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Abstract. Fumaric acid was reacted with the binary superacidic sys-
tems HF/SbF5 and HF/AsFs. The 0,0'-diprotonated
[C4HeO41**([IMFg]), (M = As, Sb) and the O-monoprotonated
[C4HsO4] [MF4]~ (M = As, Sb) species are formed depending on the
stoichiometric ratio of the Lewis acid to fumaric acid. The colorless
salts were characterized by low-temperature vibrational spectroscopy.
In case of the hexafluoridoantimonates single-crystal X-ray structure

analyses were carried out. The [C4HgO4]?*([SbF]7), crystallizes in the
monoclinic space group C2/c with four formula units per unit cell and
[C4H5O4]*[SbF]~ crystallizes in the triclinic space group P1 with one
formula unit per unit cell. The protonation of fumaric acid does not
cause a notable change of the C=C bond length. The experimental
data are discussed together with quantum chemical calculations of the
cations [C4HgO, + 4 HF]?** and [C4HGO, * 2 H,CO - 2 HF]?*. /

Introduction

Fumaric acid (frans-1,2-ethylenedicarboxylic acid) was iso-
lated by Braconnot in 1810 from mushrooms.!! It is used now-
adays as food acidulant E297 (pK,; = 3.02 and pK,, =
4.38).1231 The strength of commonly used acids is not suf-
ficient for a protonation of fumaric acid. Therefore, Larsen et
al. investigated fumaric acid in superacidic media. The authors
reported an O,0’-diprotonation in the superacidic solution
FSO;H/SbFs observed by NMR spectroscopy.*! Furthermore,
a study of Amat et al. showed that fumaric acid is O-monopro-
tonated in oleum and concentrated sulfuric acid.’® However,
structural parameters as well as vibrational spectroscopic stud-
ies are still unkown.*>! This prompted us to isolate and struc-
turally characterize salts containing the [C4HqO,4]** and the
[C4H5O,4]* cation.

Results and Discussion

Fumaric acid was reacted with the binary superacidic solu-
tions HF/MFs (M = As, Sb). To form the [C,HO4]** cation
an excess of the Lewis acids (AsFs or SbFs) is required [Equa-
tion (1)]. The preparation of the salt containing the O-mono-
protonated cation was carried out according to Equation (2).
It is necessary to ensure that an equimolar amount of the Lewis
acids with respect to the starting material is used.
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Anhydrous hydrogen fluoride (a¢HF) acts as solvent as well
as a reagent. The reactions were carried out at a temperature
of —20 °C. After the removal of the excess of ¢HF in a
dynamic  vacuum at -78°C, the colorless salts
[C4HeO4]**([SbFg] ), D), [C4HeO41**([AsFg] ), 2),
[C4H5O4]*[SbFg]~ (3), and [C4HsO4]*[AsFe]~ (4) were ob-
tained, which are stable up to 25 °C. Under these reaction con-
ditions no addition of HF to the carbon double bond occurs.

The corresponding deuterated salts [C,H,D40,4]**([SbF¢]7),
(5) and [C4H,D,0,4]**([AsF¢]7), (6) were prepared by varying
the superacidic system from HF/MF5 to DF/MFs5 (M = As, Sb).
Since deuterium fluoride is used in large excess, the hydroxy
hydrogens are thoroughly replaced by deuterium, leading to a
degree of deuteration of approximately 96 %.

Vibrational Spectra of [CH 0, J**([MFsf ), (M = As, Sb)

