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In this study, the first crystal structure of acetylenedicarbonyl fluoride is reported. Furthermore, the title
compound was investigated in the superacidic media XF/SbFs (X = H, D) which led to the formation of
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the monoprotonated species. Sur-prisingly, the diprotonated species was only formed by employing the
monoprotonated species in 1,1,1,2-tetrafluoroethane whereas attempts at its synthesis in anhydrous
hydrogen fluoride were unsuccessful. The vibrational spectroscopy is discussed together with quantum
chemical calculations on the DFT/aug-cc-pVTZ level of theory. The stability of the Z-conformation of
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Introduction

Acid fluorides are often prepared from their chlorides. Via the
synthetic route of metathesis, a chlorine-fluorine exchange is
often explored with antimony fluorides, less commonly with
aHF."! Acetylenedicarbonyl chloride can be obtained by the
decomposition of an anthracene derivative as the starting
material.”> The metathesis for acetylenedicarbonyl fluoride is
not ecologically or economically viable due to the low yield of
acetylenedicarbonyl chloride.”> The direct synthesis of acetyle-
nedicarbonyl chloride starting with acetylenedicarboxylic acid
with classical chlorinating agents reacts after removal of the
solvent to the addition product with added HCI (PCls, POCl;) or
Cl, (SOCl,) at the triple bond.>* The acetylenedicarbonyl fluor-
ide is the best-known structure compared to the corresponding
acetylenedicarbonyl halides. One of the most efficient reaction
pathways to obtain acetylenedicarbonyl fluoride is the use of
sulfur tetrafluoride.® The first synthesis was reported in 1960 by
Hasek.” In 1973, the synthesis of acetylenedicarbonyl fluoride
was optimised and supplemented by the synthesis using the
potassium salt of the carboxylic acid as starting material.”®
Although its synthesis is reported in the literature, many
properties are still unknown. Acetylenedicarbonyl fluoride
was investigated in CCl, solution in Raman and '’F NMR
spectroscopy (49.2 ppm) in 1973.° The Raman spectrum is only
described by the stretching oscillation of C-F (1822 cm™ ') and
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protonated acyl fluorides is calculated on the MP2/aug-cc-pVTZ level of theory.

C=C (2262 cm ).° In 1975, the pure substance was only
characterized by its mass spectrum, vapor pressure, boiling
(46 °C), and melting point (—51 °C).” In summary, compared
to other acid fluorides, acetylenedicarbonyl fluoride is rarely
described in the literature, and its basicity remains unknown.
Additionally, the investigations of protonated acyl fluorides are
very rare. Only five crystal structures are known from proto-
nated acyl fluorides the haloacetyl fluorides, dichloroacetyl
fluoride, and fumaryl fluoride.®*° This prompted us to inves-
tigate acetylenedicarbonyl fluoride in superacidic media.

Results and discussion

Synthesis and properties of [C4(OH)OF,][SbFs] (2) and
[C4(OD)OF,][SbF] (3)

The monoprotonated species of acetylenedicarbonyl fluoride is
obtained in the superacidic system HF/SbFs, using anhydrous
hydrogen fluoride (aHF), or aDF for deuterated salts, as reagent
and solvent (eqn (1)). The salts are soluble in aHF and grew as
colourless crystals in solution. The salts of 2 and 3 are stable up
to —43 °C. The solvent was removed overnight at —78 °C.

N A N 7% [SbFg]
g -50 °C 4 . 1)
(X=H,D)
1 X=H(2),D(3)

Synthesis and properties of [C4(OH),F,][Sb,F;,],-2HF (4)
[C4(OD),F,][Sb,F;,],-2HF (5)

The salts of diprotonated species 4 and 5 are prepared from the
corresponding salts of the monoprotonated species (2 resp. 3).
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The salts (2 and 3) decompose when mixed with an excess of
SbF; in the aprotic solvent 1,1,1,2-tetrafluoroethane (R-134a) at
—25 °C over a period of 25 minutes. The decomposition results
in the formation of the starting material (1) and salts of the
diprotonated species are formed which is described in eqn (2).
Salt containing the diprotonated species could not be obtained
in anhydrous HF or deuterium fluoride even in the presence of
15 equivalents of SbFs. Although the diprotonation can only
occur by decomposition, the salts are stable in aHF and can be
recrystallized. The products were obtained as yellowish salts
stable up to 0 °C.

