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Straightforward Synthesis of the Bronsted Acid hfipOSO;H and its
Application for the Synthesis of Protic Ionic Liquids**
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Ingo Krossing™

Abstract: The easily accessible hexafluoroisopropoxysulfuric
acid (1, hfipOSO;H; hfip = C(H)(CF;),) was synthesized by
the reaction of hexafluoroisopropanol and chlorosulfonic acid
on the kilogram scale and isolated in 98 % yield. The calculated
gas-phase acidity (GA) value of 1 is 58 kimol™ lower in AG®
than that of sulfuric acid (GA value determined by
a CCSD(T)-MP2 compound method). Considering the gas-
phase dissociation constant as a measure for the intrinsic
molecular acid strength, a hfipOSO;H molecule is more than
ten orders of magnitude more acidic than a H,SO, molecule.
The acid is a liquid at room temperature, distillable at reduced
pressure, stable for more than one year in a closed

vessel, reactive towards common solvents, and decom-

acidity has attracted much attention owing to the isolation
and characterization of extraordinary compounds, including
protonated arenes,”! protonated fullerenes, carbocations,”
and noble gas compounds.” Superacids are commonly
defined as acids that are more acidic than neutral sulfuric
acid.®! Very well-known Brgnsted superacids are HCIO,,
HSO;X (X =Cl, F), R"SO;H (RF = fluorinated organic resi-
due), the binary superacids HF/SbFs as well as FSO;H/SbF;
(“magic acid”),”! (RFSO,),NH,” (RFSO,);CH,™ carboranes
(H[HCB;RsX¢]; X=Cl, Br, I; R=H, Me, CI)*! and
borane acids H,[B,X;,]!"¥ (X =Cl, Br). The latter two acid

poses above 180°C. It is a versatile compound for CF3 9 4 45 o CF3
P ; ; + HO-S-CI ———— | HO-§-0—~ |+ HCI(9)}
further applications, such as the synthesis of ammoni- 2 HO<CF3 3 2.140°C 3 CFs
um- and imidazolium-based air- and moisture-stable 198%
protic ionic liquids (pILs). Among the six synthesized E,O / neat oo 9
ionic compounds, five are pILs with melting points b)  NRRR; + 1 . > RiRRNH - 0=5-OCH(CFs),
0°C—= RT P
o L
below 100°C and three of them are llqmd.s at .n.early 2R=Ry=Ro=Et  EL,0 neat 85% / 95%
room temperature. The conductivities and viscosities of 3R1=R;=R3=Bu  EHO: 7%
two representative ILs were investigated in terms of 4R=Rp='Pr,R3=H Et,O: 86%
Walden plots, and the pILs were found to be little
associated ILs, comparable to conventional aprotic ILs. = = o %
comp P o) b EROMme o\ D28 ocH(eR)
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Acidity is one of the main and widely used concepts
in chemistry. It plays a key role in basic thermody-
namics and is relevant in many fields, such as material
science, energy storage, catalysis, environmental sci-
ence, and molecular biology.!! According to Brgnsted
and Lowry, acids are defined as proton donors and
bases as proton acceptors.” The concept of super-
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7 R4=Bu, Rs=Me

Et,O / neat: 86% / 98%
Et,0: 82%
Et,0 / neat: 63% / 93%

Scheme 1. a) Synthesis of the acid 1 and b, ) its application for the preparation
of protic ionic liquids 2-7.

types are the strongest isolable superacids known thus far.
One well-known concept to increase acidity is the introduc-
tion of strongly electron-withdrawing units, including
C=NSO,F, C=NSO,CF;, N(CN),, and C=P(SO,F);, according
to the Yagupolskii principle (also (RFSO,),NH and
(RFSO,);CH). With our experience on weakly coordinating
aluminates ([AI(ORF),]”, RF = fluoroalkyl),"*' we decided
to substitute a hydrogen atom in sulfuric acid with the
hexafluoroisopropyl group (hfip; Scheme 1). Preceding DFT
calculations suggested that the hitherto unknown acid
hfipOSO;H (1) is considerably stronger than sulfuric acid in
the gas phase, and that the gas-phase synthesis of 1 according
to Scheme 1a should be feasible. Therefore, we pursued the
synthesis of this hitherto unexplored system.

