6) 1437 vw 1424(6) 1423 m 1431m 1408(117/7) 10 /(CHs)
1390(9) 1371w 1395(10) 1391 m 1380(77/4) 1 (CHa)
1355(16)  1342m 1361(9) 1347(54/3) 12 /(CH2)
1335(31) 1341(23) 1351(11) 1337(121/16) 13 /(CH2)
1327 m 1333vw  1327(39)  1323m 1335(12) 1328 m 1322(43/5) 1 /(CHa)
1224(9) 1219 m 1231(7) 1225(12) 1225w 1225 m 1193(1/3) 15 2CHy)
1197(9) 1210(6) 1209 w ?
1175(6) 1173 m 1150(4) 1172(4) 1165 m 1195(8) 1169 m 1150(359/3) 1 (CF
1144 w 1152(3) 1148 m ?
1135(5) 1128 w 1139(4) 1136 m 1128 m 1106(91/2) 17 (C C)
1071(3) ?
1065(74/1) 18 (O H)
1029(6) 1027(5) 1020 w 1030(4) 1030 m 1022 m 1013(37/1) 10 (c o
1007(8) 1003 w 996 (3) 993 m ?
985(5) 1000(7) 984 m 970(6) 971(19/5) 20 I(CHs)
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 (C C)




849(6)

810(5)
699(28)
564(12) 569 w
543(24) 536 m
400(12) 415 s
392(13) 382 m
371(58) 376 m
787s
731s
679(100)
577(18)
557 w
447 m
361m
274(8)
232(10)

806(5)
701(20)
561(7)

528(13)

387(12)
372(60)

174(10)

679(100)

576(20)

504(9)

276(6)

227(10)

858 m

550 m

523 m

378 m

696 m

673 m

573 m

500 m

395m

359 m

813(4)
698(9)
563(11)

546(17)

415(6)

393(12)

372(17)

140(21)

648(100)

583(7)

282(38)

238(10)

812 m

700 vs

542 m

415w

392 m

370s

766 m

677 vs

662 vs

523 m

496 m

353 m

806(4)
690(7)
559(7)
529(9)

457(6)

387(10)

366(9)

654(100)

573(16)

283(38)

227(8)

822 m

802 m

528 m

446 w

380 w

675s

655 vs

640 s

503 m

417 w

357 m

842(2/7)
812(4/1)
673(22/3)
556(6/0)

526(19/3)

412(1/0)
374(15/1)
356(28/2)
192(35/0)
124(0/0)
76(5/0)

64(1/0)

22

23

24

25

26

27

28

29

30

31

32

33

(SR

LR

/(COF)

LOR®)

/(CCO)

?

(cco)

/(CCF)

/(CCC)

/(CCC)

2CCO)
2CHa)
C C)

v(M
V(M
V(M
v(M
v(M
v(M
V(M
V(M
M
M
M
M
M
M
M

M

F)
F
F
F)
F)
F)
F
F
F)
F)
F)
F)
F)
F)
F)

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 [A%/u].

Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



JLIXUH/®RZWHPSHUDWXUH 5DPDQ DQG,5 RSBENV@PO@RI 2&+ '0 $V 6E DQ&2&+&2)



7TDE®GH/RZWHPSHUDWXUH 5DPDQ DQG,5 KSERPW)UD>B@P&+; + ' DQG FDOFXODWHG YLEUDWLRQDO IUHTX
RI >&+2+ &€& 2+ )@ +)

[CH3C(OH)CH2C(OH)F][SbFel2(5)  [CHsC(OD)CH2C(OD)F][SbFslz (6)  [CHsC(OH)CH2C(OH)FJ2*-2 HF Assignment
Raman IR Raman IR calc.*?! (IR/Raman)t©
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) . A (C H)
2822(4) 2880(370/90) 5 A (C H)
2851(1640/75) 6 A (0 H)
2701(4) ?
2444 w ?
2422(3206/93) 7 A (© H)
2401w ?
2284(5) 2324'm (0 D)
2238(5) (0 D)
2208(4) 2197(6) 2204w ?
2031w ?
1892 w ?
1674(4) 1693 w 1712(9) 1703 m 1665(375/7) 8 A (c=0)
1623(3) 1624 vw 1616(7) 1614 w 1582(63/3) 0 A (c=0)
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) 1 A /(CHs)
1413(293/2) 12 A /(COH)
1360(3) 1354 w 1365(11/4) 13 A /(CHs)
1343(2) 1338 w 1334(13) 1333w 1334(69/8) 1 A I(CHd)
1322(3) 1318 w 1313(17/12) 15 A /(CHs)
1277(4) 1284w 1306(74/8) 16 A (CH2)
1239(3) 1236 w 1229(7) 1225w 1233(94/3) 17 A Il>)
1220(4) 1205(6) 1196 w 1214(11/4) 18 A 2CH)
1161(6) 1163 vw 1180 w 1140(85/1) 19 A (C
1064(4) 1040 vw 1077(4) 1043 w 1035(56/0) 2 A (cce)
1002(3) 1007 w 1017(6) 1024 w 1012(117/0) 2 A /(COH)
970 m 979(9/0) » A /(COH)
934(3) 931(6) 932 m 968(16/3) 2 A I(CHa)
916 w ?
890(4) 896(6) 893 w 887(24/1) 2 A (c o
847(4) 861(5/4) » A € o

810(3) 812 vw 815(6) 814 w 786(15/3) 2 A (cco)




617(8)
571(6)

536(3)

450(5)

389(5)

193(5)

107(10)

716(4)

689(72)

674(100)

654(7)
605(12)

586(7)

298(24)
271(14)
235(16)

229(16)

617 m

530 w

496 w

395 vw

677s

655 s

378 w

761(4)

618(11)

554(10)

492(11)
435(11)

385(11)

280(21)

192(9)

716(9)
689(56)
674(98)
654(100)
605(20)
587(13)
369(11)
297(55)

270(23)

227(21)

134(18)

754 w

555 m

536 m

509 m

438 w

388 w

685 vs

648 s

608 s

586 m

678(14/3)
569(15/3)

557(0/0)

461(102/0)
444(40/0)
367(12/1)
351(30/1)

284(41/1)

124(16/1)

27(8/1)

27

28

29

30

31

32

33

34

35

36

2
/(COF)
/(CCO)
(cco)
2

/(ccc)
(cce)
/(CCF)
/(ccc)
/(ccc)
2

/(CH3)
/(COF)
v(Sb F)
v(Sb F)
v(Sb F)
v(Sb F)
v(Sb F)
v(Sb F)
/(Sb F)
/(Sb F)
/(Sb F)
/(Sb F)
/(Sb F)

I(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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.
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7DEOH/RZWHPSHUDWXUH 5DPDQ DQG ,5 VEHF QYD RQGIADHOFHQBVEHG YLEUDWA RQB® I8H#8TXHQFLHV >FP
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7DEOH;6UD\ GDWD DQG UHIL&Q P REW) RI>8&) >&& 2+ &€& 2+ )@>@H)

DQG+>%2 @>6@) HE@

& +)
>&4€ 2+ &€2)@ >6@)) >&4& 2+ &R 2+ )@ >@H) >& )2 @>6@PHEG + )
formula &+)26E &+) 2 6E &+ ) 2 6E
M [g mol]

crystal size [mm?]
crystal system
space group
a[A]
b [A]
c[A]

[

[l

[l
VA3
z

leaic [g cm9)
H [mm-]

wok . [A]
F(000)
TIKI]
hkl range
refl. measured
refl. unique
Rint
parameters

R(F)WR(F?) @ (all
reflexions)

weighting scheme °

S (GooF) ©

residual density [e A3

device type
solution

refinement
&&'&

PRQRFOLQLF

3

2[IRUG ;&DOLEXU
6+(/;77 @

6+(/;/

[

Q

[ [
WULFOLQLF

38

i
2[IRUG ;&DOLEXU
6+(/;7 @

6+(/;/ - e

[ [
WHWUDJRQDO

3

2[IRUG ;&DOLEXU
6+(/;77 @

6+(/:/ > e

AR1 = ||Fol-|Fell/

bWRz =[ [W(F?%- F2c)al  (Fo)1V%; w = [ c(F?%) + (XP]? + yPI%; P = (F% + 2F2c)/3;
F*RR) >>) e @QS @ Q QXPEHUIRH[WRQWRWDO QXPEHUV RI SDUDPHWHUYV



7DEOH%RQG OHQEBEYEBVDQJIOHV &3 RIK2L@>6@) DV ZHOO MW BHRIRRU GLVEKPRAWW\RFRGHYV
L o[ i\ il LL §[i \ f]LLL [ i\ 1LY i[ i\ ]

[CH3C(OH)CH2COF][SbFe]-HF (2)

Bond lengths [A]

cic2 1.448(3) Shl F2 1.875(1)
c2 c3 1.491(3) Shl F3 1.869(1)
c3 c4 1.488(3) Shl F4 1.879(1)
c2 o1 1.268(3) Shl F5 1.869(2)
c4 02 1.192(3) Shl F6 1.874(1)
c4 F1 1.329(3) Sbl F7 1.899(1)

Bond angles [°]

Cl1 Cc2 C3 120.0(2) F3 Sbl F4 90.1(7)
c2 c3 ca 115.0(2) F3 Sbl F5 90.5(7)
c1cz2 01 118.1(2) F3 Sbl F6 178.6(6)
01 C2 C3 121.9(2) F3 Sbl F7 89.8(7)
C3 Cc4 02 120.4(2) F4 Sbl F5 178.4(6)
C3 C4 F1 112.1(2) F4 Sbl F6 89.1(7)
02 C4 F1 120.4(2) F4 Sbl F7 89.5(7)
F2 Sbl F3 91.2(6) F5 Sbl F6 90.2(7)
F2 Sbl F4 90.3(6) F5 Sbl F7 89.0(7)
F2 Sbl F5 91.1(6) F6 Sbl F7 89.0(7)
F2 Sbl F6 90.0(7)

F2 Sbl F7 179.0(6)

Dihedral angles [°]

Cl C2 C3 C4 176.5(2) F1 C4 C3 C2 177.9(2)

01 C2 C3 C4 13.8(3) 02 C4 C3 C2 12.0(4)

Donor-acceptor distances [A]

01( H2)--02 2.605(2) C3( H3A) --02ii 3.310(3)
01( 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)




JLIXBH&KDLQV DORMJLWRGBLVSODFHPHQW HOOLSVRLGV ZLWK BUREDELQLW\ 6\PPHWU\ FRGH)

YLIXUH &DW DRQ 8QLRIV> &+ 2+ &&2)@ > 6@) GLVSODFHPHQW HOOLSVRLGV ZLWK SUREDELOL!
6\PPHWU\ FRGHV i\ i]



7DEOH%RQG OHQJIWKV >c@ D& DQ&&HY+ >)fae> @)

Lof[ f\ ] LLi[ i\ ] LLLI[ i\

(NIl Y Q[N i]

DV ZHOO DMFERQWRU GLVWIPRPHWURIFRGHYV

[CH3C(OH)CH2C(OH)F][SbFs]2-HF (5)

Bond lengths [A]

C1 c2 1.478(6) Sbl F6 1.866(3)
c2 C3 1.490(6) Sbl F7 1.858(3)
C3 c4 1.459(6) Sbl F8 1.874(3)
Cl O1 1.207(6) Sh2 F9 1.892(3)
Cc3 02 1.243(5) Sh2 F10 1.871(3)
Cl F1 1.295(5) Sb2 F11 1.867(3)
Sbl F3 1.861(3) Sh2 F12 1.866(3)
Sbl F4 1.864(3) Sh2 F13 1.857(3)
Sbl F5 1.946(3) Sh2 F14 1.865(3)
Bond angles []

Cl C2 C3 118.3(4) F6 Sbl F7 90.7(1)
C2 C3 C4 118.6(4) F6 Sbl F8 89.2(1)
01 C1 F1 119.5(4) F7 Sbhl F8 175.4(1)
01 C1 C2 126.8(4) F9 Sb2 F10 88.4(1)
F1 C1 C2 113.6(4) F9 Sb2 F11 88.4(1)
02 C3 C4 123.9(4) F9 Sb2 F12 176.6(1)
02 C3 C2 117.5(4) F9 Sb2 F13 89.7(2)
F3 Sbl F4 92.8(1) F9 Sh2 F14 90.2(1)
F3 Sbl F5 86.9(1) F10 Sh2 F11 88.8(1)
F3 Sbl F6 174.5(1) F10 Sh2 F12 89.7(1)
F3 Sbl F7 89.4(1) F10 Sh2 F13 178.0(1)
F3 Sbl F8 90.2(1) F10 Sh2 F14 90.7(1)
F4 Sbl F5 176.0(1) F11 Sb2 F12 88.7(1)
F4 Sbl F6 92.7(1) F11 Sb2 F13 90.3(1)
F4 Sbl F7 95.1(1) F11 Sb2 F14 178.5(1)
F4 Sbl F8 89.5(1) F12 Sh2 F13 92.1(1)
F5 Sbl F6 87.6(1) F12 Sb2 F14 92.6(1)
F5 Sbl F7 88.9(1) F13 Sb2 F14 90.1(1)
F5 Sbl F8 86.5(1)

Dihedral angles [°]

ClC2C3CcC4 i166.8(4) F1 C1 C2 C3 i166.6(4)
01 C1 C2 C3 16.9(7) 02 C3 C2 C1 14.8(6)
Donor-acceptor distances [A]

01( H1) - F5 2.416(5) C2( H2B) - FB8ii 3.180(6)
02( H2) F2 2.509(4) C1 - Fiii 2.650(5)




F2( H5)--F9 2.476(4) C3 -Fl2iv 2.714(6)

C2( H2A) - F10i 3.116(5) C3 -Fldv 2.857(6)

JLIXB6H &KDLQV DORMLWRGLYSODFHPHQW HOOSSRRDENVOZMAK 6\PIP HWIW\ ARIGHN 1\ ]
LLLi[ i\ f]

JLIXUHSBLQOLNH VWUXFWXDHE R I2* 8@ > @) GLVSODFHPHQW HOOLSVRLGV ZLWK SUREDELO
B\PPHWU\ FRGHM ] LLi[ i\ (]



&U\WWDO 6WUXFWXU® >F5IEye EGR + )

>& )2 @>6@P PE@ +) FU\WWWDOOLJHV LQ WKH WHWALMWR QRXOUVIRPK O DRXSLWYV SHU
7KH DV\PPHWULA X QIO XMWUDBHG WY WDIXGHWD DQG VWUXFWXUH UH6LQHPHQW DL
6HOHFWHG JHRPHWULF GDB® D OXDH OS 8 W H® KGN DIREQREHE VN VW D O OlIL|RHV L RQWR |

i f& DQG WKHQ NHHSLQJ WKH flgH D WWIRHUD VW RIR K GD DAV H N

JLIXUH®V\PPHWULF XXQ)LW @+*6@PSEE@ D GLVSODFHPHQW HOOLSVRLGV ZLWK SUREDELOLYV

7KH ERQG OHQJWKV & DQG 2% ¢ DUH VLJQLILFDQWO\ HORQJDWHG FRPSDUHG W
ERQWHQ IRV KV c DQG ¢ DV ZHOO DV ¢ DQG ¢ %RWK DUH LQ WKH UDQJH EHYV
IRUPDD LQJOHc DQG & 2 GRXEOH ER®IGH ERQGV RQG & DUH c DQG ¢

ORQJ DQG FRQVWLRWXVOH OR UPFDEG¥S XUWKHU WKKB ERQGc& LV VLIQLILFDQWO\ VKRUW
FRPSDUHG WR ¢ DQG ¢ EXOWHRQWMIQMMWK WKH & & ERQG OHQJWK RI WKH QHXWUD
WDXWRPHU ¢ >@KH WHPEHUHG F\POLRIPRKH GLFDWLRQ GLVSODOWNH GLW WRFIMXG V
ZKLFK GLIIHUV VLJQLILFDQWO\ IURP WKH FKDLUGERQDRERMVE RIQH & \WOMED Q@ BAUHM H&J U H
2 & i f DQG&&& 2 i f VKRZ WKH KLJKHVW GWKH DLV HP® WRIVWGERDW FRQIRL
F\FORKH[DQMHDQG f UHVSHEWDMHOKHU LW LV LQWHUHVWLQ& V&R&Q R WGIL WEIODW WKH I
D QHDUO\ SODQDU PRLHW\

7KH GEERQG OHQJWE@VYURY @BYKH UDQJH EHW@BHQ ¢ DQG FRUUHVSRQG ZLWK YDOXHV
LQ WKH O1WH KBWDUPAE)DERQG OHQJWK@DRIH>6G@ WKH UDQJH EHMXGHHQ ¢ DQG
FRUUHVSRQG ZLWK YDOXHV UHSWUW HW ILQJI)IMKRIGEL QHYUDMKWU BUH ORQJHU WKDQ WKF
ZLWK ERQJ OHQJWKW XSHWRR VR@MEH HIIHFWV WKH DQLRQV GLVSOD\ GLVWRUWHG
VIPPHWU\

7KH FU\WWDO VWWXRKWXDAWHUL]GIGPEQN LRQDIOH KHOLFDO FKBRQ W WZKX FW XWHI B ORHG
E\ WKH K\GURJHQ +ERRG 2 ¢c DQG WKHLRWHUDFWLRQ & c VHH
JLIXUH 6

JLIXUH 6 KHOLFDO FKDLQ WWUX@W &®)Hp E® > &D GLVSODFHPHQW HOOLSVRLGV ZLWK SUREDEL



7DEOH%RQG OHQJWKV >c@ DQ@G) R @XHBP JF@ R) >&DV ZHOO MW BRMRRIU GLVWIRPFHHWURIFRGHV
L\ i[ 1 LLD V]

[CeH10F203][SbFe][Sb2F11]-C2H2F4 (7)

Bond lengths [A]

cic2 1.48(1) Sbl F7 1.883(6)
c2 c3 1.47(1) Shl F8 1.854(7)
c3 c4 1.53(2) Shl F9 1.916(6)
C5 C6 1.42(1) Sbl F10 1.916(6)
c6 C7 1.35(1) Shl Fi11 1.874(8)
c7 c8 1.47(2) Shl F12 1.853(7)
C9 C10 1.35(3) Sh2 F13 1.842(8)
c1 o1 1.23(1) Sh2 F14 1.837(8)
C3 02 1.45(1) Sh2 F15 1.838(7)
C3 03 1.42(1) Sh2 F16 1.848(8)
C5 02 1.31(1) Sh2 F17 1.855(7)
C7 03 1.35(1) Sh2 Fi8 2.025(7)
ciF1 1.29(1) Sh3 Fi8 2.010(7)
C5 F2 1.27(1) Sh3 F19 1.831(8)
C9 F3 1.31(2) Sh3 F20 1.82(1)
C9 F4 1.32(2) Sh3 F21 1.845(7)
C9 F5 1.46(2) Sh3 F22 1.851(7)
C10 F6 1.35(3) Sb3 F23 1.841(8)

Bond angles []

C1 Cc2 Cc3 114.7(9) F10 Sbl F12 88.3(3)
C2 C3 Cc4 112.8(9) F11 Sbl 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 02 106.9(8) F13 Sb2 F17 94.9(4)
c2 c3 03 108.7(8) F13 Sb2 F18 178.7(4)
c4 C3 02 108.5(8) F14 Sb2 F15 90.1(3)
c4 c3 03 109.5(8) F14 Sb2 F16 170.6(4)
C6 C5 02 120.2(9) F14 Sb2 F17 88.5(3)
C6 C7 03 121.2(9) F14 Sb2 F18 85.7(4)
c8 C7 03 113.5(9) F15 Sb2 F16 90.1(3)
C3 02 C5 119.1(8) F15 Sb2 F17 170.6(3)
Cc3 03 C7 117.6(8) F15 Sb2 F18 84.1(3)
02 C3 03 110.3(8) F16 Sb2 F17 89.8(3)

F1 C1 O1 119.1(9) F16 Sb2 F18 84.9(4)




F2 C5 02 116.4(9) F17 Sb2 F18 86.4(3)
C10 C9 F3 114(2) F18 Sh3 F19 85.3(4)
C10 C9 F4 113(2) F18 Sh3 F20 87.0(4)
C10 C9 F5 112(2) F18 Sh3 F21 85.3(4)
C9 C10 F6 106(2) F18 Sh3 F22 85.9(3)
F7 Sbl F8 89.7(3) F18 Sh3 F23 178.0(4)
F7 Sbl F9 88.3(3) F19 Sh3 F20 172.3(3)
F7 Sbl F10 87.7(3) F19 Sh3 F21 90.8(3)
F7 Sbl F11 91.9(3) F19 Sh3 F22 91.1(4)
F7 Sbl F12 175.8(3) F19 Sh3 F23 92.7(4)
F8 Sbl F9 177.2(3) F20 Sh3 F21 89.0(4)
F8 Sbl F10 88.5(3) F20 Sh3 F22 87.9(4)
F8 Sbl F11 90.1(3) F20 Sh3 F23 95.0(4)
F8 Sbl F12 91.5(3) F21 Sh3 F22 170.8(3)
F9 Sbl F10 89.5(3) F21 Sh3 F23 94.6(4)
F9 Sbl F11 91.9(3) F22 Sh3 F23 94.3(4)
F9 Sbl F12 90.4(3) Sb2 F18 Sh3 156.1(4)
F10 Shl F11 178.5(3)

Dihedral angles [°]

C7 03 C3 02 i42(1) C3 02 C5 C6 i14(1)
C7 03 C3 C2 158.4(8) C7 C6 C5 F2 169(1)
C7 03 C3 c4 78(1) C7 C6 C5 02 i9(1)
C5 02 C3 03 38(1) o3 c3cz2ce 61(1)
C5 02 C3 C2 156.2(9) 02c3cz2c1 i58(1)
C5 02 C3 c4 i82(1) c4C3C2C1 i177.2(8)
C5 C6 C7 O3 5(1) o1cCc1c2c3 i5(1)
C5 C6 C7 C8 i171(1) F1 C1 C2C3 174.9(8)
C3 03 C7 C6 22(1) F3 C9 C10 F6 i179(2)
C3 03 C7 C8 i161.7(9) F4 C9 C10 F6 i56(3)
C3 02 C5 F2 167.9(9) F5 C9 C10 F6 59(3)
Donor-acceptor distances [A]

01( H1)-F10 2.43(1) 01 - -F15ii 2.74(1)
C2( H2B) -F20 3.22(1) 01 F22 2.78(1)
Cl - F1ii 2.60(1) F2 - F7i 2.68(1)
Cl  F22 2.70(1)
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S.s 8DOFXODWLRQV

7KH S§YDOXHV ZHUH REWDLQHG IURP D OLQHDU IUHH HQHUJ\ UHODWLRQVKLS RI WKH
IXQFWLRQ 7KH DFLGLW\ IXQFWLRQ LV VROYHQW VSHFLILF DQG UHTXLUHV D SDUDP
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6 XSSRUWLQJ ,QIRUPDWLRQ

YLIXUHV

JLIXUH/RZWHPSHUDWXUH 5DPDQ DQG+&2YS@OWA D Rl > &&0 $V 6E DQG |

RED)

JLIXUH/®RZWHPSHUDWXUH 5DPDQ DQG+ &) NV.S@Fe@D Rt >&& 0 D Q G &0

JLIXUH/®\HUV RI+2&&&40)@>+8&ZQQ +@>6@)>BE@ GLVSODFHPHQW HOOLSVRUGV ZLWK SL
JLIXUH/®\HUV RI+2&&&40)@>+8&ZQQ +@>6@)>BE@ GLVSODFHPHQW HOOLSVR|IGV ZLWK SL

J)LIXUH&KDLQV DO RXILWRHPR)&G @>6@)D GLVSODFHPHQW HOOLSVRLGV ZLWK SURE

JLJXUH 6 DQG 105 VSHFWUD &) &&0 g

JLIXUH 6% 105 VSHFWUXP&RI) &®0Q fd

YLJXUH 6 DQG 105 VSHFWUD+RI2 ) €@ 96@) LLQr) K

JLIXUH & 105 VSHFWUXP+RP)>+&806@) LQ) fd

JLJXUH 6+ DQG 105 VSHFWUDFR) 2>-@56@)D LK) g

JLIXUH 6& 105 VSHFWUXR &)I2*&@C6@)D_LIY) K|

JLIXUH 6+ DQG 105 VSHFWUD+R)2>F&@E)6@)D LK-Qr) DW URRP WHPSHUDWXUH

J)LIXUH @ DOFXODWHKBVIDVWUXFWXRUH B@*88&0DQG H[SHULPHQWDO SDUDPHWHUV RI

> &&@2) +Q

JLIXUH &@DOFXODWKDBVIDVWUXFWXRXUH R@> &PG H[SHULPHQWDO Sl}l&PH-I@'HUV RI > &&

J)LIXUH @ DOFXODWHKBVIDVWUXFWRYMH+KI >§&DQG H[SHULPHQWDO SPI)RRHANHUV RI >&&

D |

JLIXUH ®ROHFXODU " IBRKMXUIDFH ZLWK PDSSHG HOHFWURVWDRBWLF SRWHQWLDO D
NFDO PRO UHG WR NFDO PRO EOXH 7KH HOHFWURVWDWLF+&RWHQWLDO LVRVX
7TDEOHYV

7DEOH/BZWHPSHUDWXUH 5DPDQ DQG+&2)YSBRPW@D RDQ R&<RAD, @ >6@®) ]

+ ' DQG FDOFXODWHG YLEUDWLRDBD{ZAPDHBEHBIFLHY >FP
7DEOH/RZWHPSHUDWXUH 5DPDQ DQG+gH A+S@FME)D RDSEERYO @ >6@®) DQG |

FDOFXODWHG YLEUDW L*Ra) RO *&&IEK@QE—_DIHV >FP
7DEOH/RZWHPSHUDWXUH 5DPDQ DQG &2)V6QIGEVWDD R RRBRWHG YLEUDVALRQD® IUHTXHQF

8&D&2)|

7DEOH,6UD\ GDWD DQG UHILOHPHQW >R&SGEQ >6@)HEQ DQG +EJ20 @>6@)D
7DEOH%WRQG ORPQ@MYIKBVDQJOHV *R@ RIGE&RD) ©@>6@)>HE@ DV ZHOO DAF BRGYRU

GLVWDQFHV

7DEOH%RQG ORI KBVDQJIOHV *R@2RO>%® DV ZHOO DF BIRSIMRRIU GLDWDQFHV LQ
7DEOH2XWSXW 2ULHQWDB W PRQ@R2 DREO>EEE O+ ) @)

7DEOH2XWSXW 2ULHQWB®)L2RQW R) >&&0

7DEOH&DOFXODWHG 13% FKRD) DY) R *&&Dr ) @)]




7TDEOH/RZWHPSHUDWXUH 5DPDQ DQG+&2YySWPB@D RDIRE&ERRD, @>6@) oo+
YLEUDWLRQDO 13U @TRH R+ @&P 2

DQG FDOFXODWHG

[(CCLHCOF)2H][AsFs] [(CCHCOF):D][AsFs]  [(CCI.HCOF):H][SbFs]  [(CCI.HCOF),D][SbFes]  [(CCl2HCOF).H]*-CH,0 Assignment
1 3) 2 4)
Raman IR Raman IR Raman IR Raman IR calc.2?! (IR/Raman)!®
3013(25) 3014 s 3012(41) 2992(32) 2993 m 2992(28) 2991 s 3019(11/63) 1 (C H)
2827(2) 2821(1) ?
2701(2) 2701(1) ?
2881(3268/106) 2 (0 H)
2486 vs ?
2372(2) 2285(2) 2363 vs (0 D)
1772(6) 1796 s 1726(19) 1769(2) 1803 w 1771(2) 1707(1499/78) s (Cc=0)
1603(2) ?
1551 m ?
1423 s 1407(4) 1434'm 1476(214/8) 4 /(COH)
1341(2) ?
1313(5) 1315 m 1316(4) 1315s ?
1281(6) 1286 s 1279(4) 1262(2) 1283(3) 1263 s 1310(74/2) 5 P
1225s ?
1207(9) 1241(7) 1210(10)  1205m 1208(4) 1207 s 1189(65/2) 6 /(CCH)
1194(19) 1194(22) 1199(4) 1174(2) 1173 s 1176(9/3) 7 /(CCH)
1158(73/6) s s+ o6
1076 vs 1089(3) 1084 m 1086 s ?
1057(1) 1053 s ?
999(6) 947 w 2
928(11) 931s 929(3) 925(2) 926 w 937s 910(36/3) 0 (c ©)
901(5) 903 w ?
866 s ?
831(21) 833s 828(17) 847(15) 833 vs 838(9) 829 s 809(63/4) 10 (C-CI
795(4) 792(10) 789(5) ?
781(66) 779s 779(14) 778(6) 767(4/8) 1 (c c
767(28) 771s ?
748(5) 739 vs 754(22) 762m ?
667(19) 669 s 667(35) 665(100) 665(73) 662 s 677(65/6) 12 /(COF)
603(21) 602's 603(19) 605(8) 606 m 599(11) 635(71/2) 13 (c an
592(7) ?
504(6) 501s 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 /(CCF)
309(6) 309(5) 303(16) ?
247(15) 246(15) 246(5) 255(5/2) s /(CCly)
201(13) 200(11) 197(10) 197(7) 184(4/0) 1 /(Clce)




135(22) 133(18) 140(4) 174(2/0) 7 A /(CICC)

123(13) 122(12) 66(0/0) 1 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)
573s 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) 515s v(M F)
411(38) 410(36) 412(7) M F)
388(18) 388 vs 395(9) 388 s 393s 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 &897XD/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 [A%/u].
Abbreviations for IRntensities: vs = very strong, s = strong, m = medium, w = weak.