F, O-X F 0-X
ex. HF/SbFs, R-134a
2| p—=— 7 |[SbFel — o5 - = [SbaF14]2 +1
L F :| 25 °C, 25 min x-& o (2)
X=H(2),D(3) X=H(4), D (5

Vibrational spectroscopy

Vibrational spectroscopy of C,0,F, (1). The low (L.t.) and
room temperature (r.t.) Raman and IR of C,O,F, (1) are
illustrated in Fig. 1. In Table 1 selected observed Raman and
IR frequencies of 1 are summarized together with the quantum
chemically calculated frequencies of the [C,(OH)OF,]"-HF
cation as well as their assignments. The complete analysis of
the vibrational frequencies is provided in the ESIT in Table S1.
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Fig.1 Low-temperature Raman and IR spectra of C4O,F, (1).
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The C,0,F, molecule possesses C, symmetry, whereby 18
fundamental vibrational modes are expected.

In fair agreement with the values reported in the literature,
the C=C stretching vibration is detected at 2263 cm " (r.t. Ra)
and 2271 cm ™' (Lt. Ra,), respectively.® The C=O stretching
vibrations are observed at 1842 cm ™" (IR) at both temperatures
and. 1843 cm ™' (Ra) at low temperatures, respectively.® The
symmetric C=0 stretching vibration is detected at 1819 cm ™"
(r.t. Ra) and at 1810 cm ™" (Lt. Ra), respectively. In comparison
to FC(O)NCS (1854 cm™') the C=O0 stretching vibration is in
the same range.'* Compared to FC(O)SCN (1867 cm™ ') and
FC(O)SOC(O)CF; (trans ap-sp: 1876 cm™ ') the C=O stretching
vibration is red shifted.">"> The antisymmetric C-F oscillation
is identified at 1215 ecm™ ' (IR) at both temperatures and
1179 ecm ' (Lt. Raman). The C-F stretching vibration is in
the same range compared to FC(O)NCS (1245 cm™').'* The
symmetric C-F stretching vibration is detected at 1159 cm ™"
(r.t. IR), 1150 cm™ " (Lt. Raman), 1155 cm ' (r.t. IR) resp.
1133 em ' in Raman. Compared to the C-F stretching vibra-
tion of FC(O)NCS (1108 cm ™) the oscillation is blue-shifted."*
The antisymmetric C-C vibration is observed at room tem-
perature in IR at 939 cm™" (IR) and. 938 cm™ ' (Ra) and at
low at 935 em™ " (IR) and. 950 cm™ " in (Ra). The antisym-
metric C-C oscillation is identified at room temperature in
Raman at 757 cm™ " and low temperature at 763 cm ™" (Ra) and
781 cm ™' (IR).

Vibrational spectroscopy of [C,(OH)OF,|[SbFs] (2) and
[C4(OD)OF,][SbF¢] (3). The low-temperature Raman and IR
spectra of [C4(OH)OXF,][SbF¢] (2, 3) (X = H, D) are illustrated
in Fig. 2. In Table 2 selected observed Raman and IR frequen-
cies of 2, and 3 are listed together with the quantum chemically
calculated frequencies of [C4(OH)OF,]"-HF cation as well as
their assignments. The complete analysis of the vibrational
frequencies is summarized in the ESI} in Table S2.

The monoprotonated species [C4(OH)OF,]" possesses C;
symmetry with 21 expected fundamental vibrational modes,
showing both Raman and IR activity. In comparison with the
starting material, the monoprotonation has no influence on the
C=C bond, the unprotonated C—=O0O bond, and the symmetric
C-C stretching vibration. Clear evidence of a monoprotonation
is the stretching vibration of the C=O bond, which is red-

shifted in IR to 1653 cm ™ and in Ra at 151 cm ™' to 1659 cm ™ *.