The low-temperature vibrational spectra of
[C4sHgO4**([SbFg] )2 (1), [C4HO4*([AsFg]), (2) and fu-
maric acid are shown in Figure 1. The vibrational spectra of
the D-isotopomeric salts [C4H,D404]**([SbFe]), (5) and
[C4H,D,0,41?*([AsFg]), (6) as well as deuterated fumaric acid
are illustrated in Figure S1 (Supporting Information). In
Table 1 selected experimental vibrational frequencies of (1)
and (2) as well as the calculated frequencies of the cation
[C4HGO, + 4 HF]** are summarized. The complete table (Table
S1) and a table of the vibrational frequencies of fumaric acid
(Table S2) are listed in the Supporting Information. The exper-
imental vibrational frequencies of (5) and (6) together with the
calculated frequencies of the cation [C,H,D40, + 4 HF]** are
given in Table S3 (Supporting Information). According to
quantum chemical calculations, which are discussed later, the
cation [C4HqO,4]** displays a C, symmetry. 36 fundamental
vibrations are expected, of which 19 modes are active in the
Raman spectra and 17 modes are active in the IR spectra. The
assignment of the vibrational modes was carried out by analyz-
ing the Cartesian displacement vectors of the calculated vi-
brational modes of [C4HgO,4 4 HF]** and by a comparison
with the vibrations of fumaric acid.[®7!
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The symmetric C-H stretching mode is detected in the Ra-
man spectra at 3092 cm™' (1) and at 3087 cm™' (2), respec-
tively. It is blue-shifted by 23 cm™' (1) and 18 cm™ (2), respec-
tively, compared to that of fumaric acid. Based on the measure-
ment method, moisture condensed on the IR plate. Therefore
no meaningful IR bands for the O—H vibrations are observable.
In the IR spectra of (5) and (6) broad bands in the range of
2334 cm™! to 2280 cm™! are observed, as well as in the Raman
spectra of (5) and (6) in the range of 2295 cm™! to 2186 cm™".
In agreement with the theoretical calculations the bands and
lines arise from O-D stretching vibrations. The broadening of
the IR bands and Raman lines relies on hydrogen bonds in the
solid state. The C=C stretching mode occurs at 1686 cm™' (1)
and at 1684 cm™ (2), respectively, and it is blue-shifted by
81 cm™! (1) and 79 cm™' (2), respectively, compared to fumaric
acid. The blue-shift of the C=C stretching mode is due to the
positive charge of the ion, resulting from the protonation. The
C-O stretching mode is observed at 1637 cm™ (1) and
1643 cm™! (2), respectively, in the Raman spectra as well as at
1610 cm™! (1) and 1612 cm™ (2), respectively, in the IR spec-
tra. The C-O stretching vibrations are shifted to lower wave-
numbers in comparison to those of the starting material. The
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shift is a result of the protonation which causes a weakening
of the C-O bond.

For the anions [SbF4]~ and [AsFg]™ more vibrations are de-
tected than expected for an ideal octahedral symmetry. This
indicates a distortion of the octahedral arrangement, which is
confirmed by the single-crystal X-ray structural analysis.

Crystal Structure of [CH 0 ,J?*([SbF4] ),

The [C4HO4]**([SbFg]7), (1) crystallizes in the monoclinic
space group C2/c with four formula units per unit cell. Figure 2
shows the formula unit of (1). Selected structural parameters
of (1) and fumaric acid'® are listed in Table 2.

The C-O bond lengths are with 1.273(5) A (C2-01) and
1.261(5) A (C2-02) not significantly different and are in the
range between formal C-O single (1.43 A) and C=0 double
bonds (1.19 A).°! In comparison with fumaric acid,™® no sig-
nificant difference of the lengths of the C—OH bonds is ob-
served. The diprotonation causes a significant elongation of
the C=0 bond lengths of fumaric acid (1.228(4) A),!8! whereas
the C—C and C=C bonds are not significantly affected. The
bond angles of fumaric acid are not changed remarkably by

Table 1. Selected experimental vibrational frequencies [cm™'] of [C4;HsO4]**([IMFg]"), (M = As, Sb) and calculated vibrational frequencies [cm™]

of [C,H4O, - 4 HF?*.

[C,HgO4]**([SbF4]), (1) exp.? [C,HgO4]**([AsFg] ), (2) exp.® [C4HgO44 HF]?* calcd.® ©  Assignment
IR Raman IR Raman IR/Raman
3092(31) 3087(24) 3040(0/68) Vo A vy(C-H)
1686(89) 1684(100) 1672(0/185) \ A v(C=C)
1637(37) 1643(32) 1605(0/126) Vs A v(C-0)
1610 m 1612 s 1617(620/0) V3 B v(C-0)
1528(13) 1531(12) 1489(0/26) Ve A v(C-0)
1325(11) 1326(19) 1293(0/13) A A 6(CCH)
1279 s 1279 s 1264(229/0) Vos B 6(CCH)
1281(7) 1272(7) 1264(0/5) Vg A 6(COH)
1252 m 1250 s 1237(287/0) Vae B 6(COH)
1233(82) 1223(67) 1220(0/48) Vo A 6(COH)
1229 s 1217 s 1216(232/0) Vo7 B 6(COH)
949 s 962 s 950(67/0) Vio A v(CCH)
989(24) 985(31) 950(0/8) Vi1 A v(C-C)
941 s 952(8) 937 s 956(2) 901(51/0) Vog B v(C-C)
802 s 797 s 822(256/0) Vi3 A v(COH)