JLIXUH/®RZWHPSHUDWXUH 5DPDQ DQG+&82ySKIPWA/D RI > &80 $V 6E DQ6&EXC



7DEOH/RZWHPSHUDWXUH 5DPDQ DQG+g) ¥S@BFM@)D RPQS&&BYIO @>6@®) DQG FDOFXODWHG YLEUDWLRQDO

IUHTXHQFL@VRY PREED+ @ +)

[CCI2HCF20H2][SbFe] (5a) [CCI2HCF20D2][SbFe] (6) [CCI2HCF20H,]*-2 HF Assignment
Raman IR Raman IR calc.2®! (IR/Raman)t
3626 w ?
3340 vs 3346 s v(O H)
2992(10) 2993 w 2992(26) 2991 s 3012(8/71) Vi $u vs(C H)
2972(1089/73) V2 $u V(O H)
2952(1753/38) Vis SHUP  Vvas(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 2
1767 m 1626(138/1) V3 $u /s(OH2)
1547 w ?
1341(1) 1350 m ?
1313(2) 1314 m 1316(3) 1315s 1322(58/1) Vie $UP  Vvas(C F)
1283(3) 1263 s 1295(116/4) Va $u vs(C F)+
/s(CCH)
1225s ?
1210(4) 1217 w 1208(4) 1207 s 1186(7/2) Vi7 $UU  [as(CCH)
1174(2) 1173 s 1180(103/2) Vs $u vs(C C)+
Is(CCH)
1153 w ?
1091(1) 1119 w 1090(1) 1085 s 1096(137/2) Vig $up  @s(OH2)
1043 m 1055(1) 1053 s 1021(171/1) Ve $u vs(C 0)
976 s 2
937 s ?
922s ?
866 s 822(215/0) V7 $u 2+4)
846(7) 851w 838(8) 829 s 820(102/2) Vig $UP  vas(C CI)
833 m ?
767(14) 771 m 753(22) 762 m 797(219/3) Vs $u vs(C Cl)
718(26/11) Vo $u Ve+V7+Vs
637(5) 639(46/0) V20 $up  25(OH2)
622(5) 620 s 619(8) 629(14/1) Vio $u /s(CCO)
523(6) 526(5) 516(9/1) V21 $up  /as(COF2)
504(3) 513 m 517(9) 515s 511(44/1) Vi1 $u /s(COF2)
492 s ?

465 s

?




449 s ?

381(14) 381(22) 384s 368(11/5) vi2 $U /s(CCF2)
268(17) 268(22) 255(1/2) Vi3 $p /(CCl)
229(9) 229(9) 218(5/1) V14 $p /s(CCO)
197(5) 197(7) 182(3/0) V23 $UU  /as(CCF2)
139(4) 140(4) 70(0/0) Vas $up  2(CCh)
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)
393s /(Sb F)
299(15) 303(15) /(Sb F)
286(12) 285(13) I(Sb F)
246(4) /(Sb F)
220(4) /(Sb F)

[a] Calculated at &97XD/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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.
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7DEOH/RZWHPSHUDWXUH 5DPDQ DQG &2 )VSAEWDD RXGRWHG YLEUDVA RQB&DUHTXHQFLHV >FP

88&B&2) 8&0&2) &&D&2) $VVLIQPHQW
5DPDQ .5 FDOFEES 5DP D@
$ (C H)
YV & 2
YV $ & 2
P /(CCH)
P $ /(CCH)
YV $ | &&+
% $ &)
P $ & &
v $ & &0
$ & &0
P $ | &2)
P "
P $ & &0
| &2)
$ | &&)
P
$ | &&0
| &&0
$ /| 80&&
$ | &80&&
$ | &2)

>D@ &DOFX®DW HDXBDRS97OHYHO Rl WKHRU\ >E@ JUHTXHQFLHY DUH VFDOHG ZERB@ XREBV
5DPDQ LQWHQXI@V\SEE BdYLDWLRQV IRU ,5 LQWHQVLWLHV YV YHDNVWURQJ V VWURQ



7DEOH:6UD\ GDWD DQG UHILOHRHQW >REBRLA&® >6@)PE@ D QG 8320 @ >6@)D

>SE&E&HR 2 )@> &&0Q) +@>6@)P P E@ >&&HR)2+ @>6@)D

formula &+&Q 2 6E &+ &Q 26E

M [g mol}]
[ [ [ [

PRQRFOLQLF PRQRFOLQLF

crystal size [mm?]
crystal system
space group 3 F 3 P
alA]
b [A]
c[A]
[
[l
[l
Vv [A]
z
leaic [g cm9)
H [mm™]
wok . [A]
F(000)

TIKI]

I+
I+
I+

hkl range

refl. measured

refl. unique

Rint

parameters

R(F)/wWR(F?) 2 (all reflexions)
weighting scheme °

S (GooF) ¢

residual density [e A3 * |

. 2[IRUG ;&DOLEXU 2[IRUG ;&DOLEXU
device type

.7 @ -7 @
solution 6+(/57 6+(/37

. > @ . > @
refinement 6+(/31 6+ (/31

&&'&

aR1=  ||Fol-|Fc|l/  [Fol;
bWR2 =[ [W(F?- Fc)al  (Fo)1V%; w = [ c(F?) + (XPJ? + yPT %, P = (F?0 + 2F2c)/3;

F¥XRR) >>) )¢ @QS@ Q QXPEHUIRH[WBQWRWDO QXPEHUV Rl SDUDPHWHUYV



7DEOH%RQG OHQBDWRVDQJIOHV *R@'RI@E&RD) '@>6@)>PE@ EMOO DVDFRABWRU GLVWDQFHVY B\PPHWU\
FRGHV [ \ ]

[CCI.HC(OH)F][(CCI2HCOF)2H][SbFe][SbzF11]

Bond lengths [A]

cl1 C2 1.736(3) Cci3 c4 1.745(3)
cl2 C2 1.769(3) Cl4 ca 1.770(3)
c2 c1 1.508(4) ca c3 1.498(4)
ClF1 1.299(3) C3 F2 1.284(3)
c1 o1 1.209(3) C3 02 1.220(3)
01 H1 1.225 02 H2 0.85(2)
Sbl F3 2.0176 Sh2 F9 1.950(2)
Sbl F4 1.852(2) Sh2 F10 1.873(1)
Sbl F5 1.851(2) Sb2 F11 1.858(2)
Sbl F6 1.852(2) Sh2 F12 1.858(2)
Sbl F7 1.859(2) Sh2 F13 1.866(2)
Sbl F8 1.854(2) Sh2 F14 1.862(2)

Bond angles []

Cl1 c2 CI2 113.0(2) Cl3 Cc4 Cl4 112.8(2)
cl1c2c1 111.1(2) Cl3 c4 C3 111.0(2)
cl2 c2 c1 108.7(2) Cl4 c4 C3 105.4(2)
c2 C1 01 126.1(3) c4 C3 02 124.1(2)
c2ClFl 113.4(2) Ca C3 F2 115.7(2)
F1 C1 01 120.4(3) F2 C3 02 120.2(2)
F3 Sbl F4 85.12 F9 Sb2 F10 87.65(7)
F3 Sbl F5 86.96 F9 Sb2 F11 87.25(7)
F3 Sbl F6 177.97 F9 Sb2 F12 178.44(7)
F3 Sbl F7 84.46 F9 Sb2 F13 87.68(7)
F3 Sbl F8 85.43 F9 Sb2 F14 86.51(7)
F4 Sbl F5 90.35(8) F10 Sb2 F11 90.35(7)
F4 Sbl F6 96.28(8) F10 Sb2 F12 91.14(7)
F4 Sbl F7 169.58(8) F10 Sb2 F13 175.28(7)
F4 Sbl F8 89.20(8) F10 Sb2 F14 89.27(7)
F5 Sbl F6 94.49(8) F11 Sh2 F12 93.74(7)
F5 Sbl F7 88.93(8) F11 Sh2 F13 90.10(7)
F5 Sbl F8 172.39(8) F11 Sb2 F14 173.76(8)
F6 Sbl F7 94.14(8) F12 Sb2 F13 93.52(7)
F6 Sbl F8 93.11(8) F12 Sb2 F14 92.50(7)
F7 Sbl F8 90.14(8) F13 Sb2 F14 89.77(8)

Dihedral angles [°]




cl1 c2 c1 01 6.3(4) Cl3 C4 C3 02 #3.4(4)

Cll C2 C1-F1 £70.9(2) Cl3 C4 C3 F2 168.6(2)
cl2 c2 c1 01 #18.6(3) Cl4-C4 C3 02 109.0(3)
Cl2 C2 C1 F1 64.1(3) Cl4 C4 C3 F2 #£9.0(3)

Donor-acceptor distances [A]

01( H1)--Oli 2.449(3) Cl--F4 2.854(3)
02( H2)---F9 2.394(2) Cl--F7 2.581(3)
C2( H3)--F14 3.109(3) C3--F10i 2.532(3)
C4( H4)--FB8i 3.109(3) C4--F10i 2.876(3)

JLIXUH/®\HUV RI+8&20)@ > +&X) +@>6@PHE@ GLVSODFHPHQW HOOLSVRLGV ZLWK
6\PPHWU\ FRGHV \ ] LL [ \ ]

JLIXUH/®\HUV RI+8&20)@ > &%) +@>6@FHJE@ GLVSODFHPHQW HOOLSVRLGV ZLWK
6\PPHWU\ FRGEHW ] LL [ \ JLLL[ \ ]



7DEOHY%RQG OHQ@WEVDQJOHV *»R@2R@>%&JD DV ZHOO MW BRIMRRU GLOWEDRFHWWQERGHV\ ]
LL [ \ A LLB[ O\ 4]

[CCI2HCF2OH:][SbF¢] (5a)

Bond lengths [A]

c1cn 1.764(1) Sbl F2 1.859(1)
c1c2 1.528(3) Sbl F3 1.858(2)
C2 F1 1.325(2) Sbl F4 1.860(2)
c2 o1 1.418(3) Sbl F5 1.909(1)

Sbl F6 1.859(2)

Bond angles [°]

Cll C1 Clii 111.4(1) F3 Sbl F4 90.3(8)
cliclc2 108.8(1) F3 Sbl F5 89.9(4)
ci Cc2 o1 113.7(2) F3 Sbl F5i 89.9(4)
cic2F1 110.8(1) F3 Sbl F6 179.5(7)
F1 C2 O1 105.9(1) F4 Sbl F5 90.8(3)
F2 Sbl F3 91.0(7) F4 Sbl F5i 90.8(3)
F2 Sbl F4 178.7(7) F4 Sbl F6 89.2(7)
F2 Sbl F5 89.2(3) F5 Sbl F5i 178.5(6)
F2 Sbl F5i 89.2(3) F5 Shl F6 90.1(4)
F2 Sbl F6 89.5(7) F5i Shl F6 90.1(4)

Dihedral angles [°]

cl1 c1c2 o1 #60.8(1) Clli c1 c2 F1 58.4(2)
clii c1 c2 o1 60.8(1) Clli C1 C2 Fii 179.9(1)
clicic2Fl #79.9(1)

Cll C1 C2 Fii 58.4(2)

Donor-acceptor distances [A]

01( H1)---F5i 2.454(1) F1---Fiii 2.653
C1( H2)---F4ii 3.251(3) cll--F6 3.111
01---F2ii 2.708

JLIXUH &KDLQV DORIJLWRH>&&0 @>6@®)D GLVSODFHPHQW HOOLSVRLGV ZLW
6\PPHWU\ FRGHV \ ]



JLIXBH + DQG 105VSHFW&HORI2) LI}) f&



JLIXBH &105VSHRBRK&G&2) L) f&

&&D&?2)
+ 105> 0+ f&& &2 @ P &&O
) 105 > 0+}F f& &' &2 @ Vo &2)

& 105 > 0+] f& &' &2 @ G- +] &2) -G +] &&O



JLIXBH + DQG 105 VSHFWERERIRY +@>6@) L Q+) f&



JLIXBH &105 VSHFARU &&©&2) +@>6@®) L @+) f&

> &&@2) +@>6@)
+ 105 > O+4 f& &' &2 @ G- +]2+ V &&O
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& 105 > oH f& & &2 @ G - +] &2+ -G +] &&O



JLIXBH + DQG 105 VSHFWUD+R) 2@ 96@)D L) f&



JLIXBH &105 VSHFRRU >&&) 2+ @ >6@)D LK) f&

>&&KR)2+ @>6@)D UHG

+ 105 > O+4 f& &' &2 @ W- +] &+&0O
)105 > O0+F f& &'&2 @ + Vo &)+ V 6E)
& 105 > oH f&&' &2 @ Y +] &) w +] &&O
>88&KK 2+ )@>@EH EODFN
+ 105 > o+ f& &' &2 @ Vo 2+ -G +] &&O
) 105 > O+k f& &' &2 @ G- +] &2+ V 6E)
+] &2+ -G +] &&O

& 105 > 0+ f& & &2 @ G-
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HF-Addition to Haloacetyl Fluorides in Superacidic Media

Sebastian Steiner,[® Zurwa M. Shafig,? Alexander Nitzer, Dirk Hollenwéager,® and Andreas J.

Kornath*[

Abstract: The reactions of difluoroacetyl fluoride and trifluoroacetyl
fluoride were investigated in the binary superacid HF/SbFs 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.
[CHF,CF,0OH,][SbFe] crystallizes in the triclinic space group P swith
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).*6l 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.”8 The simplest representative of this
compound class, trifluoromethanol, was synthesized first by
SEPPELT from trifluoromethyl hypochlorite and hydrogen chloride
at 110 °C.P! CF;0H is thermally unstable and decomposes
rapidy to COF, and HF.! On a laboratory scale,
perfluoroalcohols are synthesized by reacting either
perfluorinated ketones or acyl fluorides in aHF.["! By this method,
heptafluorocyclobutanol was prepared by BAXTER, and the first
crystal structure of an .-fluoroalcohol was elucidated by single-
crystal X-ray diffraction.**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.*® 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.[*3!

[a] S.Steiner, Z. M. Shafig, A. Nitzer, D. Hollenwéger, A. J. Kornath
Department Chemie, Ludwig-Maximilians-Universitat Miinchen
Butenandtstr. 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.

In previous studies of our group, the properties of acetyl fluoride
and haloacetyl fluorides were investigated in the binary
superacidic systems HF/AsFs and HF/SbFs. While acetyl fluoride
reacts under the formation of stable acetylium salts, the
substitution of the CHs; moiety for electron-withdrawing groups
leads to the formation of protonated acyl fluorides, as in the case
of chloroacety! fluoride and fluoroacety! fluoride.* When even
more electron-withdrawing groups such as the CCl,H moiety were
introduced, dichloroacetyl fluoride showed a different reactivity.
Thus, oxonium salts were formed when the Lewis acid SbFs was
applied in excess. Thereby, the COF moiety is protonated and
then HF is added due to an increased electrophilicity of the
carbonyl carbon.*®! Nevertheless, the intermediate protonated
dichloroacetyl fluoride was isolated as a solid and characterized
by single-crystal X-ray diffraction.l*>! This prompted us to perform
investigations on the properties of further haloacety! 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/SbFs and DF/SbFs.

Results and Discussion
Synthes es and Properties

Difluoroacetyl fluoride (F,AcF) was reacted at 60 °C in the binary
superacidic system HF/SbFs. To trace the reactivity of the
haloacety! fluoride in superacidic media, NMR spectroscopy was
performed at 60 °C, whereas one equivalent of the Lewis acid
was applied. Accordingly, the measured *H, *°F, and 3C NMR
spectra indicate the presence of [CHF>.CF,OH,][SbFs] (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 F,AcF.

The measured NMR spectra also display an equilibrium in the
solution between F,AcF and 1, with the oxonium species being
predominant at 60 °C. Protonated F,AcF 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 [CHF,CF,0OH;][SbFg] (1) was obtained as a colorless
solid. To obtain salts of the analog D-isotopomeric species, F,AcF



was reacted at 60 °C in the binary superacidic system DF/SbFs.
As presented in Equation 2, [CHF,CF,0OD;][SbF¢] (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 (FsAcF) in
HF/SbFs, NMR spectroscopy was performed at 70 °C with one
equivalent of SbFs being applied. Analog to the observed
reactivity of F,AcF in superacidic media, the measured NMR
spectra indicate the presence of [CF3CF,OHy][SbFe] (3) in the
solution (see Equation 3), but also the formation of an equilibrium
between F;AcF and the oxonium species 3. As previously
reported by CHRISTE,[*3 the equilibrium is strongly shifted to the
side of 3. Here, as in the case of F,AcF, protonated F;AcF 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/SbFs 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/SbFs at lower temperatures is not possible. As HF and F;AcF,
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 § 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/SbFs, H,
19F, and 3C NMR spectra were measured at 60 °C and 70 °C,
respectively, with acetone-ds as an external standard. In
the observed NMR shifts of both starting materials, 1, and 3 are
summarized. The measured NMR spectra and the complete NMR
data of F,AcF, FsAcF, 1, and 3 are listed in the Supporting
Information (Figures S5-S14).

The H, °F, and *C NMR spectra of F,AcF 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 the acyl fluoride is the predominant

2

species under these conditions as the equilibrium is strongly
shifted to the side of F,AcF (see Figures S5-S6).

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

Table 1. Selected 'H, *°F, and *C NMR chemical shifts [ppm] of F2AcF, FsAcF,
1, and 3.113

F2AcFil 100 FsAcFi 3l
/H obs 5.72 (td) 9.81 () 9.82 (s)
[ppm] (CHF2) (CF20Hy) (CF20Hy)
5.60 (t)
(CHF2)
1 1°F obs 17.74 @) 9062 (s)  11.07 (q) 88.53 (s)
[ppm] (COF) (CF20H?2) (COF) (CF20H2)
132.65 141.33(d)  78.86 (d) 90.97 (s)
(dd) (CHF2) (CHF2) (CF3) (CFs)
/13C obs 155.1 (dt) 115.6 (tt) 147.0 dg) 1159 (qt)
[ppm] (COF) (CF20H2) (COF) (CFs)
104.7 (td) 105.8 (tt) 112.6 (qd) 113.3 (tq)
(CHF2) (CHF2) (CFs) (CF20H2)

[a] aHF as solvent. [b] in HF/SbFs.

By first dissolving equimolar amounts of SbFs compared to F,AcF
in HF and then adding the acyl fluoride, 1 is formed. The *H NMR
spectrum shows a triplet at 5.60 ppm, which is assigned to the
CHF, moiety, and a singlet at 9.81 ppm for the OH,* group. The
19F NMR spectrum displays a singletat 90.62 ppm and a doublet
at 141.33 ppm for the CF,OH, and CHF, moieties, respectively.
The NMR resonance of the CF,OH; moiety is consistent with
values reported in the literature.*3% |n the *3C NMR spectrum two
triplets of triplets are observed at 115.6 ppm and 105.8 ppm for
the CF,OH, and CHF, moieties, respectively. Further, in the °F
NMR spectrum, the resonance at 129.19 ppm is assigned to the
anion [SbFg] .18

The *H, 1°F, and *C NMR spectra of F,AcF dissolved in HF/SbFs
also show an equilibrium between the oxonium species 1 and
F,AcF in the solution (see Figures S7-S9). According to

the equilibrium is strongly shifted to the side of the protonated

.-fluoroalcohols 1.

Scheme 2. Equilibrium of F2AcF dissolved in HF/SbFs at -60 °C.

Interestingly, protonated F»AcF is not observed under these
conditions. This contrasts with the observed reactivity of



dichloroacetyl fluoride (Cl,AcF) in the binary superacidic system
HF/SbFs. Here, an equilibrium between the analog oxonium
species [CCI,HCF,OH;][SbFs] and protonated Cl,AcF was
observed in the superacidic solution at 60 °C.*! This is
discussed in the theoretical section below.

In the case of FsAcF, similar results to those of F,AcF were found.
The observed NMR resonances are in accordance with values
previously reported by CHRISTE.*® The measured NMR spectra
and the complete NMR data of FsAcF dissolved in aHF and
HF/SbFs are listed in the Supporting Information (see Figures
S10-S14).

Vibrational Sp ectra of
[CHF2CF20D:][SbF¢] (2)

[CHF 2CF20Hz][SbFs] (1) and

The low-temperature Raman (Ra) and Infrared (IR) spectra of
[CHF,CF,0X;][SbF¢] (1, 2) (X = H, D) and F,AcF are illustrated in
|Figure 1] InfTable 2|selected observed Raman and IR frequencies
of 1 and 2 are listed together with quantum chemically calculated
frequencies of the HF-complexed cation [CHF,CF,OH,]*-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 [CHF,CF,OH,]* cation with C; 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.’”l The O D stretching vibrations of the D-isotopomeric
species 2 are observed at 2403 cm ! and 2286 cm ! in the Raman
spectra and at 2403 cm ! and 2330 cm ! in the IR spectra. The
O D stretching vibrations are in good agreement with values
reported in the literature 4% The C F stretching vibrations of the
CF, moiety appear significantly blue-shifted by up to 110 cm tin
comparison to the neutral compound at 1362 cm !, 1251 cm * (1),
1359 cm !, and 1251 cm ! (2) (Ra) as well as 1364 cm 1,

Figure 1. Low-temperature Raman and IR spectra of [CHF2CF20X2][SbFe] (1,
2) (X =H, D) and vibrational spectra of CHF2COF.

1256 cm * (1), 1358 cm 1, and 1256 cm ! (2) (IR).'8! They are in
good agreement with the values reported for
[CCI,HCF,0H;][SbFg].*®! Further, the formation of the oxonium
species is indicated by the C O stretching vibration at 836 cm *
and 816 cm ! (2) in the Raman spectra and at 835 cm * (1) and
814 cm ! (2) in the IR spectra. The (C O) is in accordance with
values reported for protonated alcohols in the literature®2% put
significantly red-shifted by approximately 200 cm * compared to
the <(C O) of the analog oxonium salt [CCl,HCF,OH;][ShFg].*"!
The (C C) of 2 is observed at 758 cm ! (Ra) and 756 cm ! (IR)
red-shifted by nearly 100 cm * compared to FoAcF.1*8!

For the anion [SbFe] with ideal octahedral symmetry more
vibrations are observed than expected due to interionic
interactions leading to a symmetry distortion. "]

Table 2. Selected experimental vibrational frequencies [cm "] of [CHF.CF>OH2][SbFs] (1) and [CHF.CF.OH:][SbF¢] (2) as well as calculated vibrational frequencies

[cm 1] of [CHF2CF20H,]*-2HF.

