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Syntheses and Structures of Protonated

Acetylenedicarboxylic Acid

Christoph Jessen™ and Andreas J. Kornath*™

Acetylenedicarboxylic acid (C,H,0,) was protonated in the
binary superacidic systems HF/MFs (M=As, Sb). Depending on
the stoichiometric ratio of Lewis acid and acetylenedicarboxylic
acid mono- and diprotonated acetylenedicarboxylic acid was
obtained. The salts of diprotonated acetylenedicarboxylic acid
were characterized by vibrational spectroscopy and in case of
[C,H,O,1[SbF¢l, by a single-crystal X-ray structure analysis. The
salt crystallizes in the monoclinic space group C2/c with four

Introduction

The acetylenedicarboxylic moiety is a widely applied structure
motif in synthetic chemistry. It is commonly used as a
dienophile and dipolarophile in cycloaddition reactions, or as
Michael acceptor.” The acetylenedicarboxylate anion is de-
ployed as ligand for coordination polymers or as building block
for metal-organic frameworks (MOFs).? Its simplest form -
acetylenedicarboxylic acid - was first described by Bandrowski
in 1877. Since then, the acidic compound (pK,,=1.75; pK,,=
4.40) and its corresponding anions have been thoroughly
characterized. However, to the best of our knowledge the
basicity of acetylenedicarboxylic acid has not been reported
yet. This prompted us to investigate the behavior of acetylene-
dicarboxylic acid in superacid media.

Results and Discussion
Syntheses

Acetylenedicarboxylic acid was reacted in the binary superacidic
systems XF/MF; (X=H, D; M=As, Sb) as shown in equation (1)
and equation (2). Both reactions were performed in a two-step
synthesis. First, the superacidic system (HF/AsFs or HF/SbFs) was
formed by homogenization of the Lewis acid with an excess of
anhydrous hydrogen fluoride at —30°C. After freezing the
superacidic system at —196°C, acetylenedicarboxylic acid was
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formula units per unit cell. Furthermore, salts of monoproto-
nated acetylenedicarboxylic acid were synthesized and charac-
terized by single-crystal X-ray structure analysis. The salts
[C,H;0,][AsF¢] and [C,H;0,][SbF,] crystallize in the monoclinic
space group C2/c with four formula units per unit cell. The
monoprotonation is better described as a twofold hemiprotona-
tion of acetylenedicarboxylic acid. The experimental results are
discussed together with quantum chemical calculations.

added under inert gas atmosphere. Then the mixture was
warmed to —30°C, where the protonation reaction took place.
After the removal of excess aHF at —78°C in vacuo the
yellowish salts [C,H,O,l[AsF¢], (1), [C,H,O,][SbFgl, (2) and the
colorless salts [C,H;O,0[AsFs] (3), [C,H;0,[SbFs] (4) were
obtained. The salts of the diprotonated acetylenedicarboxylic
acid (1) and (2) are stable up —10°C, while the salts of the
twofold hemiprotonated acetylenedicarboxylic acid (3) and (4)
are stable up to 15°C.

H 2+
Q OH HF H-Q ¢ )
>\%< +  2MFs - —= 2 [MFg] 1)
ud o 30°C d ~
M= As, Sb H
H\
(0] OH HF o] l l
>—<: + MF5 . = MFg 2)
HO o —30°C
M= As, Sb H

The corresponding deuterated salts [C,D,0,][AsF¢], (5) and
[C,D,O,][SbF¢], (6) are obtained by changing the superacidic
system from HF/MF; to DF/MF; (M= As, Sb). Due to large excess
of aDF (100:1), a deuteration of approximately 98% was
achieved.