a) Abbrevations for IR intensities: vs. = very strong, s = strong, m = medium, w = weak. b) Calculated on the ®B97XD/aug-cc-pVTZ level of
theory; scaling factor 0.945. ¢) IR intensities in km + mol~'; Raman intensities in A*+u~'.
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[C.H,O.]," ([SbF.]), F4

[CH,O.]."([AsF ), H10i

[C.H,OJ"([SbF.] ), F2

[C.HO.I ([AsF]),

Transmittance —

[C.H.0.]," ([SbFy),

Fai

[CHOL"(ASFD): Figure 2. Formula unit of [C,HsO4]**([SbFs]"), (displacement ellip-

soids with 50 % probability). Symmetry operations: i = 1 —x, y, 0.5-z.

[C.H.O.T"([SbF.]),

.

the diprotonation. Only the carboxy groups are twisted against
one another by 17 © out of the carbon skeleton plane.

[C.H.OJ"([AsF ), The Sb-F bond lengths in the [SbF¢]™ anion are in the range
between 1.913(2) A and 1.861(2) A. These values are typical
for an [SbF¢]~ anion, indicating a distorted octahedral struc-

Intensity ——»

CH.O, ture.'%!" In the crystal packing hydrogen bonds cause an
. - . = . : = elongation of the Sb1-F1 and Sb1-F2 bonds.
4000 3500 3000 2500 2000 1500 1000 500 . . . .
«— Wavenumber [cm'] In the solid state of (1), the cations and anions are linked by

hydrogen bonds with O-H-+F donor-acceptor distances in the
Figure 1. Low-temperature =~ Raman and IR  spectra of ydrog with O p ! !

[C,HgO42*([SbFe] ), ), [C4HeOu 2 ([AsFe] ), (2), range of 2.584(4) A to 2.584(3) A, which can be categorized
[C4H50,]*[SbF,]~ (3), [C4H50,]*[AsFg]~ (4), and the Raman spectrum  as moderate hydrogen bonds in accordance with the classifica-
of C4H,0,. tion of Jeffrey.l'> The moderate hydrogen bonds OIl-

H10-F2i and O2-H20-F1 connect the cations and anions,

Table 2. Selected bond lengths and angles of C4H,O,4, [C4HgO4]>*([SbFg]7),, and [C4HsO4]*[SbFs] .

C,H,04 [C4HeO41**([SbF6] )2 [C4H5O4]*[SbFe]~
Bond length (A)
C1-Cli (C=C) 1.315(7) 1.299(9) 1.311(8)
C1-C2 (C-0) 1.490(5) 1.463(6) 1.479(5)
C2-02 (C=0) 1.228(4) 1.261(5) 1.235(5)
C2-01 (C-0) 1.289(5) 1.273(5) 1.298(5)
Bond angle [°]
01-C2-02 124.4(7) 120.0(4) 121.3(4)
01-C2-C1 116.0(6) 117.4(4) 115.3(3)
02-C2-C1 119.5(6) 122.7(3) 123.5(4)
Cli-C1-C2 122.5(8) 121.8(5) 121.7(5)
Angle of torsion [°]
01-C2-C1-Cli 16.9(6) 7.1(8)
02-C2-C1-Cli -162.3(4) —172.8(6)
C2-C1-Cl1i-C2i 178.2(4) 180.0
Donor-acceptor distance [A]
O1-H10-F2i 2.584(4)
02-H20-F1 2.584(3)
02-H3---02iii 2.425(6)
O1-H2--F2 2.628(4)
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forming chains along the ¢ axis (Figure S2, Supporting Infor-
mation).