[CHF2CF20H2][SbFe] (1) [CHF2CF20H:][SbFe] (2)

[CHF2CF20H2]*-2HF Assignments

Raman IR Raman IR calc.2?! (IR/Raman)
3055(25) 3055(50) 3053 m 2983(5/81) Vi A v(C H)
1362(13) 1364 s 1359(19) 1358 w 1406(14/1) Vs A v(C F)
1251(11) 1256 s 1251(12) 1256 m 1235(236/2) Ve A v(C F)
1164(5) 1151's 1144(6) 1152(181/2) Vo A v(C F)
1124(13) 1125(15) 1121 m 1102(6/4) Vio A v(C F)
836(34) 835 s 816(30) 814 m 1045(89/3) Viz A v(C 0)
758(3) 756 w 755(67/5) Via 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 [A%/u].
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, vs = very weak.



Crystal Structure of [CHF 2CF20OH:][SbF¢] (1)

[CHF,CF,0H,][SbF¢] (1) crystallizes in the triclinic space group
P swith two formula units per unit cell. The molecular unit of 1 is
illustrated in 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 [CHF2CF20Hz][SbF¢] (1) (displacement ellipsoids
with 50% probability).

The bond length C1 O1 (1.424(4) A) is significantly elongated
compared to difluoroacetyl fluoride (1.180(5) A)1821 and is in the
range of a formal C O single bond (1.432 A).?2 The C1 O1 bond
length is consistent with the corresponding C O bond length
reported for [CCI,HCF,OH,][SbFe] (1.418(3) A)19! but significantly
shorter than values of oxonium species or protonated alcohols
reported in the literature.!92324 The bond lengths C1 F1
(1.318(4) A) and C1 F2 (1.325(4) A) are slightly shortened
compared to the starting material (1.342(7) A)821 and are in
accordance with the C F bond lengths of [CCI,HCF,OH,][SbFs]
(1.325(2) A).! Further, the bond C1 C2 (1.524(5) A) remains
unchanged compared to FoAcF (1.514(7) A).118.21

The Sb F bond lengths of [SbFe] are in the range between
1.853(2) A and 1.925(2) A and correspond with values reported
in the literature.?>?71 Due to solid-state effects, the anion displays
distorted octahedral symmetry. The bonds Sb1l F5 and Sbl F6
are significantly longer than the other Sb F bonds because they
are involved in hydrogen bonding.

In the crystal structure of 1 the ions are arranged into chains along
the a-axis by the strong hydrogen bonds O1( H1)---F6i
(2.471(3) A) and O1( H2)--F5 (2.452(3) A) (see
and Figure S2).28 The ions also form chains along the c-axis by
the weak hydrogen bond C2( H3)--- F7ii (3.129(4) A) 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;ii=1 x,1y,1 z;iv=x, 1+y,
z.

O---F interaction O1--- F9iv (2.689(3) A) (seeand Figure
S3). Further, dimers of cation-anion pairs are formed by the
intermolecular F---F contacts F5---F3 v (2.888(3) A) and F5---F9 iv
(2.890(2) A) as well as the weak hydrogen bond C2( H3)--- F10iv
(3.166(4) A) (see Figure S4). All interatomic O---F and F--F
contacts are below the sum of their van der Waals radii (2.99 A,
and 2.94 A).2¥ Interatomic distances are listed in[Table 3|

Table 3. Selected bond lengths [A] and angles [°] of [CHF2CF20OH2][SbFs] (1)
and donor-acceptor distances. Symmetry codes: i = 1+x,y,z;ii=1 X, y,2 z;
ii=1 x,1y,1ziv=x,1+y,z;v=1 x,1y,2 z

Bond lengths [A]

Cl C2 1.524(5) C2 F3 1.341(4)
Cl F1 1.318(4) C2 F4 1.346(4)
Cl F2 1.325(4) Cc1 01 1.424(4)
Bond angles []

Cc2 C1 01 109.1(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 [A]

01( H1)---F6i 2.471(3) O1--- Foii 2.689(3)
01( H2)--F5 2.452(3) F5..- F3v 2.888(3)
C2( H3)--FTiii 3.129(4) F5.-- FOiv 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.B% F,AcF, F;AcF, and
[CHF,CF,0OH,]*-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.BY In the Supporting Information (Figure S15),
[CHF,CF,0OH,]*-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
F,AcF and FsAcF dissolved in HF/SbFs 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/SbFs.[**! Here, the
measured NMR spectra of Cl,AcF dissolved in HF/SbFs at 60 °C



displayed an equilibrium between [CCI,HCF,OH,][SbFs] and
protonated Cl,AcF.% The addition of HF to the carbonyl bond of
Cl,AcF was also only observed after the protonation of the C=0
bond, as the carbonyl carbon displayed an increased
electrophilicity due to the protonation.*sI To get a more detailed
insight into the versatile reactivity of the haloacetyl fluorides in
HF/SbFs, quantum chemical calculations were performed at the
MP2/aug-cc-pVTZ-level of theory. Therefore, Cl,AcF, F.AcF,
FsAcF, as well as [CCI,HC(OH)F]*-HF, [CHF,C(OH)F]*-HF, and
[CFsC(OH)F]*:HF were optimized and Mapped Electrostatic
Potentials (MEPs) were calculated alongside Natural Population
Analysis charges (NPASs) (see Tables S6-S7 and Tables S9-S13).
The calculated MEPs are shown inand 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-Holes, @ the region of the carbonyl carbon.[2415:32:3]
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 Cl,AcF,

F,AcF, and FsAcF as well as the protonated species, the
DVVRFLDWHG 0(3 Y haes bf thezalculatedHndEcules
are highlighted in Accordingly, the most positive MEP
values that were found on the MEP surfaces of the haloacyl
fluorides are 73.2 kJ/mol (Cl,AcF), 113.9 kJ/mol (F,AcF), and
140.8 kJ/mol (FsAcF). 7KXV  WHOIds 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
DW WHdles @are significantly higher than for the acyl
fluorides.'*153% Thus, the electrophilicity of the haloacetyl
fluorides is significantly increased due to the protonation 4535l

Interestingly, as depicted in WKH 0(3 YDOXH IRU W

hole of [CHF,C(OH)F]*:HF is significantly higher than for
[CF3C(OH)F]*-HF. We assume that this is due to the stabilizing
effects of CF; moieties due to hyperconjugation and was
observed before for CFs-substituted carbocations. 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 ® 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 kd/mol (blue) (bottom). The electrostatic potential isosurfaces have been calculated for Cl.AcF, F2AcF, FsAcF (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.



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
ERXQG |10XRULQHH D WIRMP3SITdb 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 Cl,AcF, F,AcF, FsAcF, and
all protonated species. Thus, for all calculated molecules strong
LOQWHUDFWLRQV EHWZHHQ \aaélfl@@rin&loge-
pairs were found.'*153% 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): € & 2nteractions from second-order
perturbation theory analyses of Cl2AcF, F2AcF, FsAcF, [CCI2HC(OH)F]*-HF,
[CHF2C(OH)F]*-HF, and [CF3C(OH)F]*-HF.

Haloacetyl fluoride Stabilization energy [kd/mol] [@
Cl2AcF 167.7
F2AcF 173.0
FsAcF 172.0
[CCI.HC(OH)F]*HF 270.4
[CHF2C(OH)F]*-HF 283.7
[CFsC(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.[*415:3% Furthermore, for both the acyl fluorides and
the protonated species, the stabilization energies of the
Q ) :E& & Z2interactions increase the more electron-
withdrawing the adjacent substituents become. Only in the case
of F,AcF and FsAcF, approximately the same stabilization
energies were found, which is probably again due to the
hyperconjugation of the CF; moiety.®! Thus, these trends also
VXJJIHVW W-Kdewand tkedef@Ee the electrophilicities of the
C=0 moieties increase as the neighboring substituents become
more electron-withdrawing.
We therefore consequently assume that the reactivity of Cl,AcF,
F,AcF, and FsAcF dissolved in HF/SbFs is directly correlated to
the electrophilicity of their carbonyl carbons. As illustrated in
the substitution of the CCI>H moiety for the CHF, 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/SbFs to the
side of the protonated oxonium species. Since the &hole in the
case of protonated Cl,AcF is significantly lower than in the cases
of protonated F>AcF or FsAcF, the addition of HF to the C=0 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.'® In the cases of
protonated F,AcF and FsAcF, 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 CCl,H moiety
for the CHF, moiety represents the limit that allows the isolation
of electron-deficient protonated haloacetyl fluorides from the
binary superacidic system HF/SbFs.

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

D @G HW-K Hand QC( H)---F hydrogen bonds. Interestingly, the

optimization of the free cation [CHF,CF,OH_]* 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®28 of the intermolecular contacts was
performed for the cation of 1. In the mapped Hirshfeld
surface with dnom Of the [CHF,CF,OH_]* cation in 1 is shown,
whereas the strong hydrogen bonds O1( H1)--F6i (2.471(3) A)
and O1( H2)--F5 (2.452(3) A) as well as the weak hydrogen
bond C2( H3)--F7ii (3.129(4) A) 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).%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)---F7ii, only the contacting
fluorine atom is shown for a better visualization. Symmetry codes: i = 1+X, Yy,
z;ii=1x1y,1z



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 A, 3.17 A).=2% 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 A).2% 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/SbFs. As indicated by low-temperature NMR spectroscopy,

the haloacetyl fluorides form equilibria with their FRUUHV SR Q

fluoroalcohols in aHF. While the acyl fluorides are the
predominant species in aHF at low temperatures, the addition of
the strong Lewis acid SbFs 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 CCI,H moeity for the CHF, and CF; 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/SbFs. 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 cellsi®*¥! 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 A). The program CrysAlisPro 1.171.40.82a
(Rigaku OD, 2020)° was employed for the data collection and reduction.
The structure solution and refinement were performed with the software

SHELXT* and SHELXL-2018/3,12 implemented in the WinGX software
package.3 The solution was checked with the program PLATON*4 and
the absorption correction was performed using the SCALE3 ABSPACK
multi-scan-method.*®! 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 [CHF2CF20OH>][SbFe] (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 H, 19F, and 3C measurements a JEOL
ECX 400 and Bruker BioSpin GmbH AV400RT NMR spectrometer were
used with acetone-ds as an external standard. For evaluation, MNOVA by
Mestrelab was used. 8! Quantum chemical calculations were performed at
the &B97XD/aug-cc-pVTZ- and MP2/aug-cc-pVTZ-level of theory by
Gaussian16.3% GaussView 6.0 was used for visualization and illustration
of the MEP calculations.*”] Hirshfeld surface analysis was performed with
the CrystalExplorer software.[37:38]

GLOJ .
Synthesis of [CHF ,CF,OH,][SbF¢] (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 3CF,OH;][SbF¢] (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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Abstract: The reactions of difluoroacetyl fluoride and trifluoroacetyl fluoride were investigated in the binary superacid HF/SbFs 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. [CHF,CF,OH,][SbF¢] 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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7DEOH/RZWHPSHUDDWPOQHDRG ,5 VSRFR)UD @>6@) DQG&+R)2' @>6@) DQG FDOFXODWHG I@HRXHQFLHV >F

>S&+R)2+ @ +)

[CHF2CF>0H;][SbFs] (1) [CHF2CF20D;][SbFe] (2) [CHF2CF20H,]*-2HF Assignment
Raman IR Raman IR calc.®? (IR/Raman)
3055(25) 3055(50) 3053 m 2983(5/81) Vi A v(C H)
2922 w 2957(1531/86) V2 A Vv(OHy)
2892(1873/42) V3 A Vv(OHy)
2821(4)
2706(3) 2700(6)
2554 w
2498 w
2403(3) 2403 m v(OD>)
2286(5) 2330 m v(ODy)
1751s
1709 w
1626(106/0) Va A /(OHy)
1479 w
1460 w
1362(13) 1364 s 1359(19) 1358 w 1406(14/1) Vs A v(C F)
+/(C H)
+ AOH>)
1328(4) 1329's 1331w 1325(15/2) Ve A /(C H)
1285(6) 1286 m 1298(95/1) V7 A I(C H)
1251(11) 1256 s 1251(12) 1256 m 1235(236/2) Vs A v(C F)
+/(C H)
1205(3) 1196 m
1164(5) 1151s 1144(6) 1152(181/2) Vo A V(CH F)
1124(13) 1125(15) 1121m 1102(6/4) Vio A V(CH F)
1112(12) 1113 s 1105(7) 1090(258/1) Vi1 A 20H>)
1024 w
997 w
922's
891(4) 889 m
836(34) 835s 816(30) 814 m 1045(89/3) vi2 A v(C 0)
922(169/0) Vis A 24)
758(3) 756 w 755(67/5) Via A v(C C)
+v(C 0)
729(4/1) Vis A 20H,)
696(8) 699 vs 682(12/3) Vie A /(CF2)
571(32) 569 s 565(19) 563 m 554(8/1) V17 A /(CF2)
548(16) 552(20) 544(4/1) Vig 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) Va1 A /(CCO)
206(7) 205(7) 205(5/0) V22 A ICF>)
170(1/0) vaa A /(CCO)
112(5) 112(6) 85(6/0) vae A ICF2)
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 372s /(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 &97XD/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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.
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>&) &)2+ @>6@®)

formula &+) 26E

M [g mol Y]
[ [

WULFOLQLF

crystal size [mm?]

crystal system

space group 3s

al[A]
b [A]
c[A]

Vv [Ag
z
leaic [g cm9)
H [mm]
MoK . [A]
F(000)
TK]
hkl range
refl. measured
refl. unique
Rint
parameters
R(F)/wWR(F?) 2 (all reflexions)
weighting scheme ®
S (GoF) ©

residual density [e A3
2[IRUG ;&DOLEXU

device type
+(/ 7@
solution 6+(/37
. >@
refinement 6+(/3/
&&'&

aR1= ||Fol-|Fc|l/ [Fol;
SWRz =[ [W(F?- Fc)Al  (Fo)1V%; w = [ c(F?) + (XPJ? + yPT%; P = (F + 2F2c)/3;
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7DEOH%RQG OHQJWKYV >c@ DQG ERQ® D@3 6@)V DY @ HO O & BIRDRRIU GLVEMBBRAWW \RFIRGH \
I N I O T I O e

[CHF2CF20H2][SbFe] (1)

Bond lengths [A]

cic2 1.524(5) Sbl F5 1.925(2)
ClFl 1.318(4) Sbl F6 1.914(2)
) 1.325(4) Sbl F7 1.854(2)
C2 F3 1.341(4) Sbl F8 1.853(2)
C2 F4 1.346(4) Sbl F9 1.857(2)
c1 o1 1.424(4) Sbl F10 1.862(2)

Bond angles []

c2 C1 01 109.1(3) F5 Sbl F9 88.45(8)
F1 C1 F2 110.0(3) F5 Sbl F10 87.20(8)
F1 C1 C2 111.9(3) F6 Sbl F7 88.35(9)
F2 C1 C2 110.6(3) F6 Sbl F8 90.97(9)
F3 C2 F4 108.5(3) F6 Sbl F9 87.29(9)
F3 C2 C1 108.1(3) F6 Sbl F10 174.37(8)
F4 C2 C1 107.2(3) F7 Sbl F8 92.69(9)
F1 C1 O1 106.3(3) F7 Sbl F9 173.57(9)
F2 C1 01 108.8(2) F7 Sbl F10 92.02(9)
F5 Sbl F6 87.21(8) F8 Sbl F9 92.10(9)
F5 Sbl F7 86.62(8) F8 Sbl F10 94.62(9)
F5 Sbl F8 178.08(8) F9 Sbl F10 91.86(9)

Dihedral angles [°]

F3 C2 Cl F1 55.0(3) F4 C2 C1 F2 65.2(3)
FAC2 ClF1 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 [A]

O1-(H1) - -F6i 2.471(3) 01 Foiv 2.689(3)
01-(H2)--F5 2.452(3) F5 - -F3v 2.888(3)
C2-(H3) - -Fii 3.129(4) F5 --FOiv 2.890(2)

C2-(H3) - -F10iii 3.166(4)
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Synthesis and Stabilization of Highly Reactive Haloacetylium lons

Sebastian Steiner,® Christoph Jessen,® Alexander Nitzer,”® Valentin Bockmair,® and Andreas J.

Kornath*[

Abstract: The reactions of selected haloacetyl fluorides with the
strong Lewis acids AsFs and SbFs were investigated in the aprotic
solvent SO,CIF. Depending on the stoichiometric ratio of AsFs or SbFs
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. [CCIH,CO][Sb,F 1]
and [CH,FCO][Sb,F11] crystallize in the monoclinic space group P2;
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.*? To gain a deeper understanding of these reactions,
the stabilization of the acyl cations as their key intermediates is of
crucial interest.’l These are highly reactive species and show
versatile reactivity as C-, O-, S-, or N-acylating agents in many
cases.! 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, PFs, AsFs, or SbFs (see Equation 1) or second
by the so-FDOOHG
converted with the respective anhydrous complex silver salt under
the formation of silver fluoride as a precipitate, as illustrated in
Equation 2.14¢ The first stable acyl cation was synthesized and
isolated by SEEL in 1943 from the reaction of acetyl fluoride and
BF3.[ The crystal structure of the acetylium ion was elucidated
years later by BOER in 1966.581 As haloacetylium ions are
intermediates in haloacylation reactions, the preparation and
stabilization of these ions is of particular interest.[! In 1974, OLAH
investigated the reactivity of haloacetyl fluorides with SbFs in the
aprotic solvent SO, with NMR spectroscopy and observed the
formation of monohalogenated acetylium ions at low
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temperatures.! However, in the solution, these are in equilibrium
with two donor-acceptor complexes of the acyl fluoride with SbFs.
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.!

In previous studies of our group, the properties of acetyl fluoride
and selected haloacetyl fluorides were investigated in the binary
superacidic systems HF/AsFs and HF/SbFs.1%*2 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.*% 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.*?  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-
statd UskluctiheK Ebnéefnirfg e XpBddibilfeyH ofL Walogen back-
donation®13-%6l or inductive effects*”8 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 SO,CIF.

Results and Discussion
Syntheses and Properties

Chloroacetyl fluoride (CIAcF) and fluoroacetyl fluoride (FACF)
were reacted at 50 °C with the Lewis acids BF3, GeFs, PFs, AsFs,
and SbFs in SO,CIF. Thereby, equimolar amounts of the Lewis
acids and the haloacetyl fluorides were applied. As presented in
Equation 3, adducts of CIAcF and FAcF, respectively, with O-
coordinated AsFs (1, 3) and SbFs (2, 4) were obtained as colorless
solids in quantitative yields.



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 CIAcF and FAcF with BF3,
GeF4, and PFs no products were obtained.

To obtain the respective haloacetylium ions, CIAcF and FAcF
were subsequently reacted with an excess of AsFs and SbFs.
According to Equation 4, applying two equivalents of SbFs led to
the formation of [CCIH,CO][Sb.F11] (5) and [CH,FCO][Sb2F11] (6)
as colorless solids in quantitative yields, whereas 1 and 3 were
obtained from the reactions of CIAcF and FAcF with an excess of
AsFs. 5 and 6 show thermal decomposition at 0 °C and 10 °C.

To further increase the electron pull of the substituents,
dichloroacetyl fluoride (Cl,AcF) and difluoroacetyl fluoride (F2AcF)
were reacted with AsFs and SbFs in SO,CIF at 70 °C. First,
equimolar amounts of the Lewis acids were applied. As listed in
Equation 5, adducts of Cl,AcF (7) and F,AcF (8) with O-
coordinated SbFs were obtained as colorless solids in quantitative
yields. From the reactions of Cl,AcF and F,AcF with AsFs 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,
Cl,AcF and F,AcF were reacted at 70 °C with an excess of SbFs.
Applying two equivalents of the Lewis acid led to the formation of
[CCI,HCO][Sb2F11] (9) as a colorless solid in quantitative yield
(see Equation 6).

9 shows thermal decomposition at 40 °C. The reaction of F,AcF
with SbFs 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
[CCIH,CO][Sb.F11] (5) are illustrated in the vibrational
spectra of [CH,FCO][Sb;F11] (6) and [CCI,HCO][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 [CCIH,COJ*,
[CH,FCQOJ*, and [CCIL,HCO]*, 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).1%-22

Vibrational Spectra of [CCIH 2CO]J[Sb2F11] (5),
[CH2FCO][Sb 2F11] (6), and [CCI zHCO][Sb 2F11] (9)

For the [CCIH,CO]*, [CH,FCQ]*, and [CCI,HCO]* 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 &A2 ZKLFK LV GHWdihFWilkthe RBrkdn spectrum
and at 2307 cm ! in the IR spectrum. The (C=0) of CIAcF
(1895 cm 1) is not observed in the vibrational spectra of 5.1 The
s &A2
[CH3CO]* cation,® but blue-shifted by around 40 cm * compared
tothe &A1
The successful fluoride abstraction is also indicated by the
absence of the C F stretching vibration of CIACF (1105 cm 1),1t9
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 ! and
50 cm ! compared to the C C stretching vibrations of [CH3;CO]*
and CH3CN, respectively.[]
The s & A2 ®Rdppears at 2317 cm ! (Ra) and 2316 cm ! (IR)
and is thus in accordance with the values of 5 and the [CH;CO]*
cation.’® The 4(C C) of 6 is detected at 803 cm ! in the Raman
spectrum and at 800 cm ! in the IR spectrum and is thus red-
shifted by approximately 75cm® compared to the starting
material?® as well as to the s(C C) of 5. It is further red-shifted
by 100cm ! compared to the corresponding vibration of
[CH;CO]*.M
7KH &A2 VWUHWFKL®dcctrk Bt2EDBVdorR QR &nd
2302 cm ! (IR) and thus corresponds withthe s & A2 %Rand 6
as well as of [CH3COJ*.['% It is blue-shifted by 40 cm * compared
tothe &A1 REGN#IThe ((C C)of9 appears at 848 cm *
in the Raman spectrum and at 847 cm ! in the IR spectrum and is
thus red-shifted by approximately 50 cm ! compared to the
starting material® and the analog stretching vibration of
[CH3COJ* .M |t further is blue-shifted by around 50 cm * compared

Figure 1. Low-temperature Raman and IR spectra of [CCIH2CO][Sb2F11] (5) as
well as vibrational spectra of CCIH2COF.

LV LQ JRRG DJUHHPHQW ZLWK WKH YD

RI WKH LVRHOHFWURQLF &®1 PRLHYV



Table 1. Selected experimental vibrational frequencies [cm Y] of [CCIH2CO][SbzF11] (5), [CH2FCO][Sb2F11] (6), and [CCl2HCO][SbzF11] (9) as well as calculated

vibrational frequencies [cm 1] of [CCIH2CO]*, [CH2FCOJ*, and [CCI.HCO]*.

[CCIH2CO][Sb2F11] (5)

[CH2FCO][SbzF11] (6)

[CCI2HCO][Sb2F11] (9)

vs(C AO) Calc.2P (IR/Raman)© 2301(212/69)
Raman 2309(57)
IR 2307 w
vs(C C) Calc.2P (IR/Raman)© 831(1/1)
Raman 867(4)
IR 864 m
vs(C Cly/ Calc.2P (IR/Raman)© 751(6/13)
vs(C F) Raman 780(27)
IR 777 m

2313(94/45) 2291(198/80)
2317(53) 2976(40)

2316 w 2976 w

742(17/0) 825(4/0)

803(3) 848(4)

800 w 847 w

1127(100/5) 703(1/11) 777(72/6)
1124(8) 725(41) 801(16)
1122 m 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
[A%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.

tothe ¢(C C)of6.The C Fand C Cl stretching vibrations of the
CCIH2, CH,F, and CCI;H moieties of 5, 6, and 9 are red-shifted
compared to the neutral compounds by around 20 cm ! in the
case of 5 and 6 as well as up to 55 cm ! in the case of 9.129-24
For the [Sb.Fi;] anions of 5, 6, and 9 with dioctahedral
symmetries, more vibrations are observed than expected due to
interionic interactions leading to symmetry distortions.?*

Crystal Structures

The crystal structures of 1, 3, 4, and 7 were obtained by
recrystallization of the colorless solids from SO,CIF 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 [CCIH 2CO][Sb 2F11] (5)

[CCIH.CO][Sb2F11] (5) crystallizes in the monoclinic space group
P2, with two formula units per unit cell. The molecular unit of 5 is
depicted in Crystal data and structure refinement are
provided in the Supporting Information (Table S15). Selected
geometric data are listed in

The bond length C2 01 (1.105(9) A) is significantly shortened
compared to chloroacetyl fluoride (1.183 A)®% and is in the range
ofa & A 2riple bond (1.07 A).29 |t corresponds with the & A bond
length of [CH3CO][SbFe] (1.108(4) A).®! The bond length C1 C2
(1.44(1) A) is shortened compared to the starting material
(1.506 A)2%! put slightly elongated compared to the corresponding
C C bond length of [CH3CO][SbF¢] (1.419(4) A).B! Further, the
bond length C1 CI1 (1.746(9) A) is slightly shortened compared
to the corresponding C Cl bond of CIAcF (1.763 A)2% but is still
in the range of a formal C Cl single bond (1.76 A).=2% The bond
angle C1 C2 01 (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) A and 1.875(4) A. The bridging Sb F
bonds are longer than the terminal ones with bond lengths up to
2.047(5) A. 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)---F6iii

Figure 2. Molecular unit of [CCIH2CO][Sb2F11] (7) (displacement ellipsoids with
50% probability).

(2.972(8) A)U and the C---F interaction C2---F4 (2.687(9) A) (see
and Figure S18).32 The cation displays a
tetracoordinated carbon C2 and further forms the interatomic
contacts C2--F5i (2.676(9) A), C2.-F9i (2.818(9) A), and
C2--F10ii (2.831(9) A) (see [Figure 3). All interatomic C--F
contacts are below the sum of their van-der-Waals radii
(3.22 A).¥2 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.