Crystal Structure of [C,H,0,]1[SbF],

The salt [C,H,0,][SbF¢], (2) crystallizes in the monoclinic space
group C2/c with four formula units per unit cell. The formula
unit is illustrated in Figure 1 and a summary of the geometric
parameters is listed in Table 1. In the crystal packing of the
starting material, acetylenedicarboxylic acid forms linear chains
which are connected by disordered hydrogen bonds. Therefore,
the C—O distances are equally long and in the range between
regular C—O and C=0 bond lengths.”) Even though diprotona-
tion breaks the C,H,0, chains apart, only small changes in its
geometrical parameters are observed when C,H,0, is compared
to (2). Due to the diprotonation an elongation of the C=0

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Vibrational Spectra of [C,H,0,]1[SbF],

Selected infrared and Raman spectra of [C,H,O,I[SbF¢], (2),
[C,D,O,l[SbF], (6) and the starting materials C,H,0, and C,D,0,
are shown in Figure 2. Table 2 summarizes selected experimen-
tal vibrational frequencies together with calculated frequencies
of the [C,X,0,-4HF]*" cation (X=H, D). The vibrational spectra
of all synthesized salts of diprotonated acetylenedicarboxylic
acid and their respective D-isotopomers are illustrated in the
Supporting Information (Figure S2). According to the crystal
structure, the dication possesses C, symmetry with 30 funda-
mental vibrations. All of them are expected to be IR and Raman
active. The assignment is based on an analysis of the Cartesian
displacement vectors of the calculated vibrational modes and a
comparison with the vibrations described in the literature for

Figure 1. Formula unit of (2) (50% probability displacement ellipsoids).
Symmetry code: i=1-x,y, 0.5—2. C,H,0,®

The O—H stretching vibrations of (2) are not observed in the
Raman spectrum due to the poor polarizability of the OH group.
Table 1. Selected bond lengths and angles of acetylenedicarboxylic acid, However, in the vibrational spectra of [C,D,0,][SbFl, (6) the
[C.H.OISbF; (2) and [CH;OAIISLR (4) 0O-D stretching vibrations can be observed between 2126 cm™

Bond lengths [A] CiH,0,” [C4H,0,][SbF ], [C:H;0,][SbFe] and 2016 cm™' (Ra), and as a broad band between 2015 cm™'
c1-C2 1.454(1) 1.442(4) 1.446(2) and 2083 cm™' (IR). The characteristic C=C stretching mode is
Q) 0 o . () observed at 2301 cm™ (1) and 2290 cm™ (2), respectively with
C2—C2i (C=C 1.188(1 1.180(5 1.188(3 . 1 1

C1-01 1262(1) 126103) 1.282(2) blue-shifts of 60 cm™ (1) and 49cm™' (2) compared to the
Cc1-02 1.245(1) 1.264(3) 1.237(2) neutral compound.” The diprotonation of acetylenedicarboxylic
Bond angles [] acid is confirmed by the shifts of the CO stretching modes. The
01-C1-02 126.0(1) 121.2(2) 123.1(1) . S .
01-C1-C2 116.8(1) 116002) 116.2(1) C=0 stretching vibrations of CH,0, at 1697cm™' and
02-C1-C2 117.2(1) 122.8(2) 120.7(1) 1659 cm™' are red-shifted in the diprotonated species
C1-C2-C2i 177.7(1) 178.9(4) 172.9(1) (1644 cm™ (1), 1645 cm™' (2) (Ra) and 1634 cm™" (1), 1632 cm™’
Angle of torsion [°] 2) (R)

01-C1-C2—C2i 142(10) —165(1) " . ] .
02-C1-C2-C2i ~39(10) 14(1) The intense Raman lines at 1533 cm™' (1) and 1529 cm™' (2),
C1-C2-C2i=C1i ) —146(13) 4202) respectively can be assigned to the other C-O stretching
Donor-acceptor distances [A] . .

