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Abstract: The reactions of HCl, PCl5, and a crown ether (12-
crown-4 or 18-crown-6) in CHCl3 under anaerobic conditions give
complexes of the superacid HPCl6: [H(12-crown-4)][PCl6 ] and
[H(18-crown-6)2][PCl6]. The crystal structures indicate that the
proton lies roughly in the center of the 12-crown-4 molecule in
[H(12-crown-4)][PCl6 ] whereas it lies between two oxygen atoms
of two different 18-crown-6 molecules in [H(18-crown-6)2][PCl6].

Superacids are Brønsted acids that are more acidic than 100%
sulfuric acid (Ho < -12).1 They exist in nonaqueous, weakly basic
solvents. Superacids have found uses in important organic trans-
formations such as hydrocarbon cracking and isomerization as well
as Friedel-Crafts chemistry, and they appear to be involved in some
cationic polymerization processes.1,2

An important class of superacids are the conjugate Brønsted-
Lewis superacids.1 These acids are generated from the reaction of
a Brønsted acid HX (X ) halide) and a Lewis acid MXm, and the
fluorinated systems are the most studied. Conceptionally, such
superacids could be viewed as in eq 1 where the Lewis acid MXm

converts X- into the more weakly coordinating anion MXm+1
-,

thereby increasing the Brønsted acidity of the system.

However, eq 1 is an oversimplification.1,3,4 Species other than H+

and MXm+1
- usually also form from HX and MXm, and the species

formed are dependent on the stoichiometry.
Phosphazene polymers have many useful properties but are

seldom used industrially.5 A major problem in phosphazene
chemistry concerns the difficulties and irreprodicibilities encoun-
tered in the synthesis and handling of the parent [PCl2N]n polymer,
from which most other polyphosphazenes are prepared. A number
of the problems seem to involve unspecified Brønsted acids.6-8

On the basis of our work on the reactions of Lewis acids and
[PCl2N]3,

9 we suspect that at least some of these issues may be
due to the presence of a strong acid or a superacid that is generated
from the hydrolytically unstable, Lewis acid PCl5 and HCl. PCl5 is
a reagent, catalyst, or initiator in all syntheses of [PCl2N]n and
thereby could be an impurity. Therefore, as suggested by eq 1,
HPCl6 or a related species could be generated from the reaction of
PCl5 and HCl, the latter of which is generated as a byproduct during
some syntheses of chlorophosphazenes or from hydrolysis of P-Cl
bonds. The effect of PCl5 and HCl separately on the ring-opening
polymerization synthesis of [PCl2N]n has been considered, but their
combined action has not.10

HPCl6 salts of a few nitrogen bases are known.11 Therefore, it
appears that HPCl6 is at least a strong acid. Herein, we describe
some of our efforts to characterize the acidic compounds generated
from the combination of HCl and PCl5 in the presence of bases

that are weaker than those already examined. Though there are very
few references to HPCl6 per se, a search of the Chemical Abstracts
database showed that the combination of the reagents HCl and PCl5

has been used in about 590 one-step reactions, most of which are
syntheses of organic molecules. Therefore, an understanding of the
chemistry HCl/PCl5 has application to areas other than phosphazene
chemistry.

Attempts to isolate HPCl6 from the reactions of gaseous HCl
and PCl5 in hydrocarbon and chlorocarbon solvents were unsuc-
cessful. The work of Andrianov and co-workers provided some
inspiration.10 They noted the polymer [PCl2N]n was stable in air
for over four years if it was stored in diglyme. They suggested
that diglyme forms a complex with the acidic impurities that form
in [PCl2N]n on prolonged storage. Therefore, the HCl/PCl5 system
was examined in the presence of ethers, in particular crown ethers.

Equations 2 and 3 show the reactions of HCl, PCl5, and two
different crown ethers in CHCl3.

The reaction with 12-crown-4 occurs in a 1:1:1 ratio whereas that
with 18-crown-6 occurs in a 1:1:2 ratio, irrespective of the initial
stoichiometry of the reagents. Complexes 1 and 2 were isolated as
colorless crystals.

Complexes 1 and 2 are air-sensitive and have limited ther-
mal stability. MS data of freshly prepared 1 and 2 show the
H[OCH2CH2]n

+ cation (n ) 4 or 6, respectively) and lower
molercular weight fragments. In addition, higher molecular weight
[OCH2CH2]n and H[OCH2CH2]nH oligomers, indicative of degrada-
tion, are observed for freshly prepared 1. Such oligomers were
observed in MS studies of the free crown ethers.12 After storage in
an argon-filled glovebox for 3 days for 1 and 1-2 weeks for 2, both
degrade to form colorless oils. From NMR and mass spectral data,
the oils largely consist of oligomers of formula [OCH2CH2]n and
H[OCH2CH2]nH. In air, 2 degrades to give crystals of the known
[H3O(18-crown-6)][H5O2][Cl]2.

13

The crystal structures of 1 and 2 have been obtained, and thermal
ellipsoid plots of the cationic portions are shown in Figures 1 and
2, respectively. Disorder of an oxygen and two carbon atoms (O(5),
C(8), and C(9)) in one of the two 18-crown-6 molecules of 2 was
observed. In both 1 and 2, the proton was found and it is two-
coordinate. The proton of 1 lies in the center of the 12-crown-4
molecule, roughly midway between two oxygen atoms separated
by 2.446 Å (Figure 1). The short O-O distance in 1 is consistent
with a strong O-H-O hydrogen bond.14 The proton of 2 is
somewhat closer to one of the two oxygen atoms that are involved
in a shorter intermolecular O-H-O hydrogen bond of 2.423 Å
between two different 18-crown-6 molecules (Figure 2).

HX + MXm f [H+][MXm+1
-] (1)

HCl + PCl5 + 12-crown-4 f [H(12-crown-4)]
1

[PCl6] (2)

HCl + PCl5 + 2(18-crown-6) f [H(18-crown-6)2]
2

[PCl6]

(3)
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The structures of 1 and 2 show differences from the structures
of the