Table 2. Selected bond lengths [A] and angles [°] of [CCIH2CO][Sh2F11] (5) and
donor-acceptor distances. Symmetry codes: i =1 x, 0.5+y, 1-z;ii = 1+, y, z;
iii = 1+x, y, 1+z.

Bond lengths [A]

ch c1 1.746(9) c2 o1 1.105(9)
c1 c2 1.44(1)

Bond angles []

cl1-c1-c2 111.3(6) c1-c2-01 178.8(8)
Interionic contacts [A]

C1( H1A)--F6iii  2.972(8) C2--F5i 2.676(9)
C1--F5i 2.85(1) C2--F9i 2.818(9)
C2--F4 2.687(9) C2--F10ii 2.831(9)

Crystal Structure of [CH 2FCO][Sb 2F11] (6)

[CH,FCO][Sb.F11] (6) crystallizes in the monoclinic space group
P2; with two formula units per unit cell. The molecular unit of 6 is
depicted in 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 01 (1.101(9) A) is significantly shortened
compared to fluoroacetyl fluoride (1.194(13) A)! and is in the
range of a formal & A 2riple bond (1.07 A).[? It corresponds with
the & A 2bond lengths of [CH3CO][SbFs] (1.108(4) A)®! and 5
(1.105(9) A). The bond length C2 C1 (1.49(1) A) remains
unchanged compared to the starting material (1.483(7) A)B3! but
is slightly elongated compared to the corresponding C C bond
length of 5 (1.44(1) A) and significantly elongated compared to
[CH3CO][SbF¢] (1.419(4) A).B! Further, the bond length C2 F1
(1.33(1) A) is shortened compared to FACF (1.366(7) A).B3 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) A and 1.869(4) A. The bridging Sb F
bonds are longer than the terminal ones with bond lengths up to

2.048(5) A. The bond angle Sbl F7 Sb2 (143.9(2)°) is also in
good agreement with the literature and 5.127-30

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) A)and C2---F10i
(1.63(1) A) (seand Figure S22).%2 Furthermore, chains
along the c-axis are formed by the weak hydrogen bond
C2( H1)--F9iii (3.008(9) A)BY and the C--F interaction C1:-F2
(2.60(1) A) (seeand Figure S21).%2 The cation also
displays a tetracoordinated carbon atom C1 and forms the
intermolecular contacts C1--F4ii (2.60(1) A) and C1--F8ii
(2.742(9) A) (see|Figure 5). All interatomic C---F contacts are
below the sum of their van-der-Waals radii (3.22 A).B2 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 [A] and angles [°] of [CH2FCO][SbzF11] (6) and
donor-acceptor distances. Symmetry codes: i =1 x, 0.5+y, 1-z;ii = 1+, y, z;
iii = 1+x, y, 1+z.

Bond lengths [A]

F1 C2 1.33(1) Cl 01 1.101(9)
c2 c1 1.49(2)

Bond angles [°]

F1-C2-C1 110.6(7) C2-C1-01 177.0(8)
Interionic contacts [A]

C2( H1)--Fgii  3.008(9) C1.-F8ii 2.742(9)
Cl.-F2 2.60(1) C1.-F10i 2.63(1)
C1.-F4ii 2.60(1)

Theoretical Calculations

Quantum chemical calculations were performed at the
&% ;' D Xcd-pVTZ-level of theory.B4 All haloacetyl fluorides
as well as [CCIH,COJ*, [CH.FCO]*, and [CCI,HCQO]" 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), [CCIH.CO]* and
[CH,FCQJ* are illustrated with selected bond lengths and bond
angles in comparison to the crystal structures of 5 and 6. The



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
[CCIH,CO]*-4 HF and [CH,FCO]*-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).3431 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
E A) of the respective haloacyl cations. Thereby, the fluorine
lone pairsare RULHQWHG W R ZDVothials\oKthe c&tions,
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).[56:37

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 &&0 :E& AR (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]*.! 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 CHz moiety.®! For 5
and 6, the substitution of one hydrogen atom of the CH; 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]*.I%!

In the case of [CHF,COJ*, 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
SbFs, we therefore assume that even the oligomeric anions
[SboF11] or [SbsFig] are not sufficient for the stabilization of the
highly reactive haloacetylium ion under these conditions. [Sb2F11]

and [SbsFi6] were found to be the most stable polyanions in SO,
and SO,CIF.[84% During our experiments, [Sb,F1;] 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,["1 CIACF and FACF only reacted with the stronger Lewis acids

AsFs and SbFs. When even stronger electron-withdrawing
substituents were introduced, only reactions with SbFs were
observed. In the case of the reactions of AsFs with Cl,AcF as well
as F,AcF, the Lewis acidity of AsFs 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 SbFs. 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).*+5% 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] .4242 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.3*%! Various anchor systems
have proven to be an effective means of calculating the FIA in the
recent past, e.g. the COF,/COF; system of CHRISTE,*%%] or the
MesSi*/MesSiF system, initially proposed by KROSSING.#7 The
COF; anchor system is based on the experimentally determined
value for the FIA of COF,,#148l while the MesSi* system is based
on high-level quantum chemical calculations.”] 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.*®! To calculate
the FIAs of the haloacetylium ions in this work, CHRISTE § anchor
system was chosen, as it is based on experimental values (see

i

Scheme 1. Isodesmic reactions for the FIA calculation of the haloacetylium ions
based on the COF, anchor system. 414649

For this purpose, first, a full geometry optimization was performed
at the BP/def2SVPP-level of theory®450 for the acyl cations
[CH3CQJ*, [CCIH,CO]*, [CH,FCO]*, [CCI,HCO]*, [CHF,CO"], and
[CFsCO]* as well as the respective acetyl fluorides. Then, a
thermal enthalpy correction was carried out for all calculated
molecules. The anchor molecules COF, and COF3; were also
optimized quantum chemically at the BP/def2SVPP-level of
theory and thermal enthalpy corrections were performed
subsequently.t45% 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 was calculated. Then, the
experimental value of the FIA of COF, (208.8 kJ/mol) was
subtracted.**#649  The obtained FIAs of the respective
haloacetylium ions in the gas phase are listed in To




calculate the solvated FIAs of the haloacetylium ions, all
molecules were optimized in the solvent dichloromethane
applying the CPCM solvation model.5Y CH,Cl, displays a polar
and non-coordinating solvent that is comparable to SO,CIF and
was used for FIA calculations before.849 The obtained solvated

FIAs are also listed in|Table 4

Table 4. Calculated FIAs of haloacetylium ions and SbFs anchored by the COF2
system in the gas phase and CHzCla.

Compound FIA [kJ/mol]® FlAso [kd/mol]®
in gas phase in CH2Cl2
[CHsCOJ* 905.6 453.1
[CCIHCOT* 955.0 510.8
[CH2FCOT* 983.7 527.4
[CClLHCOT* 977.0 542.5
[CHF.COJ* 1022.3 563.0
[CFsCO]* 1058.1 601.8
SbFs 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
CH2Cl.54

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.*® 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.I! The haloacetylium ions 5, 6, and 9 were also only
formed when the respective acyl fluorides were reacted with SbFs.
To compare the calculated FIAs of the haloacetylium ions and
thus their Lewis acidity with SbFs, the FIA of SbFs was calculated
in the same way as described before. The obtained FIAs in the
gas phase and CHCl, are also listed inand are in good
agreement with values in the gas phase reported in the literature
(493 kJ/mol).[5952 |nterestingly, the calculated FIAs of SbFs are
lower than those of [CH3COJ*, even in solution. This indicates that,
according to the calculations, the acetylium ion is a stronger Lewis
acid towards fluoride ions than SbFs and that the acyl cation is
consequently not formed from the reaction of acetyl fluoride and
SbFs. This contrasts with our experimental results, as we were
able to stabilize even the [Sh,F11] 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
SbFs. Furthermore, solvent effects complicate the comparability
of the calculated values, as SO, or SO.CIF e.g. lower the Lewis
acidity of SbFs as coordinating solvents.3!

Furthermore, as the Lewis acidity of the haloacetylium ions
increases with more electron-withdrawing substituents, the C F

6

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.*? As observed before for
haloacetyl fluorides and their protonated species, the COF
moieties are the electrophilic center of the molecules.'*2 These
have strongly positively polarized carbonyl carbons, and the
positive charge and thus electron-deficient moieties are localized
at the carbon atoms. These holes are stabilized by the so-called
3 BGHIIHFW’
atoms by intramolecular n(F) : &*(C=0) interactions.'12 As
shown before, the size of the @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.!? Therefore, strongly electron-
deficient haloacety! fluorides only react with strong Lewis acids or
fluoride ion acceptors. This is consistent with our experimental
results, as Cl,AcF and F,AcF only react with the strongest
selected Lewis acid SbFs.

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 SO,CIF.
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 SbFs.
The difluoroacetylium ion represents the limit that allows the
isolation of haloacetylium ions from SO,CIF. 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
SO,CIF 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® MultiRamll 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’®* were prepared
with CsBr single-crystal plates coated with a small amount of the samples.
For visualization, the software Advanced Chemistry Development Inc.®

WKH HOHFWURQ GRQDWLRQ RI



(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 A). The programs CrysAlisPro 1.171.39.46e
(Rigaku OD, 2018)[5%! and CrysAlisPro 1.171.40.82a (Rigaku OD, 2020)[5¢]
were employed for the data collection and reduction. The structure solution
and refinement were employed with the software SHELXT®? and
SHELXL-2018/3,581 implemented in the WinGX software package.® The
solution was checked with the program PLATONI®Y and the absorption
correction was performed using the SCALE3 ABSPACK multi-scan-
method.[®! 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
CCIH2COF-AsFs (1), CCDC-2329952 for CH2FCOF-AsFs (3), CCDC-
2329953 for CH2FCOF-SbFs (4), CCDC-2329954 for [CCIH2CO][Sb2F11]
(5), CCDC-2329955 for [CH2FCO][Sh2F11] (6), and CCDC-2329961 for
CCI2HCOF-SbFs (@) (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
Gaussian16.534
Typical procedure (TP1): Synthesis of haloacetylium salts: SbFs and

SO2CIF 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 SO2CIF was removed in a dynamic vacuum at 78 °C. 5, 6, and
9 were obtained in quantitative yields as colorless solids, respectively.

Synthesis of [CCIH,CO][Sb.Fi1]: 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 ,FCO][Sb,F1;]: 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 CI,HCO][Sb.Fi1]): 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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Experimental Procedures

Typical procedure (TP1): Synthesis of haloacetylium salts: SbFs and SO2CIF 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 SO2CIF 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 -MFs (M = As, Sb) adducts: The Lewis acid and SO2CIF 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
SO2CIF was removed in a dynamic vacuum at 78 °C. 1-4, 7, and 8 were obtained in quantitative yields as colorless solids.

Synthesis of CCIH ,COF-AsFs: 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 CCIH ,COF-SbFs: 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 CH,FCOF-AsFs: 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 CHFCOF-SbFs: 4 was prepared from antimony pentafluoride (1.00 mmol, 217 mg, 1.0 eq.), sulfuryl chloride fluoride
(27 mmol, 2 mL), and fluoroacety! fluoride (1.00 mmol, 80 mg, 1.0 eq.) at 50 °C, as described in TP2.

Synthesis of [CCIH ,CO][Sb,Fi11]: 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 ,FCO][Sb ,F11]: 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 ;,HCOF-SbFs: 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 HF,COF-SbFs: 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 ,HCO][Sb,F11]: 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.



Vibrational Spectroscopy

Table S1. Low-temperature Raman and IR spectra of CCIH2COF-AsFs (1) and calculated frequencies [cm ] of CCIH2COF-AsFs.

CCIH2COF-AsFs (1) CCIH2COF-AsFs Assignment
Raman IR calc.2?! (IR/Raman)!©
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=0)
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) 2 A" 25(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) 1 A Is(COF)
553(3) 550 m 531(5/0) 2 A" s(CCO)
420(23) 396(1/3) 12 A Is(CCF)
242(4) 252(44/1) 17 A Is(CICC)
191(6)
150(7)
133(13) 83(6/0) 3 A" as(CH2)
739(46) 729(155/0) 2 A" as(As F)
719(7) 728(135/0) 8 A s(As F)
692(100) 700 vs 721(156/7) 0 A s(As F)
677(6) 675s 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 Is(As F)
367(9) 372 vs 376(49/0) 27 A" Jas(As F)
373(46/0) 14 A Is(As F)
352 vs 348(108/0) 15 A Is(As F)
318(4) 295(0/0) 28 A" Jas(As F)
301(9) 289(2/1) 16 A Is(As F)
203(0/0) 29 A" Jas(As F)
150(7) 165(0/0) 30 A" Jas(As F)
150(4/0) 18 A Is(As F)

79(10/0) 19 A Is(As F)




63(4/0) 20 A Is(As F)
54(2/0) 2 A las(As F)

24(1/0) a A las(As F)

[a] Calculated at &97XD/aug-cc-pVTZ-level of theory, As was calculated at the &97XD/GenECP MWB28 level. [b] Frequencies are scaled
with a factor of 0.956, [c] IR intensity in [kd/mol] and Raman intensity in [A%/u]. Abbreviations for IR intensities: vs = very strong, s = strong,
m = medium, w = weak.



Table S2. Low-temperature Raman and IR spectra of CCIH2COF-SbFs (2) and calculated frequencies [cm 1] of CCIH.COF-SbFs.

CCIH2COF-SbFs (2) CCIH2COF-SbFs Assignment
Raman IR calc.*?! (IR/Raman)©
2986(7) 2984 m 3008(5/50) 2 A" as(C H)
2949(17) 2947 m 2959(19/126) 1 A SC H)
1871w
1711(12) 1722's 1768(515/19) 2 A §(C=0)
1387(7) 1389 m 1379(38/8) 3 A /s(CH2)
1370(3) 1367 m 1317(54/2) . A S(CH2)
1221(3) 1223 s 1176(181/1) 5 A SC F)
1203(5) 1200 m 1171(0/2) 2 A" 25(CH2)
1126 w
939(3) 937 m 903(14/12) 6 A «C ©)
916(1) 916 m 898(11/0) 2 A" as(CH2)
823(11) 824'm 805(25/9) ; A «C Cl)
599(8) 600 m 637(4313) 10 A Is(COF)
545(1) 542 m 529(4/0) 2 A 25(CCO)
422(9) 424w 399(0/3) 1 A Is(CCF)
244(9) 256(2/0) 1 A Is(cIcc)
191(5)
154(5)
134(9) 82(6/0) a A" as(CH2)
749(4) 748 m
717(100) 653(123/0) 2 A «(Sb F)
707(15) 696 vs 652(110/0) 8 N «Sb F)
682(30) 650(109/6) 0 N «Sb F)
603(1/25) 1 A «Sb F)
560(1/2) 2 A «s(Sb F)
347(3)
320(4)
291(0/1) 13 A" las(Sb F)
269(51/0) 4 A Is(Sb F)
264(44/0) 15 A /s(Sb F)
251(145/0) 7 A Is(Sb F)
234(13) 229(0/0) 2 A" las(Sb F)
205(5) 210(0/1) 2 A" las(Sb F)
129(11) 165(0/0) 2 A" las(Sb F)
135(2/0) 18 A /s(Sb F)

128(0/0) 2 A" las(Sb F)




100(3/0) 19

61(0/0) 20
55(2/1) 32
28(1/0) 33

A

Is(Sb F)
Is(Sb F)
I:s(Sb F)

las(Sb F)

[a] Calculated at &97XD /aug-cc-pVTZ-level of theory, Sb was calculated at the &B97XD/GenECP MWBA46 level. [b] Frequencies are scaled
with a factor of 0.956, [c] IR intensity in [kd/mol] and Raman intensity in [A%/u]. Abbreviations for IR intensities: vs = very strong, s = strong,

m = medium, w = weak.

Figure S 1. Low-temperature Raman and IR spectra of CCIH2COF-MFs (1, 2) (M = As, Sb) and vibrational spectra of CCIH.COF.



Table S3. Low-temperature Raman and IR spectra of CH2FCOF-AsFs (3) and calculated frequencies [cm ] of CH2FCOF-AsFs.

CH2FCOF-AsFs (3) CH:FCOF-AsFs Assignment
Raman IR calc.2 (IR/Raman)©
2982(20) 2982 m 2972(58/1) 2 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=0)
1735(37) 1742 m 1800(498/24) 2 A s(C=0)
1651w
1570 w
1430(10) 1433 m /(CH2)
1418(24) 1414 m 1406(27/10) 3 A Is(CHz)
1387 w
1268(6) 1269 m (CH2)
1252(20) 1380(11/0) 4 A s(CH2)
1205 w 1230(1/3) 23 A" 25(CHy)
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) 1 A /s(COF)
525(4) 523 m 538(10/0) 2 A" 5(CCO)
478(22) 474 m 455(1/2) 13 A /s(CCF)
334(12)
245(7) 278(40/0) 18 A Is(FCC)
196(6) 116(10/0) a A" as(CH2)
148(11)
751(11)
739(12) 729(160/0) 2 A" as(As F)
730(61) 731s 728(140/0) 8 A «(As F)
692(100) 698 vs 722(149/7) 0 A «(As F)
683(52) 681 s 658(12/23) 10 A «(As F)
582(0/2) 12 N «(As F)
443(13) 390(0/1) 14 A Is(As F)

403(20) 376(49/0) P A las(As F)




390(12)

382(11)

307(13)

245(7)

165(10)

393 vs

366 vs

374(48/0)

353(95/1)
294(0/1)
289(9/1)
202(0/0)
164(0/0)
154(0/0)
83(19/0)
71(1/0)
53(2/1)

30(1/0)

30

32

33

A

/s(AS F)

Is(As F)
las(As F)
Is(As F)
las(As F)
las(As F)
Is(As F)
Is(As F)
Is(As F)
las(As F)

/ as(AS F)

[a] Calculated at &897XD/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 [kd/mol] and Raman intensity in [A%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 CH.FCOF-SbFs (4) and calculated frequencies [cm 1] of CH2FCOF-SbFs.

CH2FCOF-SbFs (4) CH2FCOF-SbFs Assignment
Raman IR calc.2 (IR/Raman)
2984(12) 2976 w 2969(0/58) 2 A" as(C H)
2949(34) 2949 w 2922(14/148) 1 A s(C H)
2648 vw
1836 m
1743(16) (C=0)
1727(30) 1728 m 1779(529/20) 2 A s(C=0)
1693 m
1422(8) 1435 m /(CH2)
1411(27) 1406 m 1404(31/10) 3 A /s(CHo)
1388(5) 1387 m
1270(8) 1267 m (CH2)
1253(20) 1250 m 1384(16/1) 4 A «(CHz)
1231(1/3) 2 A" 25(CHy)
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) 2 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) 0 A /s(COF)
545(4) 541 m 536(9/0) 2 A" 5(CCO)
476(16) 473 w 456(1/2) 13 A /s(CCF)
350(19) 353w 324(1/0) 14 A Is(FCC)
234(12)
196(10) 115(9/0) a A" as(CH2)
152(11)
708(3) 704 vs
694(18) 654(127/0) 8 A" s(Sb F)
681(30) 653(75/3) 10 A «(Sb F)
673(62) 675 vs 650(150/4) 1 A «(Sb F)
651(100) 651 s 603(1/26) 12 A «(Sb F)
561(1/2) 2 A" s(Sb F)
441(4)
389(15) 390 m

11



305(19) 281(0/1)
269(52/0)

264(49/0)

253(132/0)

234(12) 229(1/0)
211(0/1)

166(11) 165(0/0)
133(1/0)
128(1/0)
117(7/0)
65(1/0)
51(1/0)

31(1/0)

15

27

16

17

28

18

29

19

30

20

21

32

33

A

Is(Sb F)
/as(Sb F)

Is(Sb F)

/s(Sb F)
fas(Sb F)
/s(Sb F)
fas(Sb F)
/s(Sb F)
fas(Sb F)
/s(Sb F)
/s(Sb F)
fas(Sb F)

/as(Sb F)

[a] Calculated at &97XD/aug-cc-pVTZ-level of theory, Sb was calculated at the &97XD/GenECP MWBA46 level. [b] Frequencies are scaled
with a factor of 0.956, [c] IR intensity in [kd/mol] and Raman intensity in [A%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-MFs (3, 4) (M = As, Sb) and vibrational spectra of CH.FCOF.
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Table S5. Low-temperature Raman and IR spectra of [CCIH2CO][SbzF11] (5) and calculated frequencies [cm 1] of [CCIH2CO]".

[CCIH2CO][Sb2F11] (5) [CCIH2COJ* Assignment
Raman IR calc.*?! (IR/Raman)t©
2980(15) 2978 w 2970(56/42) 0 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 £O)
1358(13) 1356 w 1347(31/7) 3 A Is(CH2)
1245(6) 1244 w 1203(1/5) 4 A s(CHz2)
1181(12) 1146(0/2) 10 A" 2(CH2)
874(2) 872 m 848(9/1) 1 A" as(CH2)
867(4) 864 m 831(1/1) 5 A {(C ©)
780(27) 777m 751(6/13) 6 A s(C Cl)
521(12) 521s 530(16/2) 7 A 1s(CCO)
294(17) 376(3/0) 12 A" s(CCO)
231(16) 155(11/1) 8 A Is(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) 363w /Sb F)
276(6) /Sb F)
216(5) /Sb F)
191(6) /Sb F)
129(12) / Sb F)

[a] Calculated at & %

intensity in [A%/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.

; laug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kJ/mol] and Raman
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Figure S 3. Low-temperature Raman and IR spectra of [CCIH2CO][SbzF11] (5) and vibrational spectra of CCIH.COF.
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Table S6. Low-temperature Raman and IR spectra of [CH2FCO][Sh2F11] (6) and calculated frequencies [cm ] of [CH2FCO]".

[CH2FCO][Sb2F11] (6) [CHFCOJ* Assignment
Raman IR calc.2P! (IR/Raman)
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 &A2
1680 vw
1401(17) 1400 w 1378(25/7) 3 Al Is(CH2)
1250(14) 1320(1/3) 4 A s(CH2)
1223(4) 1223 vw 1210(2/3) 10 A" 25(CH>)
1124(8) 1122 m 1127(100/5) 5 A s(C F)
896(2) 893 w 979(1/0) 1 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)
511s /' 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 &897XD/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 [A%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][Sh2F11] (6) and vibrational spectra of CH2FCOF.
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Table S7. Low-temperature Raman and IR spectra of CCIH2COF and calculated frequencies [cm *] of CCIH.COF.[!

CCIH.COF CCIH:COF Assignment
Raman IR calc.*?! (IR/Raman)t©
3006(22) 3023(1/47) 1 A (C H)
2962(95) 2974 m 2970(10/110) 1 A" s(C H)
2799(3) 2.,
1894 s s(C=0)
1880 vs s(C=0)
1859(32) 1867 vs 1878(256/14) 2 A s(C=0)
1406(28) 1414 m 1391(24/6) N A IS(C H)
1310(4) 1310 m 1281(11/1) 4 A «(CHz)
1280(2) 1280 m
1230s
1189(12) 1164(0/2) 12 A" 25(CHz)
1105(6) 1097 vs 1070(271/2) 5 A Is(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) ; A s(C Cl)
665(7) 667 m
629(12) 619's 605(21/2) 8 A Is(COF)
562(5) 559 m
530(5) 514(5/0) " A 5(CCO)
451(6)
411(14)
393(64) 381 m 380(1/3) 0 A /s(CCF)
302(5)
224(28) 203(2/1) 10 A /(CCO)
82(6/0) 15 A" as(CH2)

[a] Calculated at &97XD/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 [A%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 CH:FCOF Assignment
Raman IR calc.2P! (IR/Raman)
3001(33) 2981 w 2978(3/51) 1 A" as(C H)
2962(100) 2962 w 2930(13/127) 1 A s(C H)
2863(7) 2.4
2772(11)
1906 s §(C=0)
1871(53) 1890 s 1885(295/18) 2 A §(C=0)
1454 w Is(C H)
1437(40) 1439 w 1414(17/7) 3 A I5(C H)
1388 w 1363(3/0) . A «(CHz)
1252(22) 1238 m 1227(2/4) 12 A" 2s(CH2)
1224 m
1157 w
1139(13) 1132 w 1117(1/4) 5 A s(CHz2 F)
1074(10) 1095 vs 1077(373/0) 6 A {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" 5(CCO)
456(47) 466 w 441(2/2) ° A /s(CCF)
287(10)
263(12) 241(4/0) 10 A /5(CCO)
114(10/0) 15 A" as(CH2)

[a] Calculated at &897XD/aug-cc-pVTZ-level of theory, [b] Frequencies are scaled with a factor of 0.956, [c] IR intensity in [kd/mol] and Raman
intensity in [A%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-SbFs (7) and calculated frequencies [cm 1] of CCl.HCOF-SbFs.

CCIHCOF-SbFs (7) CCI,HCOF-SbFs Assignment
Raman IR calc.2 (IR/Raman)©
3014(13) 3014 m 3023(8/63) 1 A (CH)
2667 w
2565 w
2374 vw
1882 w
1859 m Cl.AcF
1811 w
1723(26) 1720's 1774(507/27) 2 A (C=0)
1637 m
1445 m
1353(8) 1354 m 1311(94/2) 3 A /(CCH)
1222(11) 1219s 1184(80/3) 4 A /(CICH)
1193(15) 1196 m 1167(47/4) 5 A (CE
1122 w
944(11) 943 m 915(23/2) 6 A (C C)
903 w ClAcF
834(13) 837s 812(75/4) 7 A (c cl
778(27) 779w 770(3/7) 8 A (c cl
684(37) 681 vs 679(54/8) 0 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) 2 A /(CCly)
189(1/1) 2 A /(CICC)
57(0/0) 3 A 2COF)
700(40) 706 vs 654(117/0) 10 A (Sb F)
668(12) 654(106/0) 1 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)

236(22)

207(15)

122(21)

264(44/0)
247(117/0)
235(2/0)
210(0/1)
146(0/0)
126(1/0)
121(1/0)
93(4/0)
60(0/0)
26(0/0)

21(0/0)
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[a] Calculated at &B97XD /aug-cc-pVTZ-level of theory, Sb was calculated at the &B97XD/GenECP MWBA46 level. [b] Frequencies are scaled
with a factor of 0.956, [c] IR intensity in [kd/mol] and Raman intensity in [A%/u]. Abbreviations for IR intensities: vs = very strong, s = strong,
m = medium, w = weak.