O1—H1-F2ii 2.54403) vibrations. Compared to the neutral compound, these v(C—0O)
02-H2--F1 2.537(2)

02—-H2--02iii 2.442(2)

O1-H1-F1 2.578 (2)

[C,H.O,][SbF],

bonds of 0.019 A is observed, which leads to bond lengths of
1.261(3) (C1-01) and 1.264(3) A (C1-02) in (2). The positive
charges are stabilized within the carboxy groups. This is also
observed in the structurally similar tetrahydroxydicarbenium
cation [(HO),CC(OH),1** with C—O bond lengths of 1.257(2) A
and 1.259(3) A On the contrary, the C—C and C=C bonds are
not significantly affected by the diprotonation. The [C,H,0,]*"
cation does not show a planar structure with the protonated

Transmittance

[C.D.O,][SbF,],

[C.D,O.][SbF.].

carboxy groups being twisted with respect to each other by .| | (€00l )
41.10°. 3
The Sb—F bond lengths of the [SbF.]~ anion range from g

1.848(2) to 1.917(2) A. The values are typical for slightly llgling

distorted [SbF]~ anions.*® The distortion from the octahedral
structure is caused by hydrogen bonds with the cation, which [C,H,0.] M J(LA_/JM
leads to an elongation of the Sb-F1 and Sb-F2 bonds.

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm "]

Figure 2. Low-temperature Raman and IR spectra of [C,X,0,][SbF4], (X=H, D)
(2, 6), C,H,0, and C,D,0,.
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Table 2. Selected experimental vibrational frequencies [cm~'] of [C,X,0,][SbF¢l, (X=H, D) and calculated vibrational frequencies [cm~'] of [C,X,0,-4HF]**
[C,H,0,1ISbF], (2) exp.”! [C,D,0,1ISbF], (6) exp.”! [C,H,0,-4 HFI** calc.* [C,D,0,-4 HFI** calc.bd Assignment™
IR Raman IR Raman IR/Raman IR/Raman
2299 vw 2290 (100) 2290 (100) 2297 (0/517) 2301 (100/488) v(C=0)
1632 m 1645 (4) 1626 m 1633 (6) 1654 (238/7) 1640 (570/4) v,(CO)
1592 (1) 1605 m 1604 (3) 1654 (594/4) 1639 (277/7) v,s(CO)
1529 m 1549 (2) 1518 m 1528 (3) 1521 (986/2) 1487 (996/2) V,5(CO)
1516 (44) 1475 m 1478 (35) 1503 (78/69) 1462 (18/95) v,(CO)
1277 m 1273 (2) 1016 w 1018 (12) 1247 (320/0) 1000 (59/10) d(COX)
1234 m 968 m 989 (2) 1234 (287/1) 946 (142/0) d(COX)
1227 (36) 949 m 959 (3) 1228 (133/29) 929 (11/3) d(COX)
1227 (36) 930 m 936 (2) 1228 (133/29) 910 (180/1) d(COX)
[a] Abbreviations for IR intensities: vs=very strong, s=strong, m=medium, w=weak. [b] Calculated on the M06/aug-cc-pVTZ level of theory. Scaling
factor: 0.965. [c] IR intensities in km/mol; Raman intensities in A%/u. [d] X=H, D.

vibrations are blue-shifted by 110cm™ (1) and 90cm™' (2),
respectively. Furthermore, four §(COH) vibrations are observed
between 1277 cm™’ (IR, (2)) and 1227 cm™' (Ra, (2)). As
expected, the corresponding 6(COD) vibrations are red-shifted
and are observed between 1018 cm™' (Ra, (6)) and 930 cm™' (IR,
(6)). In both compounds, more than the expected vibrations for
anions with ideal octahedral symmetry are detected. This
indicates a distortion of the [AsF¢]~ and [SbF¢]™ anions which is
in accordance with the data from the crystal structure.

Crystal Structure of Monoprotonated Acetylenedicarboxylic
Acid [C,H;0,][MF,] (M=As, Sb)

The salts [C,H;0,][MF] (M=As, Sb) crystallize in the monoclinic
space group C2/c with four formula units per unit cell. The
crystal structures of (3) and (4) are isomorphous. Since the
geometric parameters of the cation in the two crystal structures
do not differ significantly, only the crystal structure of
[C,H;0,][SbF] (4) is discussed in the following part. The formula
unit is illustrated in Figure 3 and the selected geometric
parameters are listed in Table 1.