Vibrational spectra of [C,HsO,J*'[MFs (M = As, Sb)

The low-temperature vibrational spectra of
[C4HgO41**([SbFg] )2 D, [C4H5O4]*[SbFs]~ 3),
[C4H504]*[AsFg]~ (4) and fumaric acid are shown in Figure 1.
Selected experimental vibrational frequencies of (3) and (4)
and the calculated frequencies of the cation [C4HgOy*
2 H,CO -2 HF]** are summarized in Table 3. The complete
table (Table S4) as well as a table of the vibrational frequencies
of fumaric acid (Table S2) are summarized in the Supporting
Information. According to the quantum chemical calculations,
C, symmetry is predicted for the cation [C4;HsO04]* with 33
fundamental vibrations. In the solid state the cations are con-
nected via hydrogen bonds leading to the formation of chains,
which is discussed later, but it should be noted that this leads
to a higher symmetry (C,) of the cation. The assignment of the
vibrational frequencies is based on the analysis of the Car-
tesian displacement vectors of the calculated vibrational modes
of [C4HcO, * 2H,CO - 2HF]** (see the theoretical section be-
low) and on the comparison with the spectra of fumaric
acid.l®7!

The C—H stretching modes of the monoprotonated species
observed in the Raman (3070 cm™! for (3), 3072 cm™' for (4))
and in the IR spectra (3078 cm™' for (3), 3082 cm™ for (4)),
are comparable with those of fumaric acid and are not affected
by the protonation. The C=C stretching vibrations of the
monoprotonated fumaric acid are observed in the Raman spec-
tra (1704 cm™ for (3), 1703 cm™! for (4)). These v(C=C) vi-
brations are shifted to higher wavenumbers in comparison with
those of the diprotonated species and of the starting material.
The C=0 stretching mode is detected in the Raman spectra at
1609 cm™ for (3) and 1611 cm™ for (4), respectively. It is red-
shifted compared to fumaric acid (1685 cm™) and the dipro-
tonated species (1637 cm™ for (1)). Similarly, the C-O stretch-

ing mode displays a large red-shift. Both red-shifts are
attributed to the formation of O—H-+*O bonds. The C—C stretch-
ing mode occurs in the Raman spectra (982 cm™' for (3), (4))
at nearly the same position as for the diprotonated species
(989 cm™' (1)).

For the anions [SbF4]™ and [AsF¢]™ more vibrations are ob-
served (see Supporting Information) than expected for an ideal
octahedral symmetry, leading to the assumption of distorted
octahedral structures. This is confirmed by the results of the
single-crystal X-ray structural analysis.

Crystal Structure of [C,Hs0,J*[SbF 4]

[C4H504]"[SbFg]~ (3) crystallizes in the triclinic space
group P1 with one formula unit per unit cell. Selected struc-
tural parameters of (3) are given in Table 2. The formula unit
of (3) is depicted in Figure 3.

F3

Figure 3. Formula unit of [C4HsO4]*[SbFg]~ (displacement ellipsoids
with 50 % probability). Symmetry operations: i = —x, 2 —y, 2 —z; ii =
l-x, 1 -y, 1z

Surprisingly, the carbon-oxygen skeleton of the monopro-
tonated fumaric acid does not possess significant differences

Table 3. Selected experimental vibrational frequencies [cm™'] of [C4HsO4]* [MF4]~ (M = As, Sb) and calculated vibrational frequencies [cm™']

of [C4HeO, - 2 H,CO - 2 HF?+.

[C,H504]*[SbFs]™ (3) exp.?) [C,H5O4]* [AsFe]™ (4) exp.? [C4HO, * 2H,CO + 2HF]?* caled.” ©  Assignment

IR Raman IR Raman IR/Raman

3078 w 3082 s 3050(33/0) Voi B Vas(C-H)
3070(21) 3072(18) 3049(0/80) Vs A v(C-H)
1704(82) 1703(94) 1687(0/253) Vy A v(C=0)
1609(14) 1611(14) 1595(0/89) Vs A v4(C=0)
1494(27) 1495(14) 1491(1/45) Ve A v,(C=0)
1299(13) 1296(14) 1290(0/25) Vg A 8(CCH)

1277 m 1275 s 1247(122/0) Vag B 8(CCH)
1317(24) 1318(37) 1372(1/23) \Z A 6(COH)