Acid 1 was obtained in bulk quantities by slow addition of
hexafluoroisopropanol to chlorosulfonic acid at —15°C and
subsequent stirring at 110°C until the gas evolution had
ceased. Distillation of the product at reduced pressure
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(1072 mbar) at 60°C gave the pure acid as a colorless liquid in
98 % yield on a kilogram scale, making it an easily accessible
and versatile compound for further syntheses.

The acid 1 was characterized by NMR, IR, and Raman
spectroscopy and electrospray ionization (ESI) mass spec-
trometry, with all signals matching our expectations (Sup-
porting Information, Figure S1). Thus, the acidic proton of the
neat compound appears at 6('"H)=10.42 ppm as a narrow
singlet and the tertiary proton at 5.41 ppm as a septet. The
CF; groups appear at 6(’F)=—75.0 ppm and can be well
distinguished from a hfipOH impurity (6('’F) = —73.0 ppm);
the tertiary C—H signal of an alcohol impurity at S(‘H) =
4.68 ppm is often not seen at low concentrations. The IR
spectrum shows a very broad band between 3430-2640 cm !,
which is typical for hydrogen bonded systems. The valence
C—H stretching mode is visible at 2985 cm™' in the Raman
spectrum, whereas it overlaps with the broad O—H vibration
in the IR spectrum. The most characteristic band of 1 is the
C-H deformation mode at 1362 cm™' (IR) and 1368 cm™'
(Raman). The remaining bands could be well assigned to
particular modes (see Figure S1d). In the negative-ion ESI
mass spectrum, the main peak was observed at m/z=247
([hfipOSO;]~ anion).

The neat acid 1 is a liquid at ambient temperature and
melts just above 0°C. It appears to be compatible with ether,
acetonitrile, dichloromethane, and hexane, but only miscible
with the former two solvents. However, protonation NMR
experiments, where the solvent was added in small amounts to
the acid, revealed that 1 reacts with benzene or toluene
(aromatic substitution) and acetonitrile (oligomerization) and
forms a protonated species with diethylether [6('"H)=11.47
(acidic proton), 4.57 (q, *J(‘H,'H) =7.2 Hz, O(CH,CH,),),
1.65 ppm (t, *J("H,'H) =7.2 Hz, O(CH,CH,),); 6(*C)=77.1
(O(CH,CHy;),), 122 ppm (O(CH,CH,;),]. As expected for
a very strong acid, it reacts with THF (polymerization) and
dimethoxyethane (methyl group cleavage) and even with
silicon-based grease. Decomposition of the neat acid occurs
above 180°C. The free acid 1 hydrolyzes in air and in water to
give hfipOH and H,SO, and should therefore be kept under
anhydrous conditions.

But how acidic is 1? A well-established measure is the gas-
phase acidity (GA), which is defined as the standard Gibbs
reaction energy of the dissociation of acid HB (g),

HB(g)—2H" (g) + B (g)
GA\ _ p(H')p(B") (1)
K. = exl’(‘ﬁ) ~ p(HB)1bar

where lower GA values indicate higher acidities. A decrease
in the GA value by RTIn10 (=5.71kImol! at 25°C)
increases the dissociation constant by one order of magnitude.
High level abinitio quantum chemical calculations with
a CCSD(T)-MP2 compound method'® gave a GA value of
1217 kJmol ™" for 1, which is thus more acidic than gaseous
H,SO, (exp. GA: 1265+10kImol ;" caled. GA:
1272 kJmol " and 1274 kJmol™' (Weizmann-1 level of
theory)!'®)) by approximately ten orders of magnitude.
According to its GA, 1 is more acidic than HSO;F and
HOTf (Tf=SO,CF;; caled. GAs: 1237kJmol™" and
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1226 kITmol)!'® but still somewhat less acidic than HNTY,
(exp. GA: 1199 kI mol™}; caled. GA: 1196 kImol ™).
Therefore, the conjugate base of 1, the anion [hfipOSO;]~
(II) appeared to be a suitable constituent of ionic liquids
(ILs). Its relation to [OTf]™ (I) and [NTf,]~ (II), both common
constituents of ILs, is shown in Scheme 2. The [hfipOSO;]~
anion can be seen as an extended [OT{] ™ anion, where the CF;
residue is substituted by a hfipO group. The close similarity of
anions II and III can be described in the following way:

_f ? —|>.0 CF3

0=5—CF; Oi:f)s/o\f’rCFs 0‘\"%’"‘*‘3(50
(e] fo) H F3C CF3
I m n
Vin/nm3  0.126 0.2042 0.2301
S/nm? 1277 1.80012 2.0350

Scheme 2. The [hfipOSO;]™ anion (lll) and its analogues [OTf]™ (I) and
[NTE,]™ (1) along with their scaled molecular volumes and surfaces.
The latter quantities were calculated as described elsewhere.”*!