The formula unit of the [AsF¢]™ salt (3) is depicted in
Figure S1 and the geometric parameters of (3) and (4) are
compared in Table S1 in the Supporting Information. On the
one hand, the bond lengths of the carbon backbone of (4) are
not affected by monoprotonation and are comparable to the
starting material and [C,H,0,][SbF¢], (2). On the other hand, the
bond lengths in the carboxy group change significantly. The

w 2 H2

Figure 3. Formula unit of 4 (50% probability displacement ellipsoids).
Symmetry codes: [=—x, y, —0.5—z ii=1-x,y, 1.5z

C—O bond lengths of 1.282(2) A (C1—01) and 1.237(2) A (C1-02)
differ by 0.045 A. Therefore, there is a significant difference
between the C—O bond lengths in 3 and 4 in contrast to the
diprotonated species 2, which shows no difference within the
estimated standard deviations. This indicates that the positive
charge is not equally distributed within the carboxy group as it
is in [C,H,0,][SbF¢], (2). The bond angles in the [C,H;0,]* cation
are between the bond angles of the neutral compound and (2).
The C1-C2-C2i bond angle with 172.9(1)° is surprisingly small for
an sp-hybridized carbon atom, which results in a bent structure
of the carbon scaffold. However, similar and even smaller angles
along the carbon chain are well known for the acetylenedicar-
boxyl moiety.” In the [SbF]~ anion the Sb—F bond lengths
range from 1.851(2) to 1.891(1) A, which are typical values for
slightly distorted [SbF¢~ anions.®® The distortion from the
octahedral structure is due to hydrogen bonding towards the
cation.

The cations in the crystal structure of (4) consist of hemi-
protonated polycationic chains instead of the monoprotonated
species [C,H;0,][MF;]. Therefore, the formally monoprotonated
acetylenedicarboxylic acid is better described as twofold hemi-
protonated acetylenedicarboxylic acid. A similar structure of
polycationic chains with twofold hemiprotonated molecules is
observed in monoprotonated p-benzoquinone and fumaric
acid."®" When formally monoprotonated acetylenedicarboxylic
acid (4) is compared to monoprotonated oxalic acid, there is an
interesting difference in the crystal packing. Oxalic acid shows a
clear monoprotonation in its crystal structure, even though it
also builds cationic chains via hydrogen bonds (Figure 4). A
comparison to the C—O bond lengths in monoprotonated oxalic
acid indicates that there is a significant difference between the
monoprotonation and the twofold hemiprotonation. However,
it should be noted, that the hemiprotonation could indicate an
alternating situation between a protonation in one direction or
the other. Therefore, the C—O bond lengths in (4), involved in
the O--H--O hydrogen bonds are expected to be between the
corresponding C—O bond lengths of monoprotonated oxalic
acid. Indeed, this is observed and shown in Figure 4.

Figure 5 shows the difference electron density map of
[C,H;0,][SbF,] (4) in the plane of the two bridged carboxyl
groups.
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a) referred to as short, strong, low-barrier (SSLB) hydrogen
c1-02 bonds.'*1®
1.237(2)