1323 m 1319 m 1365(2776/0) Vas B 6(COH)
1265(48) 1251(20) 1228(0/47) Vo A 8(COH)

1225 m 1230 s 1225(779/0) Va7 B 6(COH)

1013 s 1007 s 956(40/0) Vit A v(CCH)
982(13) 982(12) 946(0/11) Via A v(C-C)

905 m 903 s 895(257/0) V3o B v(C-C)

818 s 822 s 847(222/0) Vis A v(COH)

a) Abbrevations for IR intensities: vs. = very strong, s = strong, m = medium, w = weak. b) Calculated on the ®B97XD/aug-cc-pVTZ level of
theory; scaling factor 0.945. ¢) IR intensities in km * mol~'; Raman intensities in A*+u~'.
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to that of fumaric acid (except for the O2—-C2-C1 angle). The
reasons for this similarity are hydrogen bonds. In the crystal
packing of (3) the cations are connected via strong hydrogen
bonds!!2l O-H-+O forming chains (Figure 4). The strong
hydrogen bond O2-H3--02iii (2.425(6) A) is formed by two
oxygen atoms sharing one proton. Formally only half of a pro-
ton is connected to the O2 oxygen atom. Therefore, the for-
mally monoprotonated fumaric acid is better described as a
double hemi-protonated fumaric acid. A hemi-protonation has
a smaller influence on the C=0O bond than a monoprotonation
of a carboxy group would have. It should be noted that the
crystal packing of fumaric acid itself contains also hydrogen
bonds. These hydrogen bonds affect the C=0 and C—OH bonds
of fumaric acid. Consequently, this leads to the similarity of
the carbon-oxygen skeleton of both species.

Figure 4. Cation chains in [C4Hs0,4]*[SbF¢]~ based on the double
hemi-protonation (displacement ellipsoids with 50% probability).
Symmetry operations: i = —x, 2 —y, 2 —z; ii = X, 14y, z; iii = —x, 1 —y,
2 -z

In the [SbF¢]™ anion the Sb—F bond lengths are in the range
between 1.857(3) A and 1.895(2) A, which are in the typical
region for [SbFg]™ anions. Two hydrogen bonds in the crystal
packing lead to the Sb1-F2 and Sb1-F2ii bond elongation and
distortion of the ideal octahedral symmetry.l'%-11]

o1

In the solid state, the [C4H5O4]* chains are linked by the
moderate hydrogen bond,!'2! O1-H2-+F2 (2.628(4) A) forming
layers (Figure S3, Supporting Information).

Quantum Chemical Calculations

The quantum chemical calculations of the free cations
[C4HO,]?* and [C4H50,4]* were carried out using the B3LYP/
aug-cc-pVTZ level of theory. Since hydrogen bonds are in-
volved in the solid state, further calculations were performed.
To simulate hydrogen bonds in (1) HF molecules were added
to the free cation.'® To simulate the structure of (3), one fu-
maric acid molecule is supplemented by two hydrogen fluoride
molecules and two protonated formaldehyde molecules (Figure
S4, Supporting Information). The adducts [C4HgO,4 + 4 HF]**
and [C4HgO, * 2 H,CO - 2 HF]** were calculated by applying
the ®B97XD/ aug-cc-pVTZ level of theory.[!”-1°1 A compari-
son of the calculated and the experimental cationic structures
of [C4H0,4]** and [C4H50,4]* is shown in Figure 5. For clarifi-
cation, the added hydrogen fluoride molecules as well as the
formaldehyde molecules are omitted in the case of the calcu-
lated structures.

The structural parameters of the adducts are in good agree-
ment with the experimental values (Tables S5 and S6, Support-
ing Information) and the experimental vibrational frequencies
are better represented by the solvated cations (Table S7, Sup-
porting Information).

The C—C and C-O bond lengths of some selected protonated
and deprotonated salts containing fumaric acid are summarized
in Table 4. Surprisingly, independent of the fumaric acid’s
charge, no significant difference in the C=C doule bonds is
observable. Only the C—C bond length of the dianion is slightly
longer than that of the dication. Apart from that, no significant

Figure 5. Experimental and calculated cationic structures of [C4HO4]** (left) and [C,HsO,]* (right). The HF molecules as well as the formalde-

hyde molecules are omitted in the calculated stuctures for clarification.
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Table 4. Selected bond lengths of different protonated and deprotonated fumaric acid derivatives.