Table 1 Selected observed vibrational frequencies [cm™ of C4O,F, (1) and calculated vibrational frequencies [cm™ of C4O,F»

1 at room temperature® 1 at low temperature®

IR Ra IR Ra v (IR/Ra)* Assignment
2263 (100) 2271 (100) 2257 (0/515) vy A v(C=C)
1842 (s) 1842 (s) 1843 (12) 1812 (578/19) Vi1 B Va5(CO)
1819 (57) 1810 (60) 1810 (190/172) vy A 4(CO)
1215 (s) 1215 (vs) 1179 (2) 1183 (696/1) Vi B V5(CF)
1159 (s) 1150 (4) 1155 (s) 1133 (3) 1102 (174/14) V3 A v(CF)
939 (m) 938 (2) 935 (m) 950 (3) 908 (122/3) Vi3 B Va5(C—C)
757 (21) 781 (m) 763 (16) 729 (12/8) Vg A v5(C-C)

¢ Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, sh = shoulder, br = broad. Experimental Raman intensities are
relative to a scale of 1 to 100. ? Calculated on the B3LYP/aug-cc-pVTZ level of theory. Scaling factor: 0.968. ° IR intensities in km mol™!; Raman

intensities in A*/u.
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Fig. 2 Low-temperature Raman and IR spectra of C4O,F,, 2, and 3.

Also, in IR the OH oscillation is identified at 3084 cm ™.
Furthermore, the protonation is detected by a blue shift of
the C-F bond by 243 ecm™" in IR at 1458 cm™ ' and in Ra at
1445 cm™'. The antisymmetric stretching vibration is blue-
shifted in IR and Ra to 986 cm ™.

Vibrational spectroscopy of [C,(OH),F,][Sb,F4,]-2HF (4) and
[C4(OD),F,][Sb,F;;]-2HF (5). The low-temperature Raman and
IR spectra of [C4(OX),OF,][Sb,F41] (X = H, D) (4, 5) are illu-
strated in Fig. 3. In Table 3 are selected observed Raman and IR
frequencies of 4 and 5 are listed together with the quantum
chemically calculated frequencies of [C4(OH)OF,]"-HF as well as
their assignments. The complete analysis of the vibrational
frequencies can be seen in the ESI{ in Table S3. The diproto-
nated species [C4(OH),F,]" possesses C,, symmetry with 24
expected fundamental vibrational modes. The diprotonation
causes a slight effect on the C=C by a blue shift of 37 cm ™" to
2300 cm ™. Furthermore, after protonation the C=C bond
leads to a change of dipole moment which is not present in the
starting material and is detected at 2334 cm™ " (IR). The C=0
stretching vibrations are red-shifted and can be observed at
1626 cm™ " in IR and 1688 cm™ " in Ra. In IR the antisymmetric
C-F bond is blue-shifted to 1445 em™ " and the symmetric
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Fig. 3 Low-temperature Raman and IR spectra of C4O5F;, 4, and 5.

C-F bond to 1418 cm™'. The effect on the C-C vibration is
within the standard deviation.

Crystal structure

Crystal structure of C,0,F, (1). The starting material 1
crystallizes in the tetragonal space group P4,2,2 with four
formula units per unit cell. Selected bond lengths, bond angles,
dihedral angles and interatomic contacts are listed in Table 4.
Further crystallographic data can be found in the ESIt (Chapter S2).
The formula unit is displayed in Fig. 4 the C=C bond length
of 1.186(2) A is in the expected range for an average triple
bond (1.183 A)."* The C1-C2 bond of 1.445(2) A and is slightly
shortened compared to an average single carbon bond (1.466 A)
with a similar bonding situation. The C=O bond length of
1.178(2) A is comparable to the corresponding bond lengths
of malonyl difluoride (1.177(3) A) and fumaryl fluoride
(1.177(4) A), respectively."*'> The C-F bond of 1 (1.332(1) A)
is significantly shortened compared to the C-F bond reported
for malonyl difluoride (1.349(4) A) and fumaryl fluoride
(1.334(2) A).***® In 1 the molecules are connected via C---O
donor-acceptor interactions. The molecules within one layer
are connected by 3.078(2) A interatomic contacts and the next
layer is connected by 2.896 A C---O contacts. The interatomic

Table 2 Selected observed vibrational frequencies [cm™ of [C4(OH)OF.]ISbFgl, [C4(OD)OF,]ISbFgl, and calculated vibrational frequencies [cm™ of

[C4(OH)OF,I*"-HF

2 exp.* 3 exp.” [C4(OH)OF,]"-HF calc.”