Figure S 5. Low-temperature Raman and IR spectra of CCI.HCOF-SbFs (7) and vibrational spectra of CCl2HCOF.
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Table S10. Low-temperature Raman and IR spectra of CHF2COF-ShFs (8) and calculated frequencies [cm 1] of CHF2COF-SbFs.

CHF2COF-SbFs (8) CHF2COF-SbFs Assignment
Raman IR calc.2 (IR/Raman)©
3004(15) 3003w 2943(10/90) 1 A (CH)
1752(9) 1753 w 1793(441/16) 2 A (C=0)
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) 1221w 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 (CF
925(8) 924 m 904(27/4) 8 A (C C)
834 w
784(9) 781w 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 I(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) 2 A /(CCF)
54(0/0) 3 A 2COF)
716(38) 719's SbFs
708 vs
696 vs (Sb F)
685(18) 681 vs 655(119/0) 10 A (Sb F)
671(100) 673 vs 654(111/1) 1 A (Sb F)
658(90) 657 s 653(116/4) 1 A (Sb F)
606(8/25) 13 A (Sb F)
561(1/2) 15 A (Sb F)
504(5) (Sb F)
481(8) 482w SbFs
376 w /(Sb F)
355 m /(Sb F)
300(25) 282(0/1) 19 A /(Sb F)
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257(12)

232(18)

153(13)

146(13)

269(43/0)
264(49/0)
248(117/0)
218(2/1)
209(0/1)
159(0/1)
127(0/0)
120(0/0)
107(8/0)
61(0/0)
30(1/0)

20(1/0)

20

21

23

24

25

26

27

28

29

30

32

33

A

/(Sb
/(Sb
/(Sb
/(Sb
/(Sb
/(S
/(S
/(S
/(S
/(S
/(Sh

/(Sb

F
F)
F)
F)
F)
F)
F)
F)
F)
F)
F)

F)

[a] Calculated at &B97XD /aug-cc-pVTZ-level of theory, Sb was calculated at the &B97XD/GenECP MWBA46 level. [b] Frequencies are scaled
with a factor of 0.956, [c] IR intensity in [kd/mol] and Raman intensity in [A%/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-SbFs (8) and vibrational spectra of CHF2COF.
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Table S11. Low-temperature Raman and IR spectra of [CCl2HCO][Sh2F11] (9) and calculated frequencies [cm 1] of [CCI,HCO]*.

[CCIHCO][Sb2F11] (9)

[CCl.HCO]* Assignment

Raman IR calc.*?! (IR/Raman)t©

3232w

3151w
2976(40) 2976 w 2953(48/57) 1 A s(C H)

2351w
2305(100) 2302 w 2291(198/80) 2 A s &A2

2251w

1443 w

1423 w

1327w
1231(11) 1221w 1210(2/5) 3 A Is(CCH)
1183(9) 1151w 1130(1/4) 9 A" 2(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 ClI)
725(41) 703(1/11) 5 A s(C Cl
632(3)
531(14) 532w 536(14/0) 1 A" as(CCO)
498(11) 500 w 491(14/5) 6 A 1s(CCO)
484(14) 484 w

372w
308(11)
278(20) 262(5/3) 7 A Is(CCl2)
196(6) 190(17/1) 8 A 1s(CCO)
160(5)
123(9) 124(0/0) 12 A" 25(CClp)
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 (Sh F)
430(6) 419 w /Sb F)
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397(4)
334(5)
295(30)
288(18)
266(9)
232(27)
210(22)
181(8)

140(11)

397 w / Sb

362 w / Sb

/ Sb

/ Sb

/ Sb

/ Sb

/ Sb

/ Sb

/ Sb

F
F
F
F
F
F
F
F

F

[a] Calculated at &897XD/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 [A%/u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.

Figure S 7. Low-temperature Raman and IR spectra of [CCI2HCO][SbzF11] (9) and vibrational spectra of CCl2HCOF.
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Table S12. Low-temperature Raman and IR spectra of CCl;HCOF and calculated frequencies [cm *] of CCl,HCOF.E!

CCI,HCOF CCI,HCOF Assignment
Raman IR calc.2! (IR/Raman)
3015(40) 3027(4/61) 1 A (C-H)
1880 vs (c=0)
1861(47) 1863 vs 1874(244/18) 2 A (c=0)
1284(10) 1284 m /(CCH)
1252(7) 1252 m 1264(40/3) 3 A /(CCH)
1206(14) 1216 vs 1183(19/3) . A /(CCH)
1117(6) 1111s 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-cn
782(77) 768(6/7) 8 A (c-cn
765(42) ?
676(60) 673 m 659(47/7) 0 A /(COF)
643(7) 644 m 2
578(12) 609 m 584(26/3) 10 A /(CCOo)
503(8) ?
462(9) ?
426(100) /(COF)
402(93) 387(1/5) 1 A /(CCF)
363 m 2
337(12) ?
288(42) 272(2/2) 12 A /(CCl)
273(47) ?
242(45) /(CCl)
?
220(22) 226(1/1) 13 A /(CICC)
190(34) 176(2/1) 14 A /(CIcC)
48(0/1) 15 A /(COF)

[a] Calculated at &97XD/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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.
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Table S13. Low-temperature Raman and IR spectra of CHF2COF and calculated frequencies [cm ] of CHF.COF.[4

CHF.COF CHF.COF Assignment
Raman IR calc.2! (IR/Raman)
3010(65) 2980 m 2991(13/66) Vi A vs(C H)
2779(4) v(C H)
2676(8)
1876(98) 1886 vs 1864(245/15) V2 Al vs(C=0)
1840(6)
1398(13) 1329(52/1) va Al Is(C H)
1350(34) 1362 m 1323(11/2) Vi1 A" /as(C H)
1250(4) 1256 s vs(C F)
1188(23) 1230(201/2) Va A vs(C F)
1151 vs
1128(11) 1117 vs 1097(63/4) Vs A vs(CF2)
1090(27) 1107 vs 1082(217/3) Viz A" Vas(CF2)
919(64) 916 m 834(81/7) Ve A vs(C C)
862(7) 864 m vs(C C)
751(100) 748 m 739(20/0) Vi3 A" as(COF)
699(3) 704 m 685(50/2) V7 A Is(COF)
619 m
611 m
581(27) 581 m 563(15/2) Vg A Is(CF2)
569(18) 571'm A" /(CF2)
501(7)
421(21) 426 m 397(2/2) Vo A /s(CCO)
322(28)
240(12) 241(6/0) Vio Al /s(CCF)
211(4) 228(6/0) Via A" as(CF2)
44(4/1) Vis A" lattice

[a] Calculated at &97XD/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 [A%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 CCIH.COF-AsFs (1), CH2FCOF-AsFs (3), and CH2FCOF-SbFs (4).

CCIH2COF-AsFs (1) CH2FCOF-AsFs (3) CH2FCOF-SbFs (4)
C2H2AsCIFsO C2H2AsF/0 C2H2F7,0Sb
formula
266.41 249.96 296.79
M: [g mol ]

crystal size [mm?]
crystal system
space group
al[A]

b [A]

c[A]

-

[l
[l
VA3
z
lealc [g M ]
Hmm 1
wok . [A]
F(000)

T [K]
hkl range
refl. measured
refl. unique
Rint
parameters
R(F)/wWR(F?) 2 (all reflexions)
weighting scheme ®
S (GoF) ©

residual density [e A 3]

0.180 x 0.160 x 0.150
triclinic
P$
5.3372(4)
7.7630(6)
8.8286(6)
80.721(6)
72.954(6)
89.233(6)
344.92(5)
2
2.565
5.371
0.71073
252
107(2)
i7:8; 111:11; i12:11
3744
2236
0.0259
100
0.0386/0.0637
0.0204/0.0000
1.028
0.727/ 0.698

Oxford XCalibur

0.18 x 0.13 x 0.07
monoclinic
P21/n
7.7774(4)
10.1132(4)
8.3601(4)
90.00
108.068(6)
90.00
625.13(5)
4
2.656
5.527
0.71073
472
130(2)
i i
6502
2076
0.0365
108
0.0420/0.0680
0.0281/0.0000

1.035

Oxford XCalibur

0.338x0.213 x 0.178

monoclinic
P2i/n
8.1886(5)
10.2132(5)
8.3423(5)
90
108.139(6)
90
663.01(7)
4
2.973
4.246
0.71073
544
106(2)
12:11; 14:15; 8:12
6673
2189
0.0260
100
0.0286/0.0517
0.0191/0.1967
1.090
0.781/ 0.608

Oxford XCalibur

device type
. SHELXT®! SHELXTI! SHELXT®S!
solution
) SHELXL-2018/3!¢ SHELXL-2018/1161 SHELXL-2018/3(¢
refinement
cepe 2329950 2329952 2329953
aR1 = ||Fol-|Fc]l/ |Fol;
PWR2 = [ [W(F?0- Fc)’)/  (Fo)’]J"* w = [ Pc(F%) + (xP]* + yPI™; P = (F% + 2F°)/3;
¢ GooF =[ [(F? - F2c)?)/(n-p)]~2 (n = number of relexions; p = total numbers of parameters).
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Table S15. X-ray data and refinement of [CCIH2CO][Sb2F11] (5), [CH2FCO][Sb2F11] (6), and CCl2HCOF-SbFs (7).

[CCIH2CO][SbzF11] (5)

[CH2FCO][SbzF11] (6)

CCI,HCOF-SbFs (7)

formula
M [g mol 1
crystal size [mm?]

crystal system
space group

a[A]

b [A]

c[A]

V [A9]
z
leaic[g cm 3]
H[mm 1
MoK . [A]
F(000)
TK]
hkl range
refl. measured
refl. unique
Rint
parameters
R(F)/wWR(F?) 2 (all reflexions)
weighting scheme °
S (GoF) ©
residual density [e A 3]
device type
solution
refinement

CCDC

C2H2CIF110Sb2
529.99
0.496 x 0.163 x 0.093
monoclinic
P21
7.5039(5)
9.7173(6)
8.0042(6)
90
108.430(8)
90
553.71(7)
2
3.179
5.252
0.71073
480
101(2)
i f
5986
3314
0.0261
155
0.0318/0.0732
0.0425/0.0000
1.051
i
Oxford XCalibur
SHELXTBS!
SHELXL-2018/31!

2329954

C2H2F120Sb2
513.54
0.540 x 0.442 x 0.304
monoclinic
P21
7.4232(3)
9.4528(4)
7.9550(3)
90
107.318(5)
90
532.90(4)
2
3.200
5.222
0.71073
464
101(2)
10:10; 14:11; 11:11
5596
2841
0.0259
162
0.0343/0.0871
0.0630/0.0000
1.013
1.989/ 2.434
Oxford XCalibur
SHELXTE!
SHELXL-2018/31!

2329955

C2HCI2FsOSb
347.68
0.436 x 0.369 x 0.151
monoclinic
P21/n
6.0987(3)
8.7073(3)
16.1663(6)
90
94.333(4)
90
856.03(6)
4
2.698
3.898
0.71073
640
101(2)
9:9; 10:13; 23:23
9000
2854
0.0389
113
0.0547/0.0861
0.0364/0.4835
1.068
1.608/ 1.056
Oxford XCalibur
SHELXTE!
SHELXL-2018/31

2329961

ARi = |[Fol-|Fell/ _ |Fol;

PWR2 =[ [W(F?%- F?%c)?)  (Fo)1V?; w = [ Pc(F?0) + (XP]? + yPTY; P = (F% + 2F?c)/3;
¢ GooF =[ [(F?% - F%)?]/(n-p)]¥2 (n = number of relexions; p = total numbers of parameters).
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Table S16. Bond lengths [A] and bond angles [] of CCIH.COF-AsFs (1) as well as donor-acceptor distances of 1. Symmetry codes: i= 1+x,y, 1+z;
i=1x,1y,1zii=1x, y, 1z

CCIH,COF-AsFs (1)

Bond lengths [A]

Cl1 Cc2 1.753(3) Asl F2 1.696(2)
c2 C1 1.488(3) Asl F3 1.693(2)
Cl 01 1.213(3) Asl F4 1.685(1)
Cl F1 1.292(3) Asl F5 1.696(2)
O1 Asl 2.042(2) Asl F6 1.697(2)
Bond angles []

Cl1 c2 c1 113.8(2) F2 Asl F4 94.78(8)
C2 C1 01 127.2(2) F2 Asl F5 170.15(8)
C2Cl F1 111.7(2) F2 Asl F6 89.32(7)
F1 C1 01 121.2(2) F3 Asl F4 95.04(7)
01 Asl F2 87.06(7) F3 Asl F5 89.65(7)
Ol Asl F3 86.86(7) F3 Asl F6 170.15(7)
01 Asl F4 177.34(7) F4 Asl F5 95.04(7)
Ol Asl F5 83.10(7) F4 Asl F6 94.81(7)
01 Asl F6 83.28(7) F5 Asl F6 89.10(7)
F2 Asl F3 90.25(8)

Dihedral angles [°]

Cl1 C2 C1 01 0.3(4) Cl O1 Asl F3 45.2(2)
Cl1 C2ClF1 179.5(2) Cl O1 Asl F4 179(1)
F1 C1 O1 Asl 0.9(4) Cl O1 Asl F5 135.3(2)
Cl O1 Asl F2 45.2(2) Cl O1 Asl F6 134.8(2)
Donor-acceptor distances [A]

C2( H2)--F4i 3.092(3) C2.--F5ii 3.048(3)
C1---F5ii 2.859(3) C2--- Fiii 3.037(3)
C1---F6iii 2.829(3)
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Figure S 8. Molecular unit of CCIH2COF-AsFs (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;ii=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 [A] and bond angles [] of CH.FCOF-AsFs (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;ii=1 x,1vy,1 ziv=0.5 x, 0.5+y,15 z.

CH2FCOF-AsFs (3)

Bond lengths [A]

F2 C2 1.358(3) Asl F3 1.689(1)
c2 C1 1.491(3) Asl F4 1.709(1)
Cl 01 1.211(3) Asl F5 1.683(2)
Cl F1 1.295(2) Asl F6 1.698(1)
O1 Asl 2.031(2) Asl F7 1.695(1)
Bond angles []

F2 C2 C1 109.5(2) F3 Asl F5 95.31(7)
C2 C1 01 124.2(2) F3 Asl F6 169.50(7)
C2Cl F1 113.7(2) F3 Asl F7 90.36(7)
F1 C1 01 122.1(2) F4 Asl F5 94.60(7)
O1 Asl F3 83.05(6) F4 Asl F6 88.54(7)
Ol Asl F4 83.38(6) F4 Asl F7 170.55(7)
O1 Asl F5 177.40(7) F5 Asl F6 95.11(7)
01 Asl F6 86.49(6) F5 Asl F7 94.84(7)
O1 Asl F7 87.20(6) F6 Asl F7 90.10(7)
F3 Asl F4 89.29(7)

Dihedral angles [°]

F2 C2 C1 O1 0.7(3) Cl1 O1 Asl F4 139.9(2)
F2 C2 C1 F1 179.9(2) Cl1 01 Asl F5 179(1)
F1 C1 01 Asl 4.1(3) Cl1 O1 Asl F6 51.02)
Cl O1 Asl F3 130.0(2) Cl O1 Asl F7 39.3(2)
Donor-acceptor distances [A]

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-AsFs (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;ii=0.5 x,0.5+y, 1.5 z.
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Table S 18. Bond lengths [A] and bond angles [°] of CH2FCOF-SbFs (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,05+z;iv=1 x,1 y, 1 z.

CH2FCOF-SbFs (4)

Bond lengths [A]

F2 C2 1.366(3) Sbl F3 1.870(2)
c2 c1 1.478(4) Shl F4 1.851(1)
Cl 01 1.215(3) Sbl F5 1.854(2)
Cl F1 1.293(3) Sbl F6 1.853(2)
O1 Sbh1 2.129(2) Sbl F7 1.857(2)
Bond angles []

F2 C2 C1 109.6(2) F3 Shl F5 95.52(7)
C2 Cl1 01 125.0(2) F3 Sb1l F6 170.30(7)
C2Cl F1 114.0(2) F3 Sbl F7 87.36(7)
F1 C1 01 121.0(2) F4 Sbhl F5 95.05(7)
O1 Sbl F3 83.54(7) F4 Sbl F6 91.03(7)
01 Shl F4 83.32(7) F4 Sbl F7 169.45(7)
Ol Sbh1l F5 178.12(7) F5 Sbl F6 94.14(7)
O1 Sbl F6 86.84(7) F5 Sbl F7 95.17(7)
Ol Sh1l F7 86.42(7) F6 Sbl F7 90.82(7)
F3 Shl F4 89.07(7)

Dihedral angles [°]

F2 C2 C1 O1 0.1(4) C1 01 Sbl F4 127.8(2)
F2 C2 Cl1 F1 179.9(2) C1 O1 Sbl F5 158(2)
F1 C1 O1 shl 6.9(3) Cl O1 Sbl F6 36.4(2)
C1 O1 Sbl F3 142.3(2) C1l O1 Sbl F7 54.6(2)
Donor-acceptor distances [A]

C2( H1A)--F6i 3.073(4) C1---F3iv 2.758(3)
C2( H1A)-- Fii 3.185(3) C1.--F5ii 2.745(3)
C2( H1B)--- F3iii 3.485(3) 01-- F5ii 2.840(2)
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Figure S 14. Molecular unit of CHF2COF-SbFs (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 vy,
1 z;iii= 0.5+x,1.5 y, 0.5+z;iv=15 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.

34



Table S19. Bond lengths [A] and bond angles [°] of [CCIH2CO][Sh2F11] (5) as well as donor-acceptor distances of 5. Symmetry codes: i = 1+, y,

1+z;ii=x,y, 1+z;ii=1 x,

0.5+y, 1 z;iv=1+X,y, z; v =1+X, Yy, 1+z.

[CCIH2CO][SbzF11] (5)

Bond lengths [A]

Cl1 C1 1.746(9) Sbl F11 2.024(5)
Cl C2 1.44(1) Sh2 F1 1.858(4)
Cc2 01 1.105(9) Sh2 F2 1.844(5)
Sbl F6 1.852(4) Sh2 F3 1.850(6)
Sbl F7 1.857(5) Sh2 F4 1.858(4)
Sbl F8 1.875(4) Sh2 F5 1.868(5)
Sbl F9 1.861(5) Sb2 F11 2.047(5)
Sbl F10 1.856(5)

Bond angles []

Cl1 C1 C2 111.3(6) Sbl F11 Sh2 143.7(2)
Cl C2 01 178.8(8) F1 Sb2 F2 96.3(2)
F6 Sbl F7 90.2(2) F1 Sb2 F3 90.6(2)
F6 Sbl F8 172.7(2) F1 Sh2 F4 169.7(2)
F6 Sbl F9 89.7(2) F1 Sb2 F5 89.4(2)
F6 Sbl F10 94.3(2) F1 Sh2 F11 84.9(2)
F6 Sbhl F11 87.5(2) F2 Sb2 F3 95.5(2)
F7 Sbl F8 89.3(2) F2 Sb2 F4 94.0(2)
F7 Shl F9 170.6(2) F2 Sh2 F5 94.1(2)
F7 Shl F10 94.8(2) F2 Sh2 F11 178.4(2)
F7 Shl F11 85.6(2) F3 Sh2 F4 89.7(2)
F8 Shl F9 89.6(2) F3 Sh2 F5 170.3(2)
F8 Shl F10 93.1(2) F3 Sh2 F11 85.6(2)
F8 Shl F11 85.1(2) F4 Sbh2 F5 88.5(2)
F9 Shl F10 94.6(2) F4 Sh2 F11 84.9(2)
F9 Shl F11 85.0(2) F5 Sh2 F11 84.8(2)
F10 Sbl F11 178.1(2)

Dihedral angles [°]

Cl1 c2 C1 01 126(38) F2 Sbh2 F11 Sbl 17(7)
F10 Sbl F11 Sh2 12(6)

Donor-acceptor distances [A]

C1( H1A)--F6i 2.972(8) C2.--F10iv 2.831(9)
C1( H1B)--F3ii 3.03(1) C1.-- F5iii 2.85(1)
C1( Hi1B)---F8 3.060(8) 01--F4 2.798(8)
C2--F4 2.687(9) 01--F7 2.832(6)
C2.-- F5iii 2.676(9) O1--- Foiii 2.807(7)
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C2--F8 2.886(8) 01 F10iv 2.717(7)

C2-+ Fii 2.818(9) Cl1-Flv 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 [A] and bond angles [°] of [CH2FCO][SbzF11] (6) as well as donor-acceptor distances of 6. Symmetry codes: i = 1+X, y, 1+z;

ii=x,y, 1+z;ii=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,Yy, z.

[CH2FCO][Sb2F11] (6)

Bond lengths [A]

F1 C2 1.33(1) Sbl F7 2.048(5)
c2 C1 1.49(1) Sh2 F7 2.022(5)
Cl 01 1.101(9) Sh2 F8 1.862(6)
Sbl F2 1.864(5) Sh2 F9 1.848(4)
Sbl F3 1.850(7) Sb2 F10 1.852(6)
Shl F4 1.869(6) Sb2 F11 1.855(6)
Sbl F5 1.845(4) Sh2 F12 1.862(4)
Shl F6 1.853(6)

Bond angles []

F1 C2 C1 110.6(7) Sbl F7 Sb2 143.9(2)
C2 C1 01 177.0(8) F7 Sb2 F8 86.1(2)
F2 Sbl F3 89.9(3) F7 Sb2 F9 87.0(2)
F2 Sbl F4 88.2(2) F7 Sh2 F10 178.2(2)
F2 Sbl F5 169.5(2) F7 Sbh2 F11 86.2(2)
F2 Sbl F6 93.5(2) F7 Sh2 F12 84.7(2)
F2 Sbl F7 84.5(2) F8 Sh2 F9 89.7(2)
F3 Sbl F4 170.1(2) F8 Sh2 F10 93.8(2)
F3 Sbl F5 90.6(2) F8 Sh2 F11 172.3(2)
F3 Shl F6 96.0(3) F8 Sh2 F12 89.4(2)
F3 Sbl F7 86.0(2) F9 Sh2 F10 94.8(2)
F4 Shl F5 89.5(2) F9 Sh2 F11 90.3(2)
F4 Sbl F6 93.9(2) F9 Sh2 F12 171.7(2)
F4 Shl F7 84.1(2) F10 Sh2 F11 93.9(2)
F5 Sbl F6 96.9(2) F10 Sb2 F12 93.5(2)
F5 Shl F7 85.0(2) F11 Sh2 F12 89.5(2)
F6 Shl F7 177.2(2)

Dihedral angles [°]

F1 C1 C2 O1 147(16) F10 Sh2 F7 Sbl 27(7)
F6 Shl F7 Sb2 15(5)

Donor-acceptor distances [A]

C2( H1)--F9i 3.008(9) Cl--F2 2.60(1)
C2( H2)-- F3ii 3.21(1) C1---Fav 2.60(1)
C2( H2)-- F1diii 3.22(1) C1--F8v 2.742(9)
01--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)
01 F10vi 2.728(8) C2-Fav 2.81(1)

01--Fi1 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;
i = 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 [A] and bond angles [] of CCl.HCOF-SbFs (7) as well as donor-acceptor distances of 7. Symmetry codes: i = 1.5 x,
0.5+z;iii=0.5 x, 0.5+y,0.5 z;iv= 0.5+x,05 vy,

0.5+y, 0.5 z;ii=0.5+x,0.5 vy,

0.5+z; v=1.5 x, 0.5+y, 0.5 z;vi=1+x, Y, z.

CCl,HCOF-SbFs (7)

Bond lengths [A]

Cl1 Cc2 1.730(4) Sbl F2 1.824(4)
Cl2 c2 1.768(4) Sbl F3 1.865(3)
Cl C2 1.502(5) Sbl F4 1.841(3)
Cl F1 1.295(4) Sbl F5 1.869(3)
Cl 01 1.202(5) Sbl F6 1.847(3)
O1 Sbh1 2.140(3)

Bond angles []

Cl1 c2 C1 112.0(2) F2 Sbl F3 90.2(1)
Cl2 c2 c1 104.1(2) F2 Sbl F4 92.0(1)
Cll1 C2 CI2 112.6(2) F2 Sbl F4 167.2(1)
C2 C1 01 125.6(3) F2 Sbl F6 95.6(1)
C2 Cl F1 113.1(3) F3 Sbl F4 172.1(1)
F1 C1 01 121.2(3) F3 Shl F5 88.1(1)
Ol Shl F2 83.1(1) F3 Sb1l F6 93.4(1)
Ol Shl F3 82.5(1) F4 Sbl F5 88.1(1)
01 Sbl F4 90.2(1) F4 Sbhl F6 93.9(1)
Ol Shl F5 84.2(1) F5 Sbl F6 97.2(1)
O1 Sbl F6 175.7(1)

Dihedral angles [°]

Cl1 C2 C1 01 17.7(5) C1 01 Sbl F2 74.1(4)
Cl1 C2ClF1 165.6(2) C1 O1 Sbl F3 165.2(4)
Cl2 C2 C1 01 104.2(4) C1 01 Sbl F4 17.9(4)
Cl2 C2 C1 F1 72.4(3) Cl O1 Sbl F5 106.0(4)
F1 C1 O1 Sbl 3.4(5) C1 01 Sbl F6 146(1)
Donor-acceptor distances [A]

C2( H1)--F2i 3.230(5) CI1--- Faiv 3.092(3)
C2( H1)--F6ii 3.024(4) Cl2---Fav 2.966(4)
C1.-- F3iii 2.587(4) F1--- F3iii 2.825(4)
C2.-- Faiii 2.952(4) F1---F5vi 2.761(4)
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Figure S 23. Molecular unit of CCI2HCOF-SbFs (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 CCIH2COF-AsFs and CCIH.COF-SbFs.