Chrage of the fumarate ~Compound C=C distance [10\] C-C distance [A] C=0 distance [A] C-0 distance [A]
backbone
-2 (NH,),C,H,0, 4 1.314(1) 1.496(1) 1.253(1) 1.266(1)
-1 NaC,H;0,!'3! 1.327(9) 1.488(8) 1.274(10) 1.287(9)
1.489(9) 1.227(11) 1.332(8)
0 C,H,0, 18 1.315(7) 1.490(5) 1.228(4) 1.289(5)
+1 C4HsF¢O,4Sb 1.311(8) 1.479(5) 1.235(5) 1.298(5)
+2 C4HgF,0,Sb, 1.299(9) 1.463(6) 1.261(5) 1.273(5)

change of the C—C bond lengths is observed. Hydrogen bonds
have greater influence on the C—-O bonds than the level of
protonation or deprotonation. Therefore, varying C—O bond
lengths are detected. The carbon-oxygen skeleton of the fu-
maric acid derivatives remains unchanged regardless of pro-
tonation or deprotonation.

Conclusion

Fumaric acid was investigated in the superacidic solutions
HF/SbFs and HF/AsFs. The salts of the diprotonated fumaric
acid [C4HgO4)**([MFg]), (M = As, Sb) and the monoproton-
ated fumaric acid [C4HsO4]*[MF¢]- (M = As, Sb) were iso-
lated for the first time. The salts were characterized by IR and
Raman spectroscopy. Furthermore, single-crystal X-ray struc-
tural analyses of [C4HO,4]**([SbF¢]7), and [C,HsO,]*[SbFs]~
are reported. Quantum chemical calculations at the B3LYP/
aug-cc-pVTZ and ®B97XD/aug-cc-pVTZ level of theory were
considered for the assignment of the vibrational spectra. The
C-O and C-C bond lengths do not differ significantly from
dianion to dication of fumaric acid. The carbon-oxygen skel-
eton remains unchanged regardless of protonation or deproton-
ation.

Experimental Section

Caution! Any contact with the components must be avoided. The hy-
drolysis of AsFs, SbFs, and the reported salts might release HF, burn-
ing skin and causing irreparable damage. Adequate safety precautions
must be undertaken when handling these materials.

Apparatus and Materials: All experiments were conducted on an
electropolished stainless-steel vacuum line. For the syntheses, trans-
parent FEP-reactors with PFA-adapters were employed. To dry the
stainless-steel vacuum line and the reaction vessels fluorine was used.
Excess fluorine was removed in dynamic vacuum and absorbed by
Sodalime. Antimony pentafluoride was handled in a Duran glass high
vacuum line using Young valves. Low-temperature Raman spectro-
scopic measurements were executed on a Bruker® MultiRAMII FT-
Raman spectrometer equipped with a Nd:YAG laser (4 = 1064 nm).
The interpretation of the spectra was carried out with the aid of the
software Advanced Chemistry Development, Inc.® (ACD/Labs 2015).
Low-temperature IR spectra were recorded on a Bruker® Vertex-80V-
FT-IR spectrometer. The spectra were evaluated using the same soft-
ware as for the Raman spectra. The low-temperature single-crystal
X-ray diffraction was performed on an Oxford XCalibur3 dif-
fractometer equipped with a Spellman generator (50 kV, 40 mA) and
a Kappa CCD-detector, operating with Mo, radiation (1 = 0.7107 A)
at 120 K. Data collection was performed using the CrysAlisCCD soft-

ware!??! and for the reduction of the data set CrysAlisRED!?!! was
utilized. For the solution and refinement of the structure the programs
SHELXS-97!?? and SHELXL-97"?% integrated in the WinGX software
package!®" were employed. The structures were checked with the help
of the software PLATON.!>’! The absorption correction was carried
out using the SCALE3 ABSPACK multiscan method.[>¢! Crystal data
and structure refinement for the reported single-crystal structures are
given in Table S8 (Supporting Information). Quantum chemical calcu-
lations were carried out using the software package Gaussian09.1"!
The theoretical calculations of the naked cations were performed at
the B3LYP/aug-cc-pVTZ level of theory. Considering the hydrogen
bonds in the solid state, the theoretical calculations of the solvated
cations were carried out on the ®B97XD/aug-cc-pVTZ level of theory.