IR Ra IR Ra IR/Ra Assignment

3084 (m) 2878 (2945/159) vy A (OH)

2257 (m) 2269 (14) 2264 (m) 2264 (56) 2237 (490/425) vy A YC=C)

1840 (s) 1846 (9) 1838 (s) 1848 (20) 1823 (213/194) V3 A 1(CO)

1653 (m) 1659 (5) 1647 (m) 1654 (13) 1597 (634/37) Vy A (CO)

1458 (m) 1445 (2) 1443 (m) 1418 (6) 1422 (376/1) Vs A 1(CF)
1194 (m) 1164 (324/26) vy A (CF)

986 (m) 986 (2) 989 (m) 1000 (7) 963 (34/39) Vg A Va5(C-C)

768 (w) 766 (4) 764 (6) 737 (12/7) Vio A v4(C-C)

¢ Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, sh = shoulder, br = broad. Experimental Raman intensities are
relative to a scale of 1 to 100. ? Calculated on the B3LYP/aug-cc-pVTZ level of theory. Scaling factor: 0.968. ° IR intensities in km mol™!; Raman

intensities in A*/u.
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Table 3 Selected observed vibrational frequencies [cm ™ of [C4(OH)2F2][Sb,F14ls, [C4(OD)sF5][SbaF1l,, and calculated vibrational frequencies [em ™ of

[C4(HO),Fo1?*-2HF

4 exp.” 5 exp.” [C4(OH),F,]" -HF calc.”
IR Ra IR Ra IR/Ra Assignment
3446 (m) vy A v5(OH)
2334 (s) 2300 (88) 2328 (m) 2296 (100) 2266 (24/843) v, A C=C)
1626 (s) 1688 (18) 1649 (m) 1686 (32) 1659 (174/68) vy A 14(CO)
1635 (m) 1651 (1262/6) Vis B V,5(CO)
1445 (s) 1472 (w) 1488 (7) 1422 (405/1) V16 B Vas(CF)
1418 (s) 1382 (10) 1387 (298/35) Vs A v5(CF)
957 (s) 986 (m) 994 (9) 984 (163/1) V1o B 1as(CC)
770 (vw) 772 (11) 762 (20/14) vg A 15(CC)

“ Abbreviations for IR intensities: vs = very strong, s = strong, m = medium, w = weak, sh = shoulder, br = broad. Experimental Raman intensities are
relative to a scale of 1 to 100. b Calculated on the B3LYP/aug-cc-pVTZ level of theory. Scaling factor: 0.968. ° IR intensities in km mol~!; Raman

intensities in A*/u.

Table 4 Selected bond lengths, interionic distances [A] and bond angels

Table 5 Selected bond lengths, interionic distances [A] and bond angels
[’lof 2and symmetrycodes:i=1—x,1—y, —z/ii=1—x,1—-y, 1—Zziii=x,
-1+y,ziv=2-x,-1-yl-2z

[°] of 1 and symmetry codes: i = —x, —y, —z; ii=—-05—x,05+y, —0.25 +
z;iii=-15-x,05+y -025+~z

Bond lengths [A]

C1-C2. 1.445(2) C1-01 1.178(2)
c2-c2! 1.186(2) C1-F1 1.332(1)
Bond angles []

Cc1-C2-C2! 177.9(1) F1-C1-C2 111.3(1)
01-C1-C2 126.7(1) 01-C1-F1 121.9(1)
Intermolecular contacts [A]

o1.--c1" 3.078(2) 01---C1' 2.896(2)

Fig. 4 Formula unit of C4O,F, (displacement ellipsoids with 50% prob-
ability). Symmetry operation i = —x, —y, —z.

contacs are 90% and 96% below the radii of the van-der-
Waals radii. The distance is comparable to the contact of
FC(0)- - -C(O)CF; (3.037 A) and FC(O): - -CF; (3.217 A).*°

Crystal structure of [C,(OH)OF,][SbF¢] (2). The monoproto-
nated species of C,0,F, crystallizes in the triclinic space group
P1 with two formula units per unit cell. Selected bond lengths,
bond angles, dihedral angles, and interatomic contacts are
listed in Table 5. Further crystallographic data can be found
in the ESIT (Chapter S2). Two formula units are displayed in
Fig. 5 together with the intermolecular contacts.