8&0&2) $V) &&0&2) 6E)
&% ;' DXBFS97= ZGaNECP MWB28 for As &% ;' DXBFS97= ZGANECP MWBA46 for Sb
$WRP &RRUGLQDWHV >c@ $WRP &RRUGLQDWHV >c@
; < = ; <

& &

) )

& &

+ +

+ +

2 2

) 6E

) )

) )

) )

) )

&0 )

$V &0

Table S23. Standard orientations of CH2FCOF-AsFs and CH2FCOF-SbFs,

&+)&2) $V) &+ )&2) 6E)
&% ;' DXBFS97= ZGMECP MWB2S for As &% ;' DXBFS97= ZG&NECP MWBA46 for Sh
$WRP &RRUGLQDWHYV >c@ $WRP &RRUGLQDWHV >c@
; < = ; <
& &
) )
& &
+ +
+ +
2 2
) 6E
) )
) )
) )
) )
$V )
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Table S24. Standard orientations of [CCIH>CO]".

X&0€&2@
&% ;' DXBFS97=

$WRP &RRUGLQDWHYV >c@

< =

&0

Table S25. Standard orientations of [CH2FCO]*.

2+ )&2@
&% ;' DXBFS97=

$WRP &RRUGLQDWHYV >c@

< =

Table S26. Standard orientations of CCl.HCOF-SbFs.

&&B&2)6E)

$WRP &RRUGLQDWHYV >c@ $WRP &RRUGLQDWHV >c@
; < = ; <
& )
) )
& )
+ )
2 &0
6E &0

)

&DOFXOBWHG DWKEBFS97OHYHO RI WKHRU\ 6E ZD¥% DOFXQQCB H& DWH WHKG
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Table S27. Standard orientations of CHF2COF-SbFs.

&+) &2) 6E)

$WRP &RRUGLQDWHV >c@

$WRP

&RRUGLQDWHYV >c@

<

<

6 E

)

&DOFXORRWHG DWKEBFS97OHYHO RI WKHRU\

6 E ZD&% D0 FXQ (&S HG YD WOWMK H O

Table S28. Standard orientations of [CCI2HCO]".

X&EFE2 @
&% ;' DXBFS97=

$WRP &RRUGLQDWHV >c@

<

&0

&0

Table S29. Standard orientations of CCIH2COF.

&&0 &2)
&% ;' DXBFS97=

$WRP &RRUGLQDWHYV >c@

<

&0
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Table S30. Standard orientations of CH.FCOF.

&+ )&2)
&% ;' DXBFS97=

$WRP &RRUGLQDWHYV >c@

<

Table S31. Standard orientations of CCl.HCOF.

& O &2)
&% ;' DXBFS97=

$WRP &RRUGLQDWHYV >c@
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&0

N —

R R

+

Table S32. Standard orientations of CHF.COF.

&+) &2)
&% ;' DXBFS97=

$WRP &RRUGLQDWHYV >c@

<

N —

R R

~
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Figure S 26. Calculated gas phase structures of [CCIH2CO]* and [CH2FCO]* OHIW % RQG OHQJWKV DUH JLYHQ LQ >e@ &DOFXODWt
cc-pVTZ-level of theory.
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Quantum Chemical Calculations

+Hyperconjugation

Table S33. Standard orientations of [CCIH2COJ*

+) DQ[GH:FCO]* +)

X& 0 &2@ +)
03 DXBFS97=

$WRP &RRUGLQDWHV >c@

X+ )&2@ +)

03 DXBFS97=

$WRP

&RRUGLQDWHYV >c@

<

<

&0

N ~—

R R

+

47



Figure S 27. Calculated gas phase structures of [CCIH.CO]*  +)(top) and [CH.FCO]* +) E R W \WBRrfé lengths are given in [A]. 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 [CCIH.CO]*

[CH.FCO]* +) &DOFXODWHG DWFRKHO B3y HIDKX R WKHRU\

+)and

Donor NBO Acceptor NBO

Stabilizing energy [k J/mol]

[CCIH,CO]* 4 HF

LP(CI1) 1 &cC2) 37.7
1 &CC1) & &O01) 41.3
1 & H1A) & &O01) 40.2
1 & H1A) & &O01) 9.16
1 & H1B) & &O01) 35.9
1 & H1B) E &O1) 10.5
LP(F1) E &O01) 0.75
LP(F1) & &O1) 0.75
LP(F1) E &01) 0.25
LP(F1) E &O01) 7.87
LP(F2) & &O01) 1.09
LP(F2) & &O01) 3.35
LP(F2) E &O01) 0.54
LP(F3) & &O01) 0.75
LP(F3) E &O01) 2.47
LP(F4) E &O1) 0.71
LP(F4) E &O1) 0.71
LP(F4) E &O1) 5.94
LP(F4) E &O1) 1.38
[CH.FCO]* 4 HF

LP(F1) 1 &C1) 65.5
1 & F1) E &O1) 6.07
1 & H1) E &01) 41.3
1 & H1) E &01) 9.16
1 & H2) E &01) 26.9
1 & H2) E &01) 12.7
LP(F2) E &O01) 1.05
LP(F2) E &O01) 7.74
LP(F2) & &O01) 3.77
LP(F3) & &O01) 0.33
LP(F3) & &O01) 0.79
LP(F3) & &O01) 0.33
LP(F3) E &01) 10.5
LP(F4) E &O1) 1.17
LP(F4) E &O1) 4.64
LP(F4) E &O1) 0.84
LP(F5) E &O1) 0.54

49



LP(F5)
LP(F5)

LP(F5)

&01) 0.92
&01) 1.00

&01) 8.12

Quantum Chemical Calculations

+FIA Calculations

Table S35. Standard orientations of [CH3COQO]".

X+ & 2@
%3 GHI 6933

$WRP &RRUGLQDWHV >c@

%3 GHI 6933 1&Q &3+&0 VROYDWLRQ PRGHO

$WRP &RRUGLQDWHYV >c@

<

= : < =

Table S36. Standard orientations of CH3COF.

&+ &2)
%3 GHI 6933

$WRP &RRUGLQDWHYV >c@

%3 GHI 6933 1&@ &3+&0 VROYDWLRQ PRGHO

$WRP &RRUGLQDWHYV >c@

<

= : < =

Table S37. Standard orientations of [CCIH2CO]".

&0 & 2@
%3 GHI 6933

$WRP &RRUGLQDWHV >c@

%3 GHI 6933 1@ &3+&0 VROYDWLRQ PRGHO

$WRP &RRUGLQDWHV >c@

<

= N < =

& O

& 0O
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Table S38. Standard orientations of CCIH.COF.

&&0 & 2)
%3 GHI 6933

$WRP &RRUGLQDWHYV >c@

%3 GHI 6933 1&Q &3+&0 VROYDWLRQ PRGHO
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Table S39. Standard orientations of [CH2FCO]*.
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<
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Table S40. Standard orientations of CH2FCOF.

&+ )&2)
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%3 GHI 6933 1&@ &3+&0 VROYDWLRQ PRGHO
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Table S41. Standard orientations of [CCI.HCO]".

&G &2 @

%3 GHI 6933
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Table S42. Standard orientations of CCl.HCOF.
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Table S43. Standard orientations of [CHF2COJ*.
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Table S44. Standard orientations of CHF2COF.
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Table S45. Standard orientations of [CFzCO]*.
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Table S46. Standard orientations of CFsCOF.
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Table S47. Standard orientations of SbFs.

6E)
%3 GHI 6933

$WRP &RRUGLQDWHYV >c@
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Table S48. Standard orientations of [SbFe] .

[SbFe]
%3 GHI 6933

$WRP &RRUGLQDWHV >c@
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6 E
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Table S49. Standard orientations of COFa.
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Table S50. Standard orientations of [COFs3] .

%2)@
%3 GHI 6933

$WRP &RRUGLQDWHYV >c@
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Protonated Oxalyl Chloride and the CICO

* Cation

Sebastian Steiner, Kristina Djordjevic,® Dirk Hollenwager,® Valentin Bockmair,® and Andreas J.

Kornath*[

Abstract: The reactions of oxalyl chloride were investigated in the
binary superacid systems HF/SbFs and DF/SbFs. 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 CICO* cation were synthesized from the
reactions of oxalyl chloride or COCIF with SbFs in R-134a. The
colorless salts were characterized by low-temperature vibrational
spectroscopy, low-temperature NMR spectroscopy, and single-crystal
X-ray diffraction. [C,O(OH)Cl,][SbFe] crystallizes in the monaoclinic
space group P2;, [CICO][SbsF1¢] in the triclinic space group P3; with
two and three formula units per unit cell each. Monoprotonated oxalyl
chloride and the CICO" 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.!l
Nowadays, it is commercially produced by photochlorination of
ethylene carbonate.? 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.®® One of the best-known applications is its use in the
Swern oxidation, the oxidation of primary and secondary alcohols
to aldehydes and ketones.®

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 SbFs.1% The CICO*
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.['%11 |t can be synthesized by reacting SbFs with either
oxalyl chloride, phosgene, or carbonyl chloride fluoride. Further,
the reaction of carbon monoxide with chlorine in SO,CIF/SbFs
leads to the formation of the CICO* cation.[**2%3] The latter was
investigated by OLAH in 1991 using NMR spectroscopy,®
whereas AUBKE characterized the species with Raman and IR

[a] S. Steiner, K. Djordjevic, D. Hollenwéger, V. Bockmair, A. J. Kornath
Department Chemie, Ludwig-Maximilians-Universitat Minchen,
Butenandtstrae 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.

spectroscopy for the first time in 1999.1*2 However, it has not yet
been possible to elucidate the crystal structure of the cation. This
prompted us to isolate the CICO* 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.*4

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.*#1 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.*”8 This prompted us to perform investigations on the
reactivity of oxalyl chloride in the superacidic system HF/SbFs.

Results and Discussion

Synthes es and Properties of [C 20(OX)Cl2][SbFe] (X =H, D),
[C2(OH)2Cl2][Sb nFsn+1]2, [CICO][Sb 3F15Cl] and [CICO][Sb 3F16]

Oxalyl chloride was reacted in the binary superacidic systems
HF/SbFs and DF/SbFs. According to Equation 1,
[C.O(OH)CI,][SbF] (1) and [C,O(OD)Cl,][SbFe] (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/SbFs with an excess of the
strong Lewis-acid SbFs. However, even with a tenfold amount of
SbFsthe 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 160 °C with an excess of SbFs, NMR
spectroscopy was performed applying eight equivalents of SbFs.
Accordingly, the measured *H, °F, and 3C NMR spectra indicate
the presence of 3 in the solution, as presented in Equation 2.



Salts 1 and 2 show thermal decomposition at 45 °C.

[CICO][ShsF15Cl] (4) was synthesized by reacting oxalyl chloride
with three equivalents of SbFs in 1,1,1,2-tetrafluoroethane (R-

D DW °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 [CICO][SbsFi] (5), as
presented in Equation 4.1%12131

Vibrational Spectroscopy

The low-temperature Raman (Ra) and Infrared (IR) spectra of
[C2O(OH)CI,][SbF¢] (1), [C.O(OD)CI,][SbFe] (2) and C,O.Cl, 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

[C,O(OH)Cl,)-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).[121920]

Vibrational Spectra of [C 20(OX)CI2][SbFe] (1, 2) (X =H, D)

For the [C,O(OH)CI,]* cation with Cs symmetry 15 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. The O D stretching vibration of the D-isotopomeric
species (2) is observed at 2157 cm % in the Raman spectrum and
2388 cmtin the IR spectrum. The C=0 stretching vibration of the
protonated COCI moiety is detected at 1607 cm ™ (Ra) (1, 2) as
well as 1605 cm ' (1) and 1593 cm® (2) (IR) and is significantly
red-shifted by approximately 165 cm* compared to the starting
material. They are red-VKLIWHG E\ DURXd&G in
comparison to the corresponding vibrations of protonated acyl
fluorides.'71821 The ¢(C=0) of the adjacent unprotonated
carbonyl group is not affected by the protonation. The C ClI
stretching vibration of the protonated COCI moiety appears at
817 cm (2) in the Raman spectrum and at 833 cm (1) as well
as 818cm® (2) in the IR spectra, hence blue-shifted by
approximately 70 cm', The (C CI) of the neighboring COCI
moiety is not affected by protonation and occurs at 623 cm ' (2)
in the Raman spectra. Additionally, the C C stretching vibration
is detected at 1118 cm'* (Ra) (1) and 1117 cm'* (1, 2) (IR) and
thus blue-shifted by approximately 20 cm™ in comparison to
oxalyl chloride.

For the anions [SbFg]’ with ideal octahedral symmetry more
vibrations are observed than expected due to interionic
interactions in the solid leading to a symmetry distortion. 2

Table 1. Selected experimental vibrational frequencies [cm 1] of [C20(OH)Cl2][SbFe] (1) and [C20(OD)Cl2][SbFs] (2) as well as calculated vibrational frequencies

[cm Y] of [C20(OH)Clo]*-HF.

[C20(OH)CL][SbFs] (1) [C20(0D)Cl[SbFe] (2) [C20(OH)Cl2]*-HF Assignments

Raman IR Raman IR calc.2?! (IR/Raman)

1779(16) 1774 m 1772(9) 1772 m 1799(206/18) 2 A (C=0)

1607(5) 1605 w 160785) 1593 vw 1575(179/8) 3 A (C=0)

1118(4) 1117 w 1117 w 1056(23/11) 5 A «C C)
833w 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 v 526(6) 520(11/0) 8 A Is(cocl)

[a] Calculated at &897XD/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 [A%/u].
Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



Figure 1. Low-temperature Raman and IR spectra of [C20(OX)Cl2][SbFe] (1, 2)
(X =H, D) and C202Cl>.

Crystal Structure of [C 20(OH)CI2][SbF ¢] (1)

The hexafluoridoantimonate of monoprotonated oxalyl chloride
(1) crystallizes in the monoclinic space group P2; with two formula
units per unit cell. The asymmetric unit of 1 is illustrated in
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) A) is
significantly elongated compared to the starting material
(1.180(2) A)?3 and is longer than a formal C=0 bond (1.18 A).24
The bond length C2 02 (1.184(8)A) of the adjacent
unprotonated C=0O bond is not affected by the protonation
(1.180(2) A).231  Furthermore, the bond length C1 CI1
(1.647(7) A) is significantly shortened compared to the neutral
compound (1.747(3) A)2% and is in the range between a formal
C ClI single bond (1.76 A)24 and C=CI double bond (1.56 A).24
The same applies for the bond length C2 CI2 (1.693(7) A) (oxalyl
chloride 1.747(3) A).[3! The elongation of the C=0 bond and the
shortening of the C Cl bonds are consistent with the observed
shifts of the ¢(C=0) and s(C-Cl) in the vibrational spectra. The
bond length C1 C2 (1.550(8) A) is not affected by protonation
(oxalyl chloride 1.545(8) A).123 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.*

The Sb F bond lengths are in the range between 1.846(4) A and
1.941(3) A and correspond with values reported in the
literature.?5271 Due to interionic interactions the anion displays
distorted octahedral symmetry. The Sb1 F6 bond (1.941(3) A) 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) A) and the C“F interactions C1“F2i (2.617(7) A) and
C1 “F4ii (2.565(7) A) (see Figures S4 S5).2829 The chains are
linked to each other by the CI“F interactions CI1“Fg3iii
(2.883(5) A) to form layers. All interatomic C “F and Cl “F contacts
are below the sum of their van der Waals radii (3.17 A, 3.22 A).129

Interatomic distances are listed in[Table 2

Table 2. Selected bond lengths [A] and angles [°] of [C20(OH)Cl][SbFs] (1) and
donor-acceptor distances. Symmetry codes: i = 1+x,Yy,z;ii=1 X, 0.5+y,1 z;
iii=1 x, 0.5+y, z.

Bond lengths [A]

Cl Ccih 1.647(7) C2 CI2 1.693(7)
Cl 01 1.225(8) C2 02 1.184(8)
Cl Cc2 1.550(8)

Bond angles [°]

Cl1 C1 O1 125.0(6) Cl2 Cc2 02 126.5(6)
Cll C1 C2 117.2(6) Cl2 cz2cC1 114.0(5)
Ol C1 C2 117.8(6) 02cCc2cC1 119.5(7)
Dihedral angles [°]

Cl2 C2 C1 Cl1  177.4(4) Cl2 C2 C1 01 26(7)
Interatomic contacts [A]

01 (H2)<F6 2.421(7) C1 <F4ii 2.565(7)
C1<F2i 2.617(7) CI1 <F3iii 2.883(5)

Crystal Structure of [CICO][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.

[CICO][SbsF6] (5) crystallizes in the trigonal space group P3; with
three formula units per unit cell. The asymmetric unit of 5 is
depicted in Crystal data and structure refinement are



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) A) is significantly shortened
compared to CIFCO (1.173(2) A).BY It is in the range between a
formal C=0 double bond (1.19 ¢
It corresponds with the C=0 bond length (1.1562 A) of the
isoelectronic molecule OCS.'Y Furthermore, the bond length
C1 Cl1(1.58(1) A) is significantly shortened compared to CIFCO
(1.725(2) A).B9 It is in the range of a formal C=Cl double bond
(1.56 A) and thus displays a significant double bond character. 24
It corresponds with the C Cl bond length (1.67(2) A) of CICN.[3!
The bond angle CI1 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) A and 1.87(2) A. The bridging Sb F bonds
are longer than the terminal ones with bond lengths up to
2.08(1) A. The bond angles Shl F6 Sb2 (146.7(7)°) and
Sb2 F11 Sb3 (156.4(8)°) are also in good agreement with the
literature.[32-34l

Table 3. Selected bond lengths [A] and angles [°] of [CICO][SbsFi¢] (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=1y,x vy, U3+z;iii= 1+x, 2+y,z.

Bond lengths [A]

Cc1 01 1.12(2) Cc1ci 1.58(1)
Bond angles [°]

Cl1-C1-01 178(2) - 127.5(3)
Interatomic contacts [A]

Cl « F2i 2.74(3) C1 « F16iv 2.92(3)
C1 < F3ii 3.01(3) Cl1 <« F1 2.57(1)
C1 « F1diii 3.02(3) 01 « 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
(2.748) A) and the CI“F interaction CI1<F1 (2.57(1) A) (see
Figures S6-S7). The cation displays a tetracoordinated carbon C1
and further forms the interatomic contacts C1 “F3ii (3.01(3) A),

C1“F14iii (3.02(3) A), C1<Fi6iv (2.92(3)A) and 01 “F13iii
(2.77(3) A) (see|Figure 4]. All interatomic C“F, CI“F, and O“F
contacts are below the sum of their van der Waals radii (3.17 A,
3.22 A, 2.99 A).?9 Selected interatomic distances are listed in

Figure 4. Interatomic contacts of 5 (displacement ellipsoids with 50%
probability). Symmetry codes: i = x+y, X, 1/3+z;ii=Xx, 1+y, z;iii= 1+x,
1+y,z;iv=1y,x vy, 1/3+z; v= 1+x, 2+y,z.
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NMR Spectroscopy

To trace the reactivity of oxalyl chloride in aHF and the binary
superacidic system HF/SbFs, 'H, 1°F, and *C NMR spectra were
measured at 60 °C with acetone-ds as external standard. In
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. *H and **C NMR chemical shifts [ppm] of C202Clz, 1 and 3 measured
at 60 °C.

C20.Clo™ 101 3l
/ *H obs [ppm] 10.03 (s) (OH)  9.61 (s) (OH)
/ 3C obs [ppm] 161.1 (s) 161.7 (s) 183.1 (s)
(COcCl) (CO) (C(OH)CI)
183.4 (s)
(C(OH)CI)

[a] aHF as solvent. [b] in HF/SbFs. [c] in HF/8 SbFs.

The 3C NMR spectrum of oxalyl chloride dissolved in aHF at
60 °C shows a singlet at 161.1 ppm for both COCI moieties.
Further, no chlorine-fluorine exchange or HF-addition to the
carbonyl bond is observed under these conditions.
By first dissolving equimolar amounts of SbFs compared to oxalyl
chloride in HF and then adding the acyl chloride, monoprotonated
oxalyl chloride (1) is formed. The *H NMR spectrum shows a
singlet at 10.03 ppm for the protonated carbonyl group. The 3C
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 COCI moiety is shifted



downfield significantly. The *F 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. *H, *°F and *C NMR spectra of the latter at
60 °C in aHF are illustrated in Figures S10-S11 (see Supporting
Information). Further, in the °F NMR spectrum, the resonance at
124.78 ppm is assigned to the anion [SbFg] .1
Since the diprotonated oxalyl chloride (3) could not be isolated as
a solid, the reaction of oxalyl chloride in HF/SbFs at 60°C was
investigated with NMR spectroscopy, whereas an eightfold
amount of SbFs was applied. Accordingly, the NMR spectra
indicate the presence of 3 in the solution. The *H NMR spectrum
shows a singlet at 9.61 ppm for the protonated COCI moieties,
whereas the *C NMR spectrum displays a singlet at 183.06 ppm.
Compared to the neutral compound, the 3C NMR resonance is
shifted downfield significantly. Further, in the °F NMR spectrum,
multiple resonances located in the range between 117.46 ppm
and 143.05 ppm are assigned to the polyanions [SbyFsn.1] .
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 °F NMR spectra of 3 at 21.78 ppm and
59.90 ppm are assigned to COF, and CF3OH.B811H, *F and 1°C
NMR spectra of COF, in aHF at 60 °C are depicted in the
Supporting Information (Figure S12). COF; 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.El 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.F 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 COCI moiety as well as the formation of the
CICO* cation cause a significant shortening of the C CI 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).B1 The calculated MEPs and NPAs of C,0,Cl,,
[C.O(OH)CL]*-HF and [CICOJ*-HF are depicted in
|Figure 6] and|Figure 7|

Figure 5. Molecular 0.0004 bohr ® 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 C202Cl2.

Figure 6. Molecular 0.0004 bohr ® 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 [C20(OH)CL]*-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 GHalg, isBocated.**-*Y 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.



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 Gdonor than chlorine. This so-called
3 BHIIHFW ™ ZDV REV H Weyhstiuté&Rdarfo&atoRI AR
recently for protonated acyl fluorides.**% In the case of chlorine-
substituted carbocations C Cl bond lengths in the range of 1.67 A
were observed, which is consistent with the C CI bond length of
1 (1.647(7) A).1*8l

The stabilizing effect of chlorine in the case of 1 is confirmed by
the NBO analysis. This indicates a strong interaction between the
E & 2 DQG -pameHchloghe 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
FRUUHVSRQGLQJ RUELWDOV
orbital is increased from 0.102 e to 0.227 e, whereas the
occupation of the in-plane chlorine lone-pair is decreased from
1905et01.787 H )XUWKHU Qldthitallis I&€ss 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.’5+%2 Selected
WBIs of oxalyl chloride, monoprotonated oxalyl chloride, and the
chlorocarbonyl cation are listed in When protonated, the
C=0 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=0 bond length and the lowering of
the C=0 stretching vibration. In contrast, the C CI bond order is
increased from 1.04 to 1.33, reflecting the significant double bond
character of the bond C1 CI1. Thus, in the case of
monoprotonated oxalyl chloride results similar to those that were
found for protonated acyl fluorides were observed.[7:18.22]
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
WRZDUGY WKH & &, bdth Bad ohateRIecti®m density
into these and thus further stabilize the positive charge located at
the carbonyl carbon.'>%% 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 C202Cl2, [C20(OH)Cl2]*-HF,
[CICO]*-HF and [CICO]*-4HF.

CO bond CCl bond

C20.Cl @ 1.86 1.04

[C20(0H)CL*-HF @ 1.39 (C(OH)CI) 1.33 (C(OH)CI)

1.87 (COCIl) 1.11 (COCl)
[CICO*-HF & 2.26 1.48
[CICO]*-4HF @ 2.23 1.47

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

7TKXV WKH RFFXSDWLRQ RI

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 [Co,O(OH)Cl,]*-HF at the MP2/aug-cc-
pVTZ-level of theory.B7545%51 The three main contributing
resonance structures (see Figures S31-S33 and Tables S21-S23)
were calculated together with their weightings and are illustrated
in Thus, for 1 the resonance structure with two C ClI
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 COCI moiety shows high importance with
a weighting of 24.68%. Further, even the structure with a C=CI
double bond located at the adjacent COCI moiety shows a
weighting of 7.14%. This emphasizes the smaller contribution of
electron donation of the chlorine atom CI2 to stabilize the positive
charge.

WKH E& & 2

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 KD S Hi@®leds observed (see
B4l 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 ® 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 [CICO]*HF.



Both is confirmed by the NBO analysis performed for [CICO]*-HF.

7KXV VWURQJ LQWHUDFWLRAY PMIQWKE?2R thbtovalb@y @Etion at the

with the in-plane chlorine lone-pairs were observed that are
stabilized by 72.65 kcal/mol each. In the bonding and
antibonding orbitals with the participation of C1 as well as the two
in-plane lone-pairs of CI1 are illustrated. In addition, both lone-
pairs of Cl1 are less occupied in the cation (1.817 e) than in oxalyl
chloride (1.905e, 1.969 H
orbitals are increased from 0.102 e to 0.169 e. In the case of the
1 &CI) orbital the occupancy is lowered significantly from
0.105 e t0 0.014 e.

Selected calculated Wiberg bond indices of [CICO]*-HF are listed
in[Table 5]5152 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 CI1. 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, [CICO]*-4HF (see Figure S19)
was calculated at the MP2/aug-cc-pVTZ-level of theory and an
additional NBO analysis was performed.®”! Thus, the fluorine
lone-pairs of the added HF molecules are oriented towards the
RUELWD&®A?2 EDQG&&E2 VHH PBR7)XThid 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.*>%% The calculated
WBIs of [CICO]*-4HF are listed inand are in the same
range as for [CICO]*-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.