Syntheses of [C4H,X404]**([MF¢]"), (X = H, D; M = As, Sb): Ini-
tially, the Lewis acid AsFs or SbFs (1.5 mmol) was condensed in a
FEP reactor vessel at —196 °C together with anhydrous hydrogen fluor-
ide (a¢HF) or deuterium fluoride (aDF) (2 mL). To form the superacidic
system, both components were warmed up in static vacuum to —20 °C
and homogenized. At —196 °C the superacidic mixture was refrozen.
Afterwards, fumaric acid (0.5 mmol) was added to the frozen mixture
under nitrogen atmosphere. The reaction mixture was warmed in static
vacuum up to —20 °C at which the reaction occurs. In dynamic vacuum
excess solvent was removed within 14 h at —78 °C. Colorless crystal-
line solids were formed in all of these experiments.

Syntheses of [C,H,X;04]*[MF¢]- (X = H, D; M = As, Sb): The
Lewis acid AsF5 or SbFs (1.0 mmol) was condensed in a FEP reactor
vessel followed by ¢HF or aDF (2 mL) at —196 °C. The mixture was
warmed up to —20 °C and mixed to ensure the formation of the
superacid. Accordingly, the mixture was refrozen at —196 °C. C4H,O,4
(1.0 mmol) was added to the frozen mixture under inert gas atmo-
sphere. The reaction mixture was then warmed up to —20 °C and mixed
until a colorless solution was received. Excess solvent was removed
at =78 °C in dynamic vacuum. Colorless crystalline solids were ob-
tained in all of the experiments.

Supporting Information (see footnote on the first page of this article):
The supporting information contains the low-temperature IR and Ra-
man spectra of [C4H,D404]**([SbF]7), (5), [C4HoD404* ([AsFg] ),
(6) and deuterated fumaric acid (Figure S1); Experimental vibrational
frequencies [cm™'] of [C4HgO4]**([IMF¢]7), (M = As, Sb) and calcu-
lated vibrational frequencies [cm™'] of [C4HeO, + 4 HF]** (Table S1);
Experimental vibrational frequencies [cm™'] of fumaric acid in com-
parison with literature data!®”! (Table S2); Experimental vibrational
frequencies [cm™'] of [C4H,D404**([MF¢]), (M = As, Sb) and
calculated vibrational frequencies [cm™'] of [C4H,D404+4 HF]**
(Table S3); Detail of the crystal structure of [C4HgO4]**([SbFe])s.
(Displacement ellipsoids with 50% probability) (Figure S2);
Experimental vibrational frequencies [cm™'] of [C,HsO,]*[MFg]-
(M = As, Sb) and calculated vibrational frequencies [cm™'] of
[C4HEO, + 2 H,CO + 2 HF]?* (Table S4); Layers formed by hygrogen
bonds in [C4HsO4]*[SbF]~. (Displacement ellipsoids with 50 % prob-
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ability) (Figure S3); Quantum chemical calculated structure of simu-
lated double hemi-protonated fumaric acid under consideration of
hydrogen bonds in the solid state [C4HqO4+2 H,CO-2 HF]**
(Figure S4); Selected experimental obtained and calculated bond
lengths and angles of the [C4HgO4]** cation. Symmetry operations:
i = C,-Rotation (Table S5); Selected experimentally obtained and cal-
culated bond lengths and bond angles of the naked and the solvated
cation [C4Hs0,4]*. Symmetry operations: i = C,-Rotation (Table S6);
Selected  experimental  vibrational frequencies [cm™!]  of
[C4HsO4]* [MF¢]~ (M = As, Sb) and calculated vibrational frequencies
[em™'] of [C4H504]* and [C4H¢O, * 2 H,CO + 2 HF]** (Table S7); and
crystal data and structure refinement of [C4HO,]**([SbF¢]7), and
[C4H50,4]*[SbF¢]~ (Table S8).
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