In comparison with the starting material, the monoprotona-
tion does not significantly affect the bond lengths of the
unprotonated acyl fluoride moiety, the C3-C4 and the C=C
bond. The C1=01 bond is significantly elongated by approxi-
mately 0.040 A to 1.218(6) A compared to the neutral com-
pound. The C1-F1 bond (1.289(5) A) is shortened by 0.043 A
compared to 1. The Sb-F bond lengths of anion are in the range
from 1.853(3) A to 1.961(3) A and in agreement with those
reported in the literature.'”"'® Distorting the ideal O, symmetry
is caused by strong hydrogen bonds of O1-(H1)---F3 with a
length of 2.384(6) A. Also, the C-F interaction leads to a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Bond lengths [A]

C1-C2 1.423(9) C4-02 1.174(8)
C2-C3 1.184(9) C1-F1 1.289(5)
C3-C4 1.457(9) C4-F2 1.321(7)
C1-01 1.218(6)
Bond angles []
C1-C2-C3 176.5(6) F1-C1-01 120.6(5)
C2-C3-C4 176.5(6) 02-C4-C3 125.1(5)
01-C1-C2 122.9(5) F2-C4-C3 111.8(5)
F1-C1-C2 116.4(5) F2-C4-02 123.1(5)
Intermolecular contacts [A]
O1-(H1) " F3 2.384(6) C2-Faltt 3.057(6)
C1-F7' 2.711(7) C3-F5" 3.064(5)
C1-F4'l 2.942(6) Cca-F5" 2.754(4)
b1

- CLUT; 380 A
g
19 F3gy
?1 F7 '.‘

i
onl 2.711(7)A ,

. HW@

Fig. 5 Two formula units with intermolecular contacts and hydrogen
bonds in the crystal structure of 2 (displacement ellipsoids with 50%
probability). Symmetry codes: i=2 —x,1 -y, 1 — z

distortion of the ideal symmetry. The layer structure is built
via the hydrogen bonds and the C1-F7 interatomic interaction.
The layers are linked by four additional C-F interactions.
Crystal structure of [C4(OH),F,][Sb,F1,]-2HF (4). The dipro-
tonated species of C,O,F, crystallizes in the triclinic space
group P1 with two formula units per unit cell. Selected bond
lengths, bond angles, dihedral angles and interatomic contacts are
listed in Table 6. Further crystallographic data can be found in the
ESIT (Chapter S2). The formula unit of 3 is displayed in Fig. 6.
Compared to the neutral compound 1, the C=C is not
affected by the protonation. The shortening of the C-C bond is

New J. Chem., 2024, 48, 20140-20148 | 20143
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Table 6 Selected bond lengths, interionic distances [A] and bond angels [°]
of 4 and symmetry codes: i =1 —x, 2 -y, —zii=1-x2—-y,1- 2
ii=x1+y -14+2z

Bond lengths [A]

C1-C2/c1'-Cc2! 1.430(6) C1-01/C1'-O1' 1.226(5)
C2-C2' 1.190(6) C1-F1/C1'-F1' 1.281(4)
Bond angles [] o
ci1-c2-c2t 179.5(5) F1-C1-C2/F1'-C1'-C2' 116.5(4)
01-C1-C2/01'-C1'-C2! 122.1(4) F1-C1-O1/F1'-C1'-01' 121.5(4)
Intermolecular contacts [A] )

01-(H1)- - -F2! 2.413(4) C2-F10" 2.794(6)
F2-(H2): - -F5 2.481(5) C1'-F6" 2.871(6)
C1-F10" 2.582(6)

Fig. 6 Formula unit of 4 (displacement ellipsoids with 50% probability).
Symmetry codes: i=1—-x,1—-y, 1— 2z

within the 3 ¢ range. The C1=—01 bond is significantly elon-
gated by 0.048 A to 1.226(5) A compared to the starting
material. The diprotonation shortens the C1-F1 bond by
approximately 0.051 A to 1.281(4) A. The bond length of the
[Sb,F1;]” anion is in the range from 1.847(2) A to 2.046(2) A and
agrees with those reported in the literature.'®?® The anion is
connected to the cation with hydrogen bonds via a co-crystal-
lized HF molecule. According to Jeffrey, the hydrogen bonds
can be classified as strong.>* Surprisingly, in contrast to 3 and
2, the diprotonation has a planar molecular geometry.