7KH RFFXSDQFLHV RI

Furthermore, an additional NRT analysis was performed for the
MP2/aug-cc-pVTZ-level of
theory.l37545% The three main contributing resonance structures
(see Figures S28-S30 and Tables S18-S20) were calculated
alongside their weightings and are depicted in The

structure with the C &0 VLQJOH ERQG DQG WKH &A2

shows the highest weighting (58.80%). But, as observed for 1, the
rasbkamce@tru&uke2with 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.

,QWHUHVWLQJO\
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 CI“F interaction CI1“F1, as observed in
the crystal structure of 5.

Conclusions

Oxalyl chloride was reacted in the binary superacidic systems
HF/SbFs and DF/SbFs 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 SbFs 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 ClI1 with occupancies of [CICO]*-HF.

HYHQ WKH UHVRQDQFH VWUX



oxalyl chloride or carbonyl chloride fluoride in the aprotic solvent
1,1,1,2-tetrafluoroethane (R-134a) with a threefold excess of
SbFs, 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)CI,][SbFs] and [CICO][SbsF16]
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 CI 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 {1000 mW. Low-temperature
IR spectra were recorded with a Bruker® Vertex FT IR spectrometer at
i196 °C. For measurements, low-temperature IR cells’® 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. UDGLDWDRIQ73A). The program CrysAlisPro 1.171.40.84a
(Rigaku OD, 2020)" was employed for the data collection and reduction.
The structure solution and refinement were performed with the software
SHELXTS8 and SHELXL-2018/3,15° implemented in the WinGX software
package.!® The solution was checked with the program PLATONI and
the absorption correction was performed using the SCALE3 ABSPACK
multi-scan-method.®? 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
[C20(OH)CI2][SbFe] (1) and CCDC-2304793 for [CICO][ShsFie] (5) (Fax:
+44-1223-336-033; E-Mail: | deposit@ccdc.cam.ac.uk]
|http://www.ccde.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 '3C NMR measurements a JEOL ECX 400 NMR spectrometer
was used. For evaluation, MNOVA by Mestrelab was used./®3l Quantum

chemical calculations were performed at the ZB97XD/aug-cc-pVTZ- and
MP2/aug-cc-pVTZ-level of theory by Gaussian16.7 GaussView 6.0 was
used for visualization and illustration of the MEP calculations. 64

Synthesis of [C ,O(OH)CI,][SbF]: 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 1196 °C again, oxalyl chloride (1 mmol,
127 mg, 1.0 eq.) was condensed into the reaction vessel. Subsequently,
the mixture was warmed to {60 °C and all components were reacted. Then,
the temperature was reduced to 78 °C. The remaining HF was removed
in a 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 [C 2(OH).Cl5][SbnFsn+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 i196 °C. To form the
superacid, the mixture was warmed up to 50 °C and both components
were mixed. After the mixture was cooled to 1196 °C again, oxalyl chloride
(0.409 mmol, 52 mg, 1.0 eq.) was condensed into the reaction vessel.
Subsequently, the mixture was warmed to 60 °C and all components
were reacted. For NMR measurements, the samples were prepared as
mentioned before.

Synthesis of [CICO][Sb 3FisCl]: Antimony pentafluoride (1.5 mmol,
326 mg, 3.0eq.) and 1,1,1,2-tetrafluoroethane (R-134a)
(50 mmol, 4.2 mL) were condensed into an FEP tube-reactor at {196 °C.
Then, the mixture was warmed up to 30 °C and both components were
mixed. After the mixture was cooled to 1196 °C again, oxalyl chloride
(0.5 mmol, 63 mg, 1.0 eq.) was condensed into the reaction vessel.
Subsequently, the mixture was warmed to 78 °C and all components
were reacted. Then, the temperature was reduced to {78 °C. The
remaining R-134a was removed in a dynamic vacuum at {78 °C.
Compound (4) was obtained in quantitative yield as a colorless solid.
[CICO][ShsF16] (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/SbFs and DF/SbFs. 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 CICO* cation were synthesized from the reactions of oxalyl chloride or COCIF with
SbFs in R-134a. The colorless salts were characterized by low-temperature vibrational spectroscopy, low-temperature NMR
spectroscopy, and single-crystal X-ray diffraction. [C,O(OH)Cl;][SbF¢] crystallizes in the monoclinic space group P2,
[CICO][SbsF¢] in the triclinic space group P3; with two and three formula units per unit cell each. Monoprotonated oxalyl chloride
and the CICO" 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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7TDEOH%RQG OHQJWKY >c@ DQG PRIQGEDQH@®N VDY [ 0H B O BV BHRIARRIU

GLVWDQHRHV RI

7TDEOH%RQG OHQJWKV >c@ DQG ERQG) D@ JDNVZHO®D RIVCRRRRBY 6 E

GLVWDQHRHV RI

7DEOH6BNDQGDUG RULHQWBHWORP VEMIOF& OD V&G ;DWXWRID7OHYHO

Rl WKHRU\

7DEOH 6WDQGDUG RULHQWHBDWBRDVERDFXODWRBGIDXWWRBITHOHYHO RI

W KHJR U\

7DEOH 6WDQGDUG RULHQWDGWLKOFRIODYIBR ® WXWRID7OHYHO RI

W KHJR U\

7DEOH 6WDQGDUG RULHQWDW LERMYFRODMOER @ WFS\OKED BY HDXR] WKHR U\

7DEOH 6WDQGDUG RULHQWDWL RQV RX GBW & @D WFHAK D B1Y HDX R} WKHR U\

7DEOH 6WDQGDUG RULHDAD® WD A BDXOMIVKG DWW XBKS$I7OHYHO R] WKHRU\

7DEOH 6WDQGDUG RULHDA® WD EBPDXOMIWHG D W F/KHOMY HDXR| WKHRU\

7DEOH 6WDQGDUG RULHQWDWLRQV RI&%0 )& 2D X8O F X0 B WHG RIWVWHKR U\

7DEOH &DOFXODWHG 13$ PKDY X RI>ED &)@>&08&2PDQR &0 |

&DOFXODWGBH DWEWBRAOHYHO R] WKHRU\

7DEOH @XWSXW ILOH IRU UHVRQDQFH VWUXFWXUH +RI &DGHAXNGWWHG DW

WKH 03 PEI7OHYHO R] WKHRU\

7DEOH @XWSXW ILOH IRU UHVRQDQFH VWUXFWXUH +RI &DGHAXBWWHG DW

WKH 03 BEE37OHYHO R' WKHRU\

7DEOH @XWSXW ILOH IRU UHVRQDQFH VWUXFWXUH +RI &DOHAXN@GWHWHG DW

WKH 03 PRI7OHYHO R] WKHRU\

7DEOH @XWSXW ILOH IRU UHVRQDQFH VWUXFWXUH 2+R&@+):HLIJKW

&DOFXODWHG DWFPBRRAMBYB®IR] WKHRU\

7TDEOH @XWSXWULOHVRQDQFH VWUXFWXUH RI' 2 2HL& W) | IRU >&

&DOFXODWHG D\NFF%IQI?I{O)BYB(X)JR' WKHRU\

7DEOH @XWSXW ILOH IRU UHVRQDQFH VWUXFWXQH + RI@+) :HLIJKW

&DOFXODWHG DWFBRAMBYBRJIR] WKHRU\




7DEOH 6HOHFWHG HQHUDIFHFH RWBBR QRW H U D F WIURG\W 18R BPVWHFREMBEL R Q W k
DQDO\VLY R+ 28@+) >&0&2@QG >&02@DOFXODWHG D WFS\WKED Bl Y HIDX J

RI WK|HRU\




7DEGH/RZWHPSHUDW X U®IG5 D5P B QHIF WUD+ RI@%6®) DQG2>2 &@>6®) DQG FDOFXODWHG YLEUDWLRQDO IUH®
>FP@ RI2>Z+ &@+)

[C20(OH)CL][SbFe] (1) [C20(OD)CL][SbF] (2) [C20(OH)Cl2]*-HF Assignment
Raman IR Raman IR calc.®? (IR/Raman)
3508 w
3157w H20
2932(1978/128) 1 A (O H)
2849 w
2484 m
2388 vs
2286(7)
2157(4) O D)
2150 vw
1857 w C20:Cl2
1779(16) 1774 m 1772(9) 1772 m 1799(206/18) 2 A §(C=0)
1764(21) C20:Cl
1726 w
1607(5) 1605 w 1607(5) 1593 vw 1575(179/8) 3 A §(C=0)
1468 w
1329(2) 1319 w 1313 w 1326(249/5) 4 A Is(COH)
1265w
1229 w
1195(3) 1194 w
1148 w
1138 w
1118(4) 1117w 1117 w 1056(23/11) 5 A s(C ©)
1095(3) 1095(4) C20:Cl
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)
851w
833w 817(12) 818 m 832(310/1) 6 A s(C Cl)
754 m
712(7) 710(5) 707(0/0) 13 A" 5(CCO)
623(30) 610(6/17) 7 A s(C Cl)

525(4) 525 vw 526(6) 520(11/0) 8 A /s(COCI)




466(13) 476 m 445(9) 446 s 456(57/4) 0 A Is(COCl)

429(13) C20:Clx
399 m 382m 383(5/0) 4 A as(COCl)
238(5) 245(11/1) 10 A Is(CIcCO)
182(4) 167(7) 165(5/0) u A Is(CIcCO)
12(0/0) 15 A 2(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)
374w /(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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



JLIXBH/RZWHPSHUDWXUH 5D/FFSHFWOB R &@>6@) > 2' &8@>6@) DQGR &O



7DEGH/RZWHPSHUDW X USHFWIXP RI >R @OZ@I>@E FDOFXODWHG YLEUDWA RQDROEHF®XHQFLHV >FP

[CICO][SbsF1sCl] (4) [CICOJ*-HF Assignment

Raman calc.*?! (IR/Raman)©

2256(31) 2256(366/33) 1 (€ )
947(3) 2vs
841(5)

804(22) (@)
795(10) 784(13/12) 2 (@)
463(16) 489(16/0) 3 & /(CICO)
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 CI)
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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong,
m = medium, w = weak.



JLIXBH/RZWHPSHUDWXUH 5D P D &OBZHF&EED DRQ G2 & O



7DE®GH/RZWHPSHUDW X USHFDVRDEFORR @)>@E DQG FDOFXODWHG YLEUDWA RQDAOEHF®XHQFLHV >FP

[CICO][SbsF1s] (5) [CICOJ*-HF Assignment

Raman calc.*?! (IR/Raman)©

2256(20) 2256(366/33) 1 (€ )
947(4) 2vs
841(6)

804(17) (@)
795(9) 784(13/12) 2 (@)
465(8) 489(16/0) 3 & /(CICO)
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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong,
m = medium, w = weak.



JLIXWBH /RZWHPSHUDWXUH 5DPDBQOESHF@EED RG &0)&2



7DE®GH/RZWHPSHUDW X U®IG5 PP B QHF W XIMDRJ & FDOFXODWHG YLEUDW@RRD&OIYHTXHQFLHV >FP

C202Cl2 C202Cl2 Assignment
Raman IR calc.*?! (IR/Raman)(©

1857 w

1770's 1829(467/0) 9 Bu (c=0)
1764(79) 1802(0/43) 1 Ag (c=0)
1095(13) 1099 w 1030(0/7) 2 Ag (€ ©)
1047(2) 1049 w

876 w

806 m

756 s 743(534/0) 10 By (€ ¢
713(4) 706(0/0) . By &2&0
623(100) 591(0/28) s Aq (€ ¢

518 w

498 m 478(7/0) 1 By /(cocly
444(12)
430(20) 416(0/10) . Ag /(cocly

390 m 376(17/0) 7 A &28&0
202(19)
287(20) 274(0/6) s Ag iccel)
103(10) 195(4/0) 12 By iccel)

15(1/0) 8 Au 2ccci)

[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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



7DE®GH/RZWHPSHUDWXUQIGSPSPRRHFWUD RI &0)&2 DQG FDOFXODWHEG RMLEOERELRQDO IUHTXHQFLHV >FP

CIFCO CIFCO Assignment
Raman IR calc.*?! (IR/Raman)(©
2648 w Vi+V3
2357 w
2187 m
2172 m 2v2
1854(16) 1867 vs 1864(430/14) 1 A s(C=0)
1829(22) V2H+V3
1340 w
1325w 2Ve
1271 m
1256 m
1150(5) 1178 w Va+Ve
1083(3) 1103 vs 1076(424/2) 2 A s(C F)
1009 w 2V4
989 w
910 w Va+Vs
847 s 2vs
767(100) 771 vs 742(94/10) 3 A s(C Ch+
/(COF)
756 vs
683 s
663(3) 671s 655(15/0) 6 A" &2)
537(9)
507(78) 513 w 482(1/6) 4 A /(CocCl)
413(28) 395 m 395(0/1) 5 A /(CICF)
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 [A%u]. Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak.



7DEGH; UD\ GDQMBDUHILQHPRAQW R@>8®) DQG >&04&2@>6E

[C20(OH)Cl2][SbFe] (1)

[CICO][ShsF16] (5)

formula
M [g mol?]
crystal size [mm?]
crystal system
space group
a[A]
b [A]
c[A]
-
[l
[l
VA3
z
leaic [g cm9)
H [mm™]
MoK . [A]
F(000)
TK]
hkl range
refl. measured
refl. unique
Rint
parameters
R(F)/wWR(F?) 2 (all reflexions)
weighting scheme °
S (GooF) ©
residual density [e A3
device type
solution
refinement

CCDC

C2HCI2F602Sb
363.68
0.306 x 0.171x 0.118
monoclinic
P21
6.1616(8)
10.8379(10)
6.8805(8)
90
106.472(13)
90
440.61(9)
2
2.741
3.801
0.71073
336
106(2)

9:9, 15:15, 10:10
8919
2930
0.0415
120
0.0364/0.0570
0.0193/0.0000
1.043
1.184/ 0.656
Oxford XCalibur
SHELXTH
XHELXL-2018/3%

2304777

CCIF160Sbs
732.71
0.190 x 0.136 x 0.106
trigonal
P31
8.0824(2)
8.0824(2)
18.3341(8)
90
90
120
1037.22(7)
3
3.519
6.191
0.71073
984
102(2)

8:10, 10:8, 19:22
4498
2193
0.0375
200
0.0474/0.0986
0.0151/20.4359
1.179
1.937/ 1.324
Oxford XCalibur
SHELXTH
XHELXL-2018/35!

2304793

aR1=  ||Fol i[Fc|l/ |Fol;

bWR2 =[ [W(F?% i F)?) (Fo)AIY? w = [ Bc(F?0) + (XP]? + yPIY; P = (F? + 2F%)/3;
¢ GooF =[ [(F% i F2c)?)/(n ip)]¥? (n = number of reflexions; p = total numbers of parameters).




7TDEGH%RQG OHQIWKXERQ@ DQJIOBRWR+ @ RAE@H&DV ZHOO MWF BHRIIMMRRIU GLVWDQFHV RI

[C20(OH)Cl2][SbFe] (1)

Bond lengths [A]

cici 1.647(7) Sbl F2 1.863(4)
c1 o1 1.225(8) Sbl F3 1.848(4)
cic2 1.550(8) Sbl F4 1.856(3)
c2 ci2 1.693(7) Sbl F5 1.848(4)
c2 02 1.184(8) Sbl F6 1.941(3)
Sbl F1 1.846(4)

Bond angles []

cl1 c1 o1 125.0(6) F2 Sbl F3 91.58(18)
clic1c2 117.2(6) F2 Sbl F4 88.5(2)
01 C1 C2 117.8(6) F2 Sbl F5 173.9(2)
C1 C2 Cl2 114.0(5) F2 Sbl F6 85.84(16)
02 c2 C1 119.5(7) F3 Sbl F4 92.51(17)
02 C2 CI2 126.5(6) F3 Sbl F5 94.5(2)
F1 Sbl F2 89.3(2) F3 Sbl F6 177.30(18)
F1 Sbl F3 92.44(17) F4 Sbl F5 91.05(19)
F1 Sbl F4 174.63(18) F4 Sbl F6 86.60(16)
F1 Sbl F5 90.6(2) F5 Sbl F6 88.10(17)
F1 Sbl F6 88.36(16)

Dihedral angles [°]

Cl1 C1 C2 CI2 177.4(4) 01 C1 C2 02 175.1(7)

Cl1 C1 C2 02 4.9(8) 01 C1 C2 CI2 2.6(7)

Donor-acceptor distances [A]

01-(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) 01 - F2i 2.843(6)




YLIXUH 8KDLQV DORIYLWRELVSODFHPHQW HOOLSVRLGV ZLWK SURED
6\PPHWU\ FRGHWV\ ] LL | V] LLL [ v

JLIXUH 8KDLQV DORI{LWRGLVSODFHPHQW HO OSSR RDBNOZMN K
6\PPHWU\ FRGHV\ ] LL | \ ] LLL [ v



7DEOH%RQG OHQ@WIQAG>ERQG DQJOHV)>@@ BV Z&HMEL FEERIMRRU GLVWDQFHV RI

[CICO][ShsF6] (5)

Bond lengths [A]

c1 o1 1.12(2) Sb2 F8 1.85(2)
cici 1.58(1) Sb2 F9 1.83(1)
Sbl F1 1.85(1) Sb2 F10 1.83(1)
Sbl F2 1.86(1) Sb2 F11 1.98(1)
Sbl F3 1.84(2) Sb3 F11 2.08(1)
Sbl F4 1.83(2) Sb3 F12 1.87(2)
Sbl F5 1.84(1) Sb3 F13 1.86(1)
Sbl 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 Sbl F2 95.5(6) F7 Sb2 F11 85.2(6)
F1 Sbl F3 95.1(7) F8 Sbh2 F9 95.1(7)
F1 Sbl F4 95.6(6) F8 Sb2 F10 94.2(7)
F1 Sbl F5 94.5(6) F8 Sh2 F11 83.3(6)
F1 Sbl F6 177.9(6) F9 Sh2 F10 98.9(7)
F2 Sbl F3 89.3(7) F9 Sb2 F11 171.9(6)
F2 Sbl F4 88.0(6) F10 Sb2 F11 89.1(6)
F2 Sbl F5 169.7(7) F11 Sb3 F12 82.3(6)
F2 Sbl F6 86.2(6) F11 Sb3 F13 83.8(6)
F3 Sbl F4 169.2(7) F11 Sb3 F14 84.9(6)
F3 Sbl F5 92.6(7) F11 Sb3 F15 84.1(6)
F3 Sbl F6 83.6(6) F11 Sb3 F16 179.0(6)
F4 Sbl F5 88.3(7) F12 Sb3 F13 90.0(7)
F4 Sbl F6 85.7(6) F12 Sb3 F14 167.3(6)
F5 Sbl 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)
Sbl F6 Sh2 146.7(7) Sb2 F11 Sh3 156.4(8)

Dihedral angles [°]




F1 Sbl F6 Sb2 1(2) F16 Sb3 F11 Sh2 76(4)

F9 Sb2 F1l Sb3 171(4) F10 Sb2 F11 Sb3 16(2)

Donor-acceptor distances [A]

Cl - F2i 2.74(3) ClL-F1 2.57(1)
C1--F3ii 3.01(3) o1 Fdi 2.88(2)
C1- - FSiii 3.01(3) O1- F5iii 2.88(3)
C1---F14ii 3.02(3) 01 F10v 2.83(2)
C1--Fi6iv 2.92(3) 01 F13v 2.77(3)

JLIXUH &KDLQV DORIJLWRGLYSODFHPHQW HOOLSVRL GO PZRAWKU\ F
L[\ ] TLLA [ ]

YLIXUH %6HOLFWDOXFW X BHF D [LRRQRGWYV SODFHPHQW HOOLSVRLGV ZLW
6\PPHWU\ FIRGHNV\ TLL [\ ] ]



JLIXUH 6 DQG 105 VSHFW 2D& Bl (&) f&



JLIXUH 6 105 VSHFWUX R ®LIQ&) f&

&2 &0

& 105 > 0+] f& &' &2 @ V &2



JLIXUH 6+ DQG 105 VSHFW 2D RID&) f&



JLIXUH 6& 105 VSHPRIUZ ) L@+) f&

&2)
) 105 > 0+] f& & &2 @ V&2)

& 105 > 0+] f& & &2 @ GG +]1 &2)



JLIXUH 6+ DQG 105 VSHFWUD LR+ 2) f&



JLIXUH 6+ DQG 105 VSHFWR2RBIQR +) 6E) f&



X2 2+&0@>6@)

+ 105 > 0+
) 105 >  0+%

& 105 > 0+]

f& &'&2 @

f& &'

JLIXUH 6& 105 VSHFWUXR ®IQ&+) 6E) f&

V &+
&2 @ vV &2) V 6E)
f& & &2 @ V &2 V&2 G-

&)



JLIXUH GWDFNHI05 WRS [ERQBO5 ERWWRMDRY RHFNQG
>& 2+ &@>6@) LO¥) f&



JLIXUH 6+ DQG 105 VSHIRWI® &0LQ +) 6E) f&



JLIXUH 6&105 VSHFWUXPERL@E +) 6E) f&

%2+ &@>pE @

+ 105 > 0+f f& &'&2 @ vV &+
) 105 > 0+] + f& &'&2 @ vV &2) V&2) Va&)2+
P 68 o

& 105 > 0+] f& &' &2 @ vV &2



JLIXUH BWDFNHIO5VSHFWUD )RIVBRS DQGERAYWRP DJDLQVW
>&2+ &@>PE @ LI¥) f&



JLIXBH &DOFXODWHG JDV SKID¥& AAWEIGH)WRIDHE\E BD QG >&O&PMEW WXHDXBFS97OHYHO RI W
%RQG OHQJIJWKV LQ >c@



7DEOH6BNDQGDUG RARLHQWDWORY &DOFXODWMG DWXBKFHI7-OHYHO RI WKHRU\

>8&2 2+ &@+)
$WRP &RRUGLQDWHYV >c@

< =

& O

&0

7DEOH 6WDQRDNUEQWDWE R@VW@®+) &DOFXODWHBGIDWRXHOHYHO RI WKHRU\

>& 2+ &O@+)
$WRP &RRUGLQDWHYV >c@

< =

&0

&0

7DEOH 6WDQGDUG RARL i QWBIEERIO F X O D VMG DWW WERFHI 7OHYHO RI WKHRU\

> 8 &@+)
$WRP &RRUGLQDWHYV >c@

< =




7DEOH 6WDQ RDUE QWD WELB&2)@&DOFXODWHG DWFRVXK7HOMY HOOX R I WKHRU\

> & &@+)
$WRP &RRUGLQDWHYV >c@

< =

& O

7DEOH 6WDQGDUG RARLH QWO RQOFXODWHG DWFRIKHOMY HIDXR I WKHR U\

>0 &M@ +)
$WRP &RRUGLQDWHYV >c@

< =

&0




JLIXUH @SWLPL]JHG JDWBXPW K2MI OR WEWKHD XBFS97OHYHO RI W

7DEOH 6WDQRUE QWD WL RQ &DOFXODWAHG DVD XBKBI7OHYHO RI WKHRU\

&2 &0
$WRP &RRUGLQDWHYV >c@

; < =

&0

&0

7DEOH 6WDQGDUG RARLEDAD®WDRARXODWHG DWFR/KHOMY HHOKRI WKHRU\

&2 &0
$WRP &RRUGLQDWHYV >c@

; < =

& O

&0




JLIXUH SWLPL]HG JDWBXPWKWH RI &00&2 DWBEWKOHOHYHO RI WKHF

7DEOH 6WDQGDUG RURL EQY2WERQF X O RMW HGC DX MEAHOHYHO RI WKHRU\

&0&2)
$WRP &RRUGLQDWHV >c@

< =

&0

7DEOH &DOFXODWHKDBUUHWER 2+ &@+) >&0&2)@>&0&2ZPDQG2%& O &DOFXODWHG DW F/KMHOMY HDX R |
WKHRU\

>82 2+ &@+) >&0&2 P

SWRP 13$ FKDUJH SWRP 13$ FKDUJH
) )

&0 &0

&0 2

2 &

+ +

&

2

&

+

&2 &0 >&0&24@

SWRP 13$ FKDUJH SWRP 13$ FKDUJH

N

)
&0

R R
N

N
R0

& O




JLIXUH ®@®ROHFXODU ' FRKXUZDMWK PDSSHG HOHFWURVWDWLF SRWHJFWODPRDV DHRSR-MRH
EOXH 7KH HOHFWURVWDWLF SRWHQWLDO>KY RYWX&@DFHW WIXYHO B HE0Y 36 Bl ¥ A X0 OIWWHIGH

JLIXUH ®ROHFXODU ' VRKXUZDMMK PDSSHG HOHFWURVWDWLF SRWHJFWODPRDV DHASR-ONRH
EOXH 7KH HOHFWURVWDWLF SRWHQWLD O>&v&a+X M) FHR/HK DBYRIDR BEHHQY A D ORFIX\W R /R



JLIXUH ®ROHFXODU ' MRKXUIDFH ZLWK PDSSHG HOHFWURVWDWLF SIRWE PWIOD QJ INF DO
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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 [Sb.Fi1] 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.'# An
important intermediate in the chemistry of carbon monoxide under
acidic media is the elusive HCO* cation.®® The formyl cation is
assumed to be the formylating agent in electrophilic formylation
reactions of aromatic compounds, e.g. in Gatterman-Koch
reactions.®1% |t has further been observed in interstellar
molecular clouds and is recognized as a frequently occurring
positively charged species in interstellar space.'**%l The cation
can easily be generated in the gas phase by chemical ionization
of methanol or acetaldehydel*! and has been detected by
microwave, infrared (IR), and mass spectroscopy.'>l |ts
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/SbFs or
FSOsH/AU(SOsF)3, 1718 fluoride abstraction from formyl fluoride in
FSO3H/SbFs/S0,,[" dehydration of protonated formic acid,®"1 or
protonation and subsequent decomposition of carboxylic
anhydrides.*”) In 1997, HORVATH observed the formyl cation in
HF/SbFs under high pressure of carbon monoxide.*¥ The formyl
cation was detected using NMR and IR spectroscopy, forming an
equilibrium with CO and the SbFs adduct of formyl fluoride.**!
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.[?%-24

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 SbFs in the aprotic
solvents SO,CIF or 1,1,1,2-tetrafluoroethane (R-134a).?>%1 As
attempts have been made to isolate the HCO™ cation by fluoride
abstraction from formyl fluoride,*™ our results prompted us to
apply our method to formyl fluoride and to perform further
investigations on its properties towards SbFs,
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.2425 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.[24.2%

To investigate the properties of both acyl fluorides towards strong
Lewis acids, HCOF and DCOF were reacted with SbFsat 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 SbFs (1, 2) were obtained as colorless solids
after removing the solvent and volatile residues in a dynamic
vacuum at 78 °C.