2.442(2)
- Quantum chemical calculations
C1i-02i
Lgie) Quantum chemical calculations were performed on the M06/
aug-cc-pVTZ level of theory with the Gaussian program pack-
age. To simulate the strong hydrogen bonds, observed in the
crystal structure, four hydrogen fluoride molecules were added
to the gas phase structure of the [C,H,0,]*" cation.*'” Figure 6
shows the experimental and calculated structure of the
[C,H, 0,7 moiety in the [C,H,0,-4HF]** cation with bond
lengths and angles.
C2-04 The calculated gas phase structure is in good agreement
1.259(6) with the structure observed in the crystal structure. Also the
experimental vibrational frequencies are better represented by
Figure 4. C—O bond lengths and O--O distances in the cationic chains of a) the calculated HF solvated cation than by the naked [C4H4O4]2+
[C4H;0,][SbF4] (4) and b) monoprotonated oxalic acid. Bond lengths are cation. The calculation of the gas phase structure of the
given in A. Symmetry codes: /=0.5—x, 0.5—y, 1.5-z; ii=x, 1.5—y, 0.5+ monoprotonated cation is more complex. Due to the twofold
hemiprotonation, the [C,H;0,]" cation possesses C, symmetry
in the crystal structure of (3) and (4). However, the gas phase
structure of the naked [C,H;0,]" cation possesses C; symmetry
and describes the geometrical parameters of the [C,H;0,]"
cation only poorly. To address this issue in the calculation, two
HF molecules were added to simulate anion-cation contacts
and two formaldehyde molecules were added to simulate the
interactions of the cationic chain in the solid state (Figure 7).
This approach has already been successfully applied to simulate
hydrogen bonding and is in good accordance with the data
from the crystal structures (3) and (4).""'®
Comparing the crystal and calculated gas phase structures,
it stands out that the carbon scaffold is not changed
significantly by the degree of protonation. Therefore, it is
interesting to compare the protonated species of this work with
anionic species of acetylenedicarboxylic acid from the literature.

b)

“O4ij- 01
2.552(5)

- -

Angstrom

178.9(4)°

Figure 5. Difference electron density map of the [C,H;0,]" cation in (4)
without the bridging proton in the plane of the two bridged carboxyl
groups.

Since the exact position of the proton is indeterminate by
single-crystal X-Ray analysis, its position is assumed to be
between 02 and 0O2i. For crystallographic site symmetry, the
structure was successfully refined with the proton located on
the inversion center. As the difference electron density map
suggests, a twofold disorder with a 50% proton occupation
might be present in the crystal structure. Nevertheless, a strong
hydrogen bond 02--H--02i with a very short donor-acceptor
distance of 2.442(2) A is present in the crystal structure. The
donor-acceptor distance is considerably shorter than the sum of ) ) o
the Van der Waals radi (.00 4. Simiarly short O~(H)-0  FEATe &, E6rmente 106) o clcated aton) et st o
distances are observed in the (HsO,")-cation.*" Other com-  calculated structure for clarification. Bond lengths are given in A. Symmetry
parable hydrogen bonds are described in the literature and are ~ code:i=1-x,y, 0.5z
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i & H2iH2ii
H2/H2f ™=, 4 ARt

Q2ii ‘ 0 O2iif

Figure 7. Experimental (top) and calculated (bottom) cationic structures of
[C,H,0,-2CH,0 -2HFI**. The intermolecular contacts, HF and formaldehyde
molecules, are displayed transparently for clarification. Bond lengths are
given in A. Symmetry code: i=—x, y, —0.5—z ii=0.5—x, 0.5—y,—z; iii=—0.5
+x,05-y, —05+z

Table 3 summarizes the bond lengths of [NH,],[C,0,1" K-
[C,HO,1”” C,H,0," (2) and (4). The C=C bond length is not
significantly affected by the charge of the acetylenedicarboxylic
moiety. However, the C—C single bond length decreases from
the dianion to the dication. Interestingly, the C—O bond lengths
of the monoanion and monocation differ significantly from the
compounds with even charge (-2, 0, +2). Furthermore, the
anions in K[C,HO,] build infinite chains with very short O--H--Oi
hydrogen bonds (2.446(3) A).*” This prompted us to further
investigate the hydrogen bonding in twofold hemiprotonated
acetylenedicarboxylic acid [C,H;0,][MF¢] (M= As, Sb).