NMR spectroscopy

The 'H, *C, and "°F NMR spectra of 1 and its protonated species
were measured at —50 °C in anhydrous HF (aHF) and SO,. In
Table 7 selected observed NMR shifts and couplings constants in
aHF are listed. The complete data and the measured NMR

Table 7 Observed *H and *°F NMR chemical shifts [ppm] at —50 °C??

View Article Online
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spectra are given in the ESIf as well as SO, data. In the
'H NMR spectrum, the peaks at 9.92 ppm for 2 and 9.72 ppm
for 4 are the first evidence of mono- respectively diprotonation.
The "*C{"H} NMR spectra show a trend of the shifts by protona-
tion steps. The higher the level of protonation, the more the peak
of the acid fluoride moiety is shifted downfield, and the coupling
constant increases. The observation is consistent with the values
reported in the literature by the protonated species of haloacetyl
fluorides, CCL,HCOF and fumaryl fluoride.®>*® The shift down-
field of cations compared to the neutral compound is reported in
the literature.®'*>>* The triple bond carbon atoms possess the
opposite effect. The higher the protonation level, the more they
are shielded, and the coupling constants decrease. In '°F NMR
the acyl fluoride moiety is shifted also slightly downfield by each
protonation step. The change in '’F NMR shift is also known
from the protonation of haloacetyl fluorides, CCl,HCOF, how-
ever is much smaller in the protonated species of C,0,F,.>°
Compared to fumaryl fluoride the shifts in aHF are in the same
range.'’

Theoretical calculations

The quantum chemical calculations were performed on the
MP2/aug-cc-pVTZ level of theory at 298 K using the Gaussian16
program package.>® Further details on a comparison of calcu-
lated and measured bond lengths are shown in ESI.{ The
stereoelectronic features of oxygen and the supramolecular
stereoelectronic effect (SSE) in carboxylic acids are well-docu-
mented in the literature.?*>® Studies indicate that the confor-
mation of carboxylic acids is strongly influenced by the
nfp — TG_q electron donation from the oxygen atom into the
carbonyl group.>® Consideration of the isolated molecule shows
that the E-conformation is energetically less favorable com-
pared to the Z-conformation.>® As soon as hydrogen bonds can
form this energetic disadvantage is reversed, making the E-
conformation more stable than the Z-conformation.”®*® Proto-
nated carboxylic acids also show two different conformers, with
the syn-syn and the syn-anti conformation.”**° Protonated acyl
fluorides have a similar geometry compared to carboxylic acids.
A few protonated acid fluorides have been published in
recent years, the haloacetyl fluorides, dichloroacetyl fluoride,
and fumaryl fluoride.®*° All five crystal structures are in the
Z-conformation. The monoprotonated and diprotonated spe-
cies of acetylenedicarbonyl fluoride also adopt the Z conforma-
tion. The C-F bond is shortened due to the protonation of an
acyl fluoride. This shortening of the C-F bond is reported in the

C,40,F, (1) [C4(HO)OF,][SbF¢] (2) [C4(HO),F,][Sb,Fy],+(4)
'H NMR 9.92(OH, s) 9.72(OH, s)
13¢{'H} NMR 140.2(COF,d, J = 322.7 Hz) 141.9(COF, d, J = 324.0 Hz) 143.7(COF, d, J = 326.1 Hz)

72.9(C=C, dd, J = 111.9 Hz, 14.4 Hz) 72.8(C=C, dd, J = 108.8 Hz, 14.3 Hz) 74.0(C=C, dd, J = 104.0 Hz, 13.1 Hz)
°F NMR 45.22(COF, s) 45.48(COF, s) 45.91(COF, s)
—120.99(s) —120.68(s)
—128.00(s) —126.69(s)

% The observed nuclei in the assigned species are highlighted in bold characters. * The multiplicity of the signal is given in parentheses.
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Fig. 7 The illustration of the classic Z effect (middle) is stronger than the
supramolecular stereoelectronic effect (left). The +R effect stabilizes
additionally due to the C—F bond shortening the Z conformation (right).

literature by the +R effect.'"® However, the +R effect alone is no
explanation for the favoured Z conformation in protonated acyl
fluorides. The classic Z effect is stronger than the SSE effect in
protonated acyl fluorides (Fig. 7). The +R effect additionally
stabilizes the classic Z effect.