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 SbFs.
To obtain salts of the elusive HCO* cation, HCOF was
subsequently reacted with an excess of SbFs. According to
Equation 5, applying two equivalents of the Lewis acid led to the
formation of [HCO][Sb.F:1] (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 SbFs in R-134a
or SO,CIF at low temperatures, CHF,COF-SbFs (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 [Sbh,F11] salt.

This is consistent with the favored formation of the anion over
[SbFe] in aprotic solvents like SO, or SO,CIF.[?6-31

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 P2;/c with four units
per unit cell. The molecular unit of 3 is depicted i Crystal
data and structure refinement are provided in the Supporting
Information (Table S8). Selected geometric data are listed in

Figure 1. Molecular unit of [HCO][Sb2F11] (3) (displacement ellipsoids with 50%
probability).

The bond length C1 O1 (1.060(7) A) is significantly shortened
compared to formyl fluoride (1.773 A).32 It is in the range of a
&A2 WULSOH B)Bdmt significantly shortened compared
to the C O bond lengths of [CH3CO][SbFs] (1.108(4) A)4 as well
as gaseous carbon monoxide (1.128 A)B and [HCOJ*
(1.105 A).B8 The C1 O1 bond length is also shortened compared
to the C O bond length reported for [CICO][SbsF16] (1.12(2) A).[23!
Thus, substituting the methyl group of [CH3CQO]* for a hydrogen
atom results in the shortening of the C O bond, due to the
removal of the stabilization by hyperconjugation of the CH; 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) A and 1.880(3) A. The bridging Sb-F
bonds are longer than the terminal ones with bond lengths up to
2.047(3) A. The bond angle Sbl F6 Sb2 (151.1(1)°) is also in
good agreement with the literature.[37-49

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) A), C1---F5i (2.769(6) A), C1---F8ii (2.608(6) A),
and C1--F10i (2.504(6) A)“Y as well as the moderate hydrogen
bond C1( H1)--F9iii (2.725(6) A) (see|Figure 2).#2 The oxygen
atom O1 forms the significantly weaker interionic O---F contacts
01--F2iv (2.855(6) A), O1--F3v (2.879(6) A), and O1---F11vi
(2.824(6) A) (see Figure S12).4U All interionic C---F and O---F

contacts are below the sum of their van-der-Waals-radii (3.22 A,
2.99 A)."1 Selected interionic distances are listed in_’ible 1



Figure 2. Interionic contacts of 3 (displacement ellipsoids with 50% probability).
Symmetry codes: i= 1+X,y,z;ii=1 x, 0.5+y,15 z;ii=1x,1vy,1 z

Table 1. Selected bond lengths [A] of [HCO][SbzF1] (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%, 05+y, 1.5 z;ii=1x, 1y, 1 z
iv=1x,1y,2 z;v=1 x,05+y,15 z;vi= 1+x, 1.5 y, 0.5+z.

Compound C O bond lengths [A]
[HCOJ[Sb 2F11] 1.060(7)

[CHsCOJ[SbFs]®4 1.108(4)

[CICO][SbsF16]2 1.12(2)

CO (gas phase)P® 1.128

[HCOJ* (gas phase)i 1.105

Interionic contacts [A]

Cl--F1 2.488(6) C1---F10i 2.504(6)
C1---F5i 2.769(6) O1---F2iv 2.855(6)
C1( H1)--F9iii  2.725(6) 01--F3v 2.879(6)
C1--F8ii 2.608(6) O1--F11vi 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 3.14344 In
Figure 3| the mapped Hirshfeld surface with dnom Of the [HCO]*
cation in 3 is shown, whereas the C---F contacts C1---F1, C1---F5 i,
C1---F8ii, and C1---F10i as well as the moderate hydrogen bond
C1( H1)---F9iii 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 A).*Y 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 A).#Y 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 [HCQO]* cation in 3
(mapped with dnom).>*4 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 Cl1--F1, C1--F5 i, C1--F8ii, and
C1---F10i as well as the hydrogen bond C1( H1)---F9iii, only the contacting
fluorine atoms are shown for a better visualization. Symmetry codes: i = 1+,
y,z;ii=1 x, 05+y,15 z;iii=1 x,1y,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 and the vibrational spectra
of 1, 2, and 4 are depicted in Figures S1, S2, and S6. In
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-SbFs and DCOF-SbFs with Cs symmetry, 24
fundamental vibrational modes are expected, all of which are
Raman and IR active. The C=0 stretching vibrations of the COF
moieties are detected in 1 at 1665 cm *andin 2 at 1651 cm ! (Ra)
as well as at 1659 cm™ (1) and 1649 cm * (2) (IR). The (C=0)
are significantly red-shifted by about 135 cm * compared to HCOF
and 120 cm ' compared to DCOF.“® This agrees with values
reported in the literature for acyl fluoride-SbFs adducts?? and



protonated acyl fluorides*¢-#¢! as well as with the observed values
reported from HORVATH for HCOF-SbFs.**! The stretching
vibrations of the C F bonds are significantly blue-shifted by
approximately 215 cm ! compared to HCOF and 185cm ! in
comparison to DCOF.*! They occur at 1295cm* in 1 and
1247 cm 'in 2 (Ra) as well as 1294 cm * (1) (IR) and are also in
good agreement with values reported in the literature [22:46-481

The [HCQO]* cation possesses C:, symmetry. For the cation four
fundamental vibrational modes are expected, all of which are

Raman and IR active. Thev & A2 LV GHWH F wH @ thew

Raman spectrum and at 2089 cm ! in the IR spectrum. The
v(C=0) of HCOF (1801 cm %) is not observed in the vibrational
spectra of 3.#% The v & A2 Ribk in good agreement with the
values reported from HORVATH of [HCO]* in HF/SbFs
(2110 cm Y).% The stretching vibration is red-shifted by around
50 cm ! compared to gaseous carbon monoxide (2143 cm 1)itél
and by around 90 cm ! compared to the v & A2 RI
[HCOJ* (2184 cm 1).18 |t is also significantly red-shifted compared

was also obtained by the recrystallization of CHF,COF-SbFs 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 [ShyF11] 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. Thev & A2 RI WKH VDOW ZBNf®EVHUYH

compared to gaseous carbon monoxide and to values of HCO*
observed in the gas phase, in HF/SbFs, 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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[CICO]*.2249%1 STOYANOV investigated the protonated species of
CO by IR spectroscopy.?’? The observed IR frequencies of
[HCO][CHB1F11] are listed in and are blue-shifted
compared to the results of this work.?%! 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 [SbzF11] anion of 3 with
dioctahedral symmetry, more vibrations are observed than
expected due to interionic interactions leading to symmetry
distortions.* The complete vibrational modes of the anion are
listed in the Supporting Information.

Table 2. Selected experimental vibrational frequencies [cm Y] of 3,
[CH3CO][SbFs], and [CICO][SbsF1e], 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
[HCOJ*-4 HF calc.28 |R/Ramant 2209(162/33)
[CH3CO][SbFg]3447] exp. Raman/IR 2305(59) / 2301 w
[CICO][SbsF16]i234 exp. Raman/IR 2256(100) / 2256 s
CO (gas phase)i® exp. IR 2143

[HCOJ* (gas phase)i® exp. IR 2184

[HCOJ* (solution)dhiel exp. IR 2110

[HCOJ* (solid)2! 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 [A%u]. Abbreviations for IR intensities: vs =very strong,
s = strong, m =medium, w=weak. [d] in HF/SbFs at 28 atm, anion:
[SbnFsn+1] . [e] Anion: [CHB11F11] .

In conclusion, we investigated the reactivity of formyl fluoride with
SbFs. 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][SbzF11]
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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 cellsil 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-.. UDGLDWDRIQ73 A). The program CrysAlisPro 1.171.40.82a (Rigaku OD, 2020) was employed for the data
collection and reduction. The structure solution and refinement were performed with the software SHELXTE! and SHELXL-2018/3,!
implemented in the WinGX software package. The solution was checked with the program PLATON,®! and the absorption correction
was performed using the SCALE3 ABSPACK multi-scan-method.["! 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][Sb,F14] (3) (Fax:
+44-1223-336-033; E-Mail:|deposit@ccdc.cam.ac.uk|[http://iwww.ccde.cam.ac.uk). NMR samples were prepared by cannulating the
SO, 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-ds as external standard. For evaluation, MNOVA by Mestrelab was used.® Quantum chemical calculations
were performed at the M06-2X/aug-cc-pVTZ-level of theory by Gaussian16.®! Hirshfeld surface analysis was performed with the
CrystalExplorer software.[1011

Typical procedure (TP1): SbFsand 1,1,1,2-tetrafluoroethane (R-134a) ZHUH FRQGHQVHG LQWR DQ )(3 WXEH UHDFW
WKH PL[WXUH ZDV ZDUPHG XS WR i f& DQG ERWK FRPSRQHQWYV ZHUH P lfgih@ flugridd HU W K H
or difluoroacetyl fluoride, respectively, were condensed into the reaction vessel. Subsequently, the mixture was warmed up to the
UHVSHFWLYH UHDFWLRQ WHPSHUDWXUH DQG DOO FRPSRQHQWY ZHUH UHDFWHG 7KHQ
remaining R-134awas removedinadyQDPLF YDFXXP D)W, 3, and &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 s (1) and DCOF-SbF s (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,
PJ HT DW i f& DV GHMRYMréphr&l dn@logddisly, 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,
PJ HT DW i f& DV G HMYdreacthrivas ke@t at 330 °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 2Fi1] (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
PPRO PJ HT DW i f& DV Redrysrlldirng ¥ Gorh R-138a at 50 °C led to the formation of 3. The reactor
was keptat 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.



Vibrational Spectroscopy

Table S1. Low-temperature Raman and IR spectrum of HCOF-SbFs (1) and calculated frequencies [cm 1] of HCOF-SbFs.

HCOF-SbFs (1) HCOF-SbFs Assignment
Raman IR calc.®? (IR/Raman)
3132(7) 3134 vs 3046(2/97) 1 A s(C H)
1665(5) 1659 m 1761(489/13) 2 A §(C=0)
1386(5) 1387 m 1342(8/3) 3 A Is(CHF)
1295(4) 1294 m 1208(189/3) 4 A s(C F)
1209 w
1173(3) 1171w
1075(3) 1072w 1031(0/0) 16 A" 2(CHF)
964 w
893 m
682(64) 689 s 691(20/2) 5 A /5(COF)
670(100) 680(137/0) 17 A" as(Sb F)
653(53) 662 s 679(120/0) 6 A «(Sb F)
639(31) 674(119/3) 7 A «(Sb F)
608(12) 627 s 628(1/19) 8 A «(Sb F)
599(13) 581(1/2) 18 A" s(Sb F)
523 m
492 m
382 m
307(28) 291(66/1) 19 A" Ias(Sb F)
289(36) 284(0/1) 9 A Is(Sb F)
280(37) 283(7/1) 10 A «(Sb F)
265(54/0) 1 A Is(Sb F)
254(14/0) 2 A" s(Sb F)
231(16) 248(131/0) 12 A «(Sb F)
212(1/1) 13 A «(Sb F)
189(3/1) ” A" as(Sb F)
140(11) 142(1/0) 14 A «(Sbh F)
130(0/0) 2 A" 2(Sb F)
105(8/1) 2 A" s(Sb F)
84(1/0) 15 A «(Sb F)
56(0/0) 2 A" as(Sb F)

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory, Sb was calculated at the M06-2X/GenECP MWBA46 level. [b] Frequencies are scaled with
a factor of 0.956, [c] IR intensity in [km/mol] and Raman intensity in [A%/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 1. Low-temperature Raman and IR spectra of HCOF-SbFs (1) and vibrational spectra of HCOF.



Table S2. Low-temperature Raman and IR spectrum of DCOF-SbFs (2) and calculated frequencies [cm 1] of DCOF-SbFs.

DCOF-SbFs (2) DCOF-SbFs Assignment
Raman IR calc.2?! (IR/Raman)©
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=0)
1637(20) 1638 w (C=0)
1323w
1269(23) 1261w (CF
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) 874w 869(5/0) 16 A" as(DCF)
758(13)
708 w
682(93) 690 w 685(19/2) 5 A I5(COF)
680(135/0) 17 A" s(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) 1 A" s(Sb F)
507 w
480 w
387w
306(46) 284(0/1) 9 A Is(Sh F)
292(37) 282(64/0) 1 A" fas(Sh F)
277(29) 278(13/1) 10 A Is(Sh F)
264(53/0) 1 A Is(Sh F)
250(8/0) 2 A" s(Sb F)
249(24) 247(125/0) 12 A s(Sb F)




238(28) 212(1/1) 1 A s(Sb F)

192(20) 185(2/1) 21 A as(Sb F)
142(1/0) 4 A s(Sb F)
130(0/0) 2 A 2(Sb F)
96(7/1) 2 A as(Sb F)
84(1/0) 15 A s(Sb F)
56(0/0) 2 A as(Sb F)

[a] Calculated at M06-2X/aug-cc-pVTZ-level of theory, Sb was calculated at the M06-2X/GenECP MWBA46 level. [b] Frequencies are scaled with
a factor of 0.956, [c] IR intensity in [km/mol] and Raman intensity in [A%/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-SbFs (2) and vibrational spectra of DCOF.



Table S3. Low-temperature Raman and IR spectrum of [HCO][Sh2F11] (3) and calculated frequencies [cm 1] of [HCO]*-4 HF.

[HCO][Sb2F11] (3) [HCOJ*-4 HF Assignment
Raman IR calc.2?! (IR/Raman)©

3711w

3300 w 3190(103/5) 1 ™ (C H)

2706 w
2092(9) 2089 w 2209(162/33) 2 ™ (C )

1711w

1672 w

905 w

812(14/0) 13 E /(HCO)
810(13/0) 4 E /(HCO)

716(14) 714's ShFs
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 SbFs
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 [A%/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 3. Low-temperature Raman and IR spectra of [HCO][SbzF11] (3) and vibrational spectra of HCOF.



Table S4. Low-temperature Raman and IR spectrum of HCOF and calculated frequencies [cm %] of HCOF.*2

HCOF HCOF Assignment
Raman IR calc.2P! (IR/Raman)©
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 +(C=0)
1772(5)
1347(22) 1323(2/3) 3 A Is(CHF)
1080 vw 1074(271/3) . A SC F)
1025(14) 1051 vw 1012(0/1) 6 A 25(CHF)
663(38) 623w 653(22/2) 5 A Is(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 [A%/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 ] of DCOF.*2

DCOF DCOF Assignment
Raman IR calc.2?! (IR/Raman)©
2953(11)
2293(55) 2272w 2245(60/29) 1 A s(C D)
2258(12) 2249 w
2154 w
2143w
2125w
1815w
1771(100) 1784 w 1800(292/24) 2 A (C=0)
1744(6)
1718 w
1710(21) 1701w 3+ 5
1689 w
1094 w
1060(12) 1070 w 1078(225/3) 3 A SC F)
982 w
965(17) 953 w 951(30/2) . A /s(CDF)
920(4)
863(3) 855(3/0) 6 A s(CDF)
669 w
658(28) 646 W 647(22/2) 5 A Is(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 [A%/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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SUPPORTING INFORMATION

Figure S 5. Low-temperature Raman and IR spectra of DCOF.
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Table S6. Low-temperature Raman and IR spectra of CH.FCOF-SbFs (4) and calculated frequencies [cm ] of CH.FCOF-SbFs.[*3]

CHF2COF-SbFs (4) CHF2COF-SbFs Assignment
Raman IR calc.®?! (IR/Raman)©
3004(15) 3003 w 2970(8/85) 1 A (C H)
1752(9) 1753 w 1811(433/12) 2 A (C=0)
1445w
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) 1221w 1259(167/2) 5 A (C P
1158(5) 1159 s
1139(7) 1132's 1178(148/2) 6 A (C P
1103 w
1083(5) 1129(135/3) 7 A (C P
925(8) 924 'm 915(26/4) 8 A (C ©)
834 w
784(9) 781w 765(22/4) 9 A /(COF)
607(16) 608 w 596(48/2) 1 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) 1 A /(CCF)
270(17) 259(12/0) 2 A /(CCF)
62(0/0) 31 A 2COF)
716(38) 719 s SbFs
708 vs
696 vs (Sb F)
685(18) 681 vs 681(129/0) 10 A (Sb F)
671(100) 673 vs 681(118/0) 1 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) 482w SbFs
376w /(Sb F)
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355 m I(Sb F)

300(25) 285(0/1) 19 A /(Sh F)
273(41/0) 20 A /(Sh F)
257(12) 264(54/0) 2 A /(Sh F)
232(18) 252(139/0) 2 A (Sh F)
222(4/1) 2 A /(Sh F)
210(1/1) 2 A 2Sb F)
153(13) 165(0/1) 2% A 2Sh F)
146(13) 133(0/0) 27 A (Sh F)
125(0/0) 28 A 2Sh F)
120(6/0) 20 A (Sh F)
65(0/0) 20 A (Sb F)
33(1/0) 32 A (Sh F)
24(1/0) 3 A (Sh 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 [A%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-SbFs (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.[*4

CHF.COF CHF.COF Assignment
Raman IR calc.2?! (IR/Raman)©
3010(65) 2980 m 3020(10/63) Vi A Vvs(C H)
2779(4) V(C H)
2676(8)
1876(98) 1886 vs 1890(248/14) V2 A vs(C=0)
1840(6)
1398(13) 1345(75/1) V3 A Is(CCH)
1350(34) 1362 m 1332(15/2) Vi1 A" Ias(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) Vi2 A" Vas(CF2)
1090(27) 1107 vs 1115(61/4) Vs A Vs(CF2)
919(64) 916 m 853(79/7) Ve A vs(C C)
862(7) 864 m vs(C C)
751(100) 748 m 745(21/0) vis A" as(COF)
699(3) 704 m 685(53/2) V7 A I5(COF)
619 m
611 m
581(27) 581 m 566(18/2) Vs A Is(CF2)
569(18) 571 m /(CF2)
501(7)
421(21) 426 m 401(3/2) Vo A 15(CCO)
322(28)
240(12) 241(6/0) Vio A Is(CCF)
211(4) 228(7/1) Via A" as(CF2)
48(4/1) Vis 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 [A%/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.

15



Figure S 7. Stacked low-temperature Raman spectra of HCOF-SbFs (1, green, bottom), reaction mixture of HCOF and 2 eq. SbFs in R-134a at 30 °C after 4d
(blue, middle), as well as [HCO][Sh2F11] (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 CHFz in the top IR spectra.
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Crystallographic Data

Structure Solution and Refinement

The crystal structure of [HCO][Sb.F11] (3) was solved in the monoclinic space group P2;/c as the solutions in Pc and P2, 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 A. 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) A.

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 A (see|Table S8fand Hirshfeld surface of [HCO]J* 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 A to 01, whereas
the closest F atom is located 3.610 A 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 HN,*. 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 HN>* cations (displacement ellipsoids with 50% probability).
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Table S8. X-ray data and refinement of [HCO][Sb2F11] (3).

[HCO][Sh2F11] (3)

formula CHF1:0Shbz
M [g mol ] 481.52
crystal size [mm?] 0.343 x 0.305 x 0.254
crystal system monoclinic
space group P2i/c
a[A] 8.1584(7)
b [A] 11.5174(9)
c[A] 9.8960(7)

[ 90

[ 93.081(7)

[l 90
V [A3 928.52(13)
z 4

leac [g cm) 3.445
W [mm] 5.967

wok.. [A] 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)/wWR(F?) 2 (all reflexions) 0.0437/0.0889
weighting scheme ° 0.0422/1.2365
S (GoF) © 1.107
residual density [e A3] 1.678/ 1.611
device type Oxford XCalibur
solution SHELXTE!
refinement SHELXL-2018/31
CCDC 2354091

aR1= ||Fol-|Fc|l/  [Fol;
PWR2 = [ [W(F%- Fc)’)/  (Fo)’lI"* w = [ Po(F%) + (xP]* + yPI™; P = (F% + 2F%)/3;
¢ GooF =[ [(F? - F2c)?)/(n-p)]~2 (n = number of relexions; p = total numbers of parameters).
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Table S9. Bond lengths [A] and bond angles [] of [HCO][SbzF11] (3) as well as donor-acceptor distances of 3. Symmetry codes: i=1 x,1 y, 1 zii= 1+x,V, z;
iii=1 x, 0.5+y,15 z;iv=1 x,1y,2 z;v=1 x,0.5+y,1.5 z;vi= 1+x,1.5 y, 0.5+z.

[HCO][Sh2F11] (3)

Bond lengths [A]

c1 o1 1.060(7) Sh2 F6 2.008(3)
Sbi F1 1.865(3) Sh2 F7 1.838(3)
Sbi F2 1.840(3) Sh2 F8 1.858(3)
Sbi F3 1.846(4) Sh2 F9 1.880(3)
Sbil F4 1.843(4) Sh2 F10 1.861(3)
Sbl F5 1.861(3) Sh2 Fi11 1.849(3)
Sbl F6 2.046(2)

Bond angles []

F1 Sbl F2 88.2(1) F6 Sh2 F7 86.5(1)
F1 Sbl F3 96.3(2) F6 Sb2 F8 85.6(1)
F1 Sbl F4 90.5(2) F6 Sb2 F9 85.6(1)
F1 Sbl F5 167.5(2) F6 Sbh2 F10 84.2(1)
F1 Sbl F6 83.1(1) F6 Sb2 Fi11 177.4(1)
F2 Sbl F3 94.2(2) F7 Sbh2 F8 90.9(1)
F2 Sbl F4 172.0(2) F7 Sbh2 F9 90.4(1)
F2 Sbl F5 90.0(1) F7 Sbh2 F10 170.5(1)
F2 Sbl F6 85.6(1) F7 Sh2 F11 96.0(1)
F3 Sbl F4 93.8(2) F8 Sh2 F9 171.1(1)
F3 Sbl F5 96.1(2) F8 Sh2 F10 90.2(1)
F3 Sbl F6 179.4(1) F8 Sh2 Fi11 95.0(1)
F4 Sbl F5 89.5(2) F9 Sh2 F10 87.2(1)
F4 Sbl F6 86.4(1) F9 Sh2 Fi11 93.6(1)
F5 Sbl F6 84.4(1) F10 Sb2 F11 93.3(1)

Dihedral angles [°]

F3 Shl F6 Sh2 134(13) Shl F6 Sb2 F11 57(3)

Donor-acceptor distances [A]

C1( H1)--F9 2.725(6) C1.-F10ii 2.504(6)
C1-Fli 2.488(6) 01 F2iv 2.855(6)
C1--F5ii 2.769(6) 01---F3v 2.879(6)
C1--F8iii 2.608(6) O1--Fllvi 2.824(6)
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Figure S 12. Crystal packing of [HCO][SbzF11] (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,
15 zjii=x, 1+y,z.
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Figure S 14. Chains along the c-axis of [HCO][Sh2F11] (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,15 y,05+z;iv=1 x,1y,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;
ii=1 x,1y,12ziv=1x,1y,2 z;v=1 x,05+y,15 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.*%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. *H and *°F NMR spectra of HCOF in SOz at 70 °C.
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Figure S 18. *3C NMR spectrum of HCOF in SOz at 70 °C.

HCOF:
H NMR [400 MHz, (CD3)2CO)]: / = 8.29 (d, J = 180.2 Hz, HCOF).

19F NMR [376 MHz, (CD3).CO)]: / = 45.45 (d, J = 179.9 Hz, HCOF).

13C NMR [101 MHz, (CD2),CO)]: / = 152.7 (dd, J = 370.6, 7.3 Hz, HCOF).
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SUPPORTING INFORMATION

Figure S 19. 2H and *°F NMR spectra of DCOF in SOz at 70 °C.
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Figure S 20. **C NMR spectrum of DCOF in SOz at 70 °C.

DCOF:
2H NMR [61 MHz, (CD3):CO)]: / = 8.32 (d, J = 27.2 Hz, DCOF).

19F NMR [376 MHz, (CD3).CO)]: / = 43.86 (t, J = 27.6 Hz, DCOF).

13C NMR [101 MHz, (CD2),CO)]: / = 152.7 (dt, J = 368.3, 41.3 Hz, DCOF).
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Quantum Chemical Calculations

Table S10. Standard orientations of HCOF-SbFs and DCOF-SbFs.

+&2) 6E) "&2) 6E)
$WRP &RRUGLQDWHYV >c@ $WRP &RRUGLQDWHV >c@
< = : <
& &
) )
2 2
6E 6 E
) )
) )
) Y ) Y

&DOFXOMWHG DXBFS97OHYHO RI WKHRU\ 6E ZD¥ FD OO R A 36D WOHPKHO

Table S11. Standard orientation of [HCO]*-4 HF.

>82@ +)
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Table S12. Standard orientations of HCOF and DCOF.

+&2) "&2)
$WRP &RRUGLQDWHV >c@ $WRP &RRUGLQDWHYV >c@
; < = : <
& &
. .
2 2
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Table S13. Standard orientations of CHF2COF-SbFs.

&+) &2) 6E)
$WRP &RRUGLQDWHYV >c@ $WRP &RRUGLQDWHV >c@
< = : < =
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) )

& )
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&DOFXODWHG DXBFS97OHYHO RI WKHRU\ 6E ZDUV FDQ ORI R 836D WOHPKHO

Figure S 21. Calculated gas-phase structures of HCOF-SbFs (left) and DCOF-SbFs (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-SbFs. Calculated at the M06-2X/aug-cc-pVTZ-level of theory.
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