The above-mentioned term of short, strong, low-barrier
(SSLB) hydrogen bonds describes a special case of hydrogen
bonding, in which the proton is located at a variable position
between two similarly acidic acceptor atoms. The main proper-
ties of these hydrogen bonds are an unusually short O--O
distance of <2.5A and a low or no energy barrier at the

Table 3. Summarized bond lengths of selected compounds containing the
acetylenedicarboxylic moiety.

Charge Compound Bond lengths [A]

c—C =C -0

-2 INH,1,IC,0,]""  1.479(3) 1.203(5)  1.252(2)

-1 K[C,HO,]* 1.466(3) 1.191(4) 1.221(3) 1.285(3)

0 C,H,0,% 1.454(1) 1.188(1)  1.245(1) 1.262(1)
1.455(1) 1.246(1) 1.259(1)

+1 [C4H;O,1ISbFs]  1.446(2) 1.188(3)  1.237(2) 1.282(2)

+2 [C,H,O,1ISbF], 1.442(4) 1.180(5) 1.261(3) 1.264(3)

Eur. J. Inorg. Chem. 2022, €202100965 (5 of 7)

symmetric position of the proton between the two acceptor
atoms.

Examples of such hydrogen bonds are observed in O-
protonated homodimers of benzophenone, diethyl ether, nitro-
benzene or benzaldehyde."®*" To investigate if the short
hydrogen bonding in (3) and (4) fits into the concept of SSLB
hydrogen bonding, quantum chemical calculations were per-
formed on the B3LYP/aug-cc-pVTZ level of theory. To simulate
the O--H--Oi hydrogen bond in the polycations of (3) and (4),
the calculated structure with two HF and two CH,O molecules
(Figure 7) is not suitable. Therefore, a second approach with a
sesquiprotonated dimer was applied as depicted in Figure 8.

The geometry optimization leads to a first-order saddle
point on the potential energy surface (TS in Figure 9). At this
saddle point, the proton is situated exactly in the middle of the
O--H--0 trajectory. One single imaginary vibration frequency is
calculated for the structure at this saddle point, which refers to
the transition state of the proton transfer. The bond lengths
and the O--O distance (2.410 A) in the calculated structure are
comparable to the results from the crystal structures (3, 4).
Further optimization of the structure with the same O--O
distance of 2410 A then leads to two equivalent energetic

Figure 8. Optimized gas phase structure of the [(C,H;0,)-+H-+(C,H;0,)**
cation at the transition state of the proton transfer (first-order saddle point
on the potential energy surface). Bond lengths are given in A.

M1 = M2

Qo f—H—| Qi

Position of the bridging proton H2

Figure 9. Schematic illustration of the flat bottom energy well typical for
short, strong, low-barrier hydrogen bonds."%*?

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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minima with the bridging proton being situated slightly outside
the central position (M1 and M2 in Figure9) (Figure S6
Supporting Information). This is consistent with the results of
the crystal structure, where the highest electron densities
between the 0O--Oi atoms are located slightly outside the
inversion center (Figure 5). Furthermore, the energy difference
between the transition state and the minima is the barrier
height of the proton transfer, which is low (1.2 kJ/mol). This
indicates an intermediate position of the proton along the
O--H--O trajectory, which imposes a small asymmetry since
there are two minima that are not located exactly in the
middle.

All in all, the experimental and theoretical data for the
hemiprotonated hydrogen bond are consistent with the
concept of SSLB hydrogen bonding."®*® However, this topic has
only been reported for proton-bound homodimers so far.
Twofold hemiprotonated acetylenedicarboxylic acid shows a
polycationic structure which is connected via short, strong
hydrogen bonding with indeterminate positioning of the
protons.