Due to the stabilization by the classic Z effect and the +R
effect the rotational barrier of the monoprotonated species of
acetylenedicarbonyl fluoride is calculated. Fig. 8 displays the
internal reaction coordinate (IRC) of the E and Z conformation
with the transition state. The energetic accuracy for the method
MP2/aug-cc-pVTZ is between 0.64 k] mol ' (mean) and
1.64 k] mol ' (maximum).*®

The E- and Z-conformers have only a small energy gap of
2.3 k] mol " between each other. This is in the same range as
the calculated energy differences for protonated propiolic acid
of 1.4 kJ mol *.*>* The energy barrier (64.8 kJ mol™') is in the
same area compared to the protonated carboxylic acids formic
(15.3 keal mol™* = 64.0 k] mol™ "), acetic (11.2 kecal mol " =
49.8 k] mol "), and propiolic acids (18.2 k] mol *).>**® The not
observed E-conformer in protonated acyl fluoride is a result of the
highly temperature unstable cations. Another example for the
stabilisation of conformation is the syn conformation of FC(O)SCI
which is 0.31 kcal mol ™ (=1.30 k] mol ') more stable than
the anti-conformer by an Ip, — n*(C=0) orbital interaction.*"

J
-502.008703
3
5,
>
2
g 8 kJ/mol
s
2
B g
-502.034267
9
Boos®  Pood
J J
0° 90° 180°
Fig. 8 IRC of the rotational barrier of the monoprotonated species of

C405F, from Z to E conformation.
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The system of protonated acyl fluorides would have to be exposed
to very high temperatures for the thermal energy to be sufficient to
enable the conformational change. The thermal decomposition of
the protonated acyl fluorides is an obstacle in this process.

Conclusions

In this work, the crystal structure of C,0,F, is reported for the
first time. Furthermore, the structure and properties of its
mono- and diprotonated species are reported.> The diproto-
nated species is the first example, which is formed by the
decomposition of the monoprotonation in R-134a. All com-
pounds were characterized by single-crystal X-ray diffraction,
low-temperature NMR-spectroscopy, and low-temperature
vibrational spectroscopy. The experimental data are discussed
together with the DFT/aug-cc-pVTZ level of theory.>* The quan-
tum chemical calculations in the theoretical calculations part
were performed on the MP2/aug-cc-pVTZ level of theory. The
theoretical calculation part explains the favoured Z conforma-
tion of protonated acyl fluorides. The rotational barrier is
notable higher compared to the carboxylic acids.>*>°

Experimental section

Caution! The hydrolysis of SF,, SbF5; C,F,0,, and the prepared
salts (2-5) might form HF which burns skin and causes
irreparable damage. Safety precautions must be taken while
using and handling these materials.