[a] Low-energy conformer.

Conformational freedom and symmetry are the main factors
influencing the melting entropy (A,S) and consequently the
melting point (7). The existence of several conformational
degrees of freedom hinders efficient packing, thus leading to
a decrease in T,. The occurrence of higher symmetry
increases the number of possible equivalent positions in the
crystal, and thus the solid-state entropy. Consequently, A_,S is
reduced, which would lead to a higher T,.*Y These two
counterbalancing effects occur in II and III. The [NTf,]”
anion can adopt two conformations separated by only a few
kJmol ™" in the gas, liquid, and solid phase.”” The lowest-
energy conformer in the gas phase has C, symmetry. We found
two minimum conformations for the [hfipOSO;]~ anion,
which are separated by 49 (37) kJmol™" at the PBEO/def-
TZVPP (BP86/def2-TZVP) level of theory, so that the higher-
energy conformer can be neglected in thermodynamic con-
siderations. The global-energy-minimum conformer of III is
of lower symmetry (idealized C, symmetry) than II. The
similarities of II and III are corroborated by their molecular
volumes and surfaces (Scheme 2), which are the key quanti-
ties determining the melting enthalpy and thus T, of ILs.*!
Therefore, with regard to melting enthalpy and entropy, ILs
with IT and III as the anion should have comparable T, values
and, because of the high acidities of the parent acids and the
delocalized nature of the charges, similar and very favorable
IL forming qualities.

These considerations could be verified by the synthesis of
protic ILs (pILs; Scheme 1) by the addition of an imidazole or
amine base to 1 at 0°C, either with or without solvent. Good
to high yields were obtained in diethyl ether (63-86%) or,
preferably, without solvent (93-98 % ). The phase-transition
properties of compounds 2-7 are summarized in Table 1. Five
of the compounds are ILs, with four of them being nearly
room temperature (RT) ILs. The similarities between I, II,
and IIT are also confirmed by the rather low melting points of
[CHIM][hfipOSO;] (5; 34°C) and the related compounds
[C,C,HIM][OTf] (33°C*)) and [C,HIM]|[NTf,] (52°C)
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Table 1: Phase-transition properties of compounds 2-7.1

Compound T TP T, [°C  T.[C T [°q
[HNEL,][hfipOSO;] (2) 42 nat" 38l
[HNBus][hfipOSO;] (3) 81 58 -55
[H,NiPr,][hfipOSO;] (4) 145 139 7,-39
[C,HIM][hfipOSO;] (5) 34 na

[C,C,HIM][hfipOSO;] (6) 33 —3H —1501 538

[C,CHIM][hfipOSO;] (7) 31 -5 -52

[a] If not otherwise noted, these temperatures were identified as
extrapolated onset temperatures of the differential scanning calorimetry
(DSC) curves. [b] Not assigned because of non-uniform and non-
reproducible crystallization between 20°C and —20°C. [c] Peak temper-
ature, as this phase transition overlaps with the melting process, and the
onset can only be assigned to the main peak. [d] Not assigned because of
unreproducible crystallization behavior between 4 and 7°C. [e] Partial
crystallization during cooling. [f] Peak temperature, since consistent
values in two subsequent runs were obtained. [g] Heating rate:

20 Kmin'; glass transition did not occur at a heating rate of 5 Kmin™".
T,: glass transition temperature, T,,: melting temperature, T.: crystal-
lization temperature, T,: solid—solid phase-transition temperature
during heating, T..: cold crystallization temperature.

([CHIM]* = N-methylimidazolium, [C,C,HIM]" = N-ethyl-
2-methylimidazolium).?**! With the exception of 3, these
compounds did not hydrolyze when kept in air for several
days or when dissolved in pure D,O. These findings facilitate
the handling of the synthesized pILs and their use for further
applications.

Compounds 2, 6, and 7 were successfully crystallized, and
the crystal structure of 7 is shown exemplarily in Figure 1. The
bond lengths in 2, 6, and 7 correspond to the tabulated
average bond lengths of organic compounds®! and are

Figure 1. Asymmetric unit of the crystal structure of 7. Thermal
ellipsoids set at 50% probability. The line between the cation and
anion shows the N—H---O hydrogen bond. The S-O distances (in A)
are as follows: ds;_o; =1.4289(11), dg;_0, =1.4366(11), dq;_

03 =1.4479(9), ds1.0.=1.6578(8).

therefore not further discussed. The torsion angle S1-O4-
C1-H1 is close to 0° in all structures; this is also the global
minimum according to the quantum chemical calculations.
Intermolecular N—H--O hydrogen bonds (dy..o=1.89(3)-
1.954(18) A, dy.o=2.577(2)-2.801(3) A) and various short
C-H-~O contacts (dy.o=223-2.58A, dc.o=2.800(5)-
3.526(5) A) exist in compounds 2, 6, and 7.
Temperature-dependent viscosities (77) and conductivities
(x) of one representative ammonium (2) and an imidazolium
(7) salt were measured. The viscosity (conductivity) at 40°C
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(50-51°C) of 2 (47 mPas and 4.15 mS-cm ") is lower (higher)
than that of 7 (110 mPas and 2.10 mS-cm™'). Only few studies
on pILs with the triethylammonium cation exist,” and
therefore, we concentrate on the properties of 7 for further
discussions. At 40°C, compound 7 has a viscosity that is
comparable to that of related alkylimidazolium [NTf,]” pILs
(54-100 mPas at 25°C), but is usually less viscous than the
corresponding [ClO,]”, [PF,]~, [OTf]", and [N(SO,C,F;),]”
pILs.®! The conductivity of 7 at 50°C is below the con-
ductivities for related alkylimidazolium [NTf,] pILs (ca. 6-
18 mS-em™), but significantly exceeds the conductivity of
ethylimidazolium halides (ca. 0.3-0.03 mS-cm™).”®! The
Walden plots of 2 and 7 show that these ILs can be classified
as “good ILs”,”" that is, less associated ILs (Figure 2).

m [HNELJOSOnfip] < [C,MIMJ[AI(hfip),]
1507 o [C,C,HIMJ[OSOhfip] B [CMIMJAI(hfip),]
1.25 4 v [C,MIM]INTT,] —— Aqueous KClI - ideal line
= i ¢ [C,MIM]INTF,] — — - Barrier for "good ILs"
|
S 1004 "good ILs"
E 075] »
NE ;4
G 0.50 vv':’
/2] vV ?® ot u e
~ 0.254 v, * [ ] .7
o _m .
b R U L
> 0.00+ LN . "poor ILs"
o a e e
-0.25 °o® . -7
7
e
-0.50 ‘

T T T 1 T T T
050 0.25 0.00 025 050 075 1.00 125 1.50
log(77! I Poise)

Figure 2. Walden plot of the ILs 2 and 7 along with Walden plots for
typical organic salts. The data for the [NTf,]” and [Al(Ohfip),]” based
ILs were taken from Refs. [15,31]: # =viscosity, /1 =molar conductivity,
obtained as the ratio of the electrical conductivity («) and the density
(0)- The latter was calculated as described by Preiss et al.*”!

This is in contrast to other plLs, which are usually
considered to be “poor ILs”.! Furthermore, the Walden plot
shows that the investigated salts 2 and 7 are even comparable
to conventional [NTf,]” and [Al(Ohfip),]” based aprotic
ILs.">31 With regard to the low melting points of these ILs,
the syntheses of the corresponding aprotic ILs and an
investigation of their transport properties should be highly
promising.

In summary, we have presented a highly efficient synthesis
and a thorough characterization of the novel and easily
accessible Brgnsted acid hfipOSO;H, which might be used as
a basis for new superacidic systems or even might be
a superacid itself. Investigations in this direction are ongoing.
Furthermore, it was shown that the [hfipOSO;]~ anion is
a suitable constituent for the formation of low-melting-point
ILs. In future work, the synthesis and properties of aprotic ILs
with the [hfipOSOs]~ anion and its inorganic salts and their
potential as Li electrolytes will be investigated.
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