Conclusion

The reaction of acetylenedicarboxylic acid in the superacidic
media HF/AsF; and HF/SbFs; was investigated. The salts of
diprotonated [C,H,O,][MF¢], (M=As, Sb) and monoprotonated
[C,H;0,lIMF] (M=As, Sb) acetylenedicarboxylic acid were
obtained, depending on the stoichiometric ratio of Lewis acid
to starting material. The salts were characterized by low-
temperature vibrational spectroscopy and single crystal X-Ray
structure analyses. The monoprotonated acetylenedicarboxylic
acid is better described as a twofold hemiprotonated species. In
the crystal structure short O--H--O hydrogen bonds are present,
which build polycationic chains. Furthermore, quantum chem-
ical calculations were performed on the B3LYP/aug-cc-pVTZ
level of theory and discussed in context of SSLB hydrogen
bonds.

Experimental Section

Caution! Note that any contact with the described compounds
should be avoided. Hydrolysis of these salts forms HF which burns
skin and causes irreparable damage. Safety precautions should be
taken while handling these compounds.

Apparatus and Materials

All reactions were carried out by employing standard Schlenk
techniques on a stainless-steel vacuum line. The syntheses of the
salts were performed using FEP/PFA-reactors with stainless-steel
valves. Before each reaction, the stainless-steel vacuum line and the
reactors were dried with fluorine. The obtained compounds were
characterized by low temperature IR- and Raman spectroscopy and
single crystal X-Ray diffraction analysis. For Raman measurements, a
Bruker MultiRam FT-Raman spectrometer with Nd:YAG laser
excitation (1=1064 nm) was used. Low temperature IR-spectro-
scopic investigations were carried out with a Bruker Vertex-80 V
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FTIR spectrometer using a cooled cell with a single-crystal CsBr
plate on which small amounts of the samples were placed.*” The
single crystal X-Ray diffraction studies were performed with an
Oxford XCalibur3 diffractometer equipped with a Spellman gen-
erator (voltage 50 kV, current 40 mA) and a KappaCCD detector,
operating with Mo-K, radiation (1=0.7107 A). The measurements
were performed at 173 K. The program CrysAlisCCD®' and for its
reduction CrysAlisRED”® were employed for the data collection. The
structures were solved utilizing SHELXS-97%” and SHELXL-97°® of
the WINGX software package® and verified with the software
PLATON.B” The absorption correction was performed using the
SCALE3 APSACK multiscan method.®?” Quantum chemical calcula-
tions were carried out using the software package Gaussian09.5?

Syntheses of [C,X,0,1[MF.], (X=H, D; M=As, Sb)

Initially, the binary superacid was formed by condensing the Lewis
acid AsF; or SbF; (1.0 mmol) into a FEP-reactor together with
anhydrous hydrogen fluoride (aHF) or deuterium fluoride (aDF)
(1 mL). Both components were then warmed up to —30°C and
homogenized. After freezing the superacidic mixture at —196°C,
acetylenedicarboxylic acid (0.5 mmol) was added to the frozen
mixture under nitrogen atmosphere. For the reaction, the mixture
was warmed up to —30°C and homogenized to complete solvation
of the starting material. Excess of aHF or aDF was removed within
14 h at —78°C. All products were obtained as a yellowish crystalline
solid.

Syntheses of [C,H;0,][MF¢] (M= As, Sb)

The Lewis acid AsFs; or SbFs (0.5 mmol) was condensed in a FEP
reactor vessel together with aHF or aDF (2 mL) at —196°C. The
superacid was then formed by warming up to —30°C and
homogenization of the components. After freezing the superacidic
mixture at —196°C, acetylenedicarboxylic acid (0.5 mmol) was
added to the frozen mixture under nitrogen atmosphere. The
reaction mixture was then warmed up to —20°C and mixed until a
clear solution was received. Excess solvent was removed at —78°C
in dynamic vacuum. All products were obtained as a yellowish
crystalline solid.

Deposition Numbers 2002493 (for [C,H,O,l[SbF¢] (2)), 2025068 (for
[C,H;0,][AsFg] (3)) and 2025066 (for [C,H;0,][SbF,] (4)) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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