Apparatus and materials

All experiments were executed on an electropolished stainless-
steel vacuum line. For the synthesis of acetylenedicarbonyl
fluoride, 1-t-autoclaves were employed. The autoclave was dried
over 1 h at 350 °C. Room- and low-temperature Raman spectro-
scopic studies were performed using a Bruker MultiRAM
FT-Raman spectrometer with Nd: YAG laser excitation (1 =
1064 cm™ ') under vacuum at —196 °C. For a measurement,
the synthesized compounds were transferred into a cooled
glass cell. At low temperatures. IR spectra were recorded in a
vacuum using a Bruker Vertex —80 V FTIR spectrometer.
A small amount of the synthesized samples was placed on a
CsBr single crystal plate in a cooled cell for measurement.*
The low-temperature single-crystal X-ray diffraction of C,0,F,
(1), [C4(OH)OF,][SbF] (2), was performed on an Oxford XCali-
bur 3 diffractometer equipped with a Kappa CCD detector,
operating with Mo-Ko. (0.71073 A) radiation (3 errors) and a
Spellman generator (voltage 50 kV, current 40 mA). The pro-
gram CrysAlisPro 1.171.38.46 (Rigaku OD, 2015)** was
employed for the data collection and reduction. The structures
were solved utilizing SHELXT*® and SHELXL-2018/3%¢ of the
WINGX software package.®” The structures were checked using
the software PLATON.*® The absorption correction was per-
formed using the SCALE3 ABPSACK multiscan method.*®
Selected data and parameters of the measured single-crystal
X-ray structures analyses are summarized in Table S3 (see ESIt).
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NMR samples were prepared by adding the HF solution to a
small FEP tube under a nitrogen stream. The tube was sealed
under vacuum and inserted into a standard NMR tube. For 1H,
19F, and 13C{1H} NMR measurements a Bruker AVA00TR and a
JEOL ECX 400 NMR spectrometer were used. For evaluation,
MNOVA by Mestrelab was used.’® The quantum chemical
calculations in the experimental section were performed on
the B3LYP/aug-cc-pVTZ level of theory with the Gaussian16
program package.>® The quantum chemical calculations were
performed on the MP2/aug-cc-pVTZ level of theory at 298 K with
the Gaussian16 program package.’® For visualization and illus-
tration of the MEP calculations GaussView 6.0 was used.>*>*"

Synthesis of acetylenedicarbonyl fluoride (1). The prepara-
tion procedure previously reported by Hasek et al was
optimized.5 A dry 1-L-autoclave was filled with dried C;H,0,
(93 mmol) in a nitrogen atmosphere. The autoclave was evac-
uated and SF, (185 mmol) was condensed in the autoclave at
—196 °C. The reaction mixture was allowed to warm up to room
temperature for 24 h. The product was purified by trap to trap-
distillation (—78 °C and —196 °C). A colorless liquid was formed
in all the experiments with a yield of around 73%. The reaction
with sulfur tetrafluoride and acetylene dicarboxylic acid leads
to a very pure product of acetylenedicarbonyl fluoride.

Synthesis of [C4(OH)OF,][SbF] (2). Antimony pentafluoride
(200 mg, 0.923 mmol,1.5 eq.) was condensed in an FEP tube
reactor in a static vacuum at —196 °C. Afterward, 0.75 mL
anhydrous hydrogen fluoride (aHF) was added, and the mixture
homogenized at —40 °C. At —196 °C. Acetylenedicarbonyl fluoride
(72.6 mg, 0.615 mmol, 1.0 eq.) was added at —196 °C to the
superacidic system and warmed up to —40 °C. The solvent was
removed at —78 °C overnight. The product was a white salt.

Synthesis of [C4,(OD)OF,][SbF¢] (3). Antimony pentafluoride
(60.0 mg, 0.277 mmol, 2.2 eq.) was condensed in a static
vacuum in an FEP tube reactor at —196 °C. Afterwards, 0.75 mL
anhydrous deuterated hydrogen fluoride (aDF) was added, and the
mixture homogenized at —40 °C. At —196 °C Acetylenedicarbonyl
fluoride (14.8 mg, 0.125 mmol, 1.0 eq.) was condensed into the
FEB tube reaction vessel. The mixture was warmed up to —40 °C.
Finally, the excess solvent was removed at —78 °C overnight. The
product was observed as a colorless salt.

Synthesis of [C,(OH),F,][Sb,F1,],-2HF (4). At first (2) was
synthesized. Afterward, R134a was condensed at —78 °C and
after 20 min, the reaction mixture was warmed up to —25 °C for
20 min and mixed. The solvent was removed very quickly at
—25 °C. The product occurs as a colorless to yellow salt.

Synthesis of [C4(OD),F,][Sb,F1;],-2DF (5). For the synthesis
of (5), R134a was added to synthesized salt (3) at —78 °C and
after 20 min, the reaction mixture was warmed up to —25 °C for
20 min and mixed. The solvent was removed very quickly at
—25 °C. The product was a colorless yellow salt.

Data availability

The data supporting this article have been included as part of
the ESI.{ For full details on vibrational spectroscopy, NMR
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spectroscopy, X-ray diffraction refinement, and computational
details. Crystallographic data has been deposited at the CCDC
under 2371787, 2371788, and 2371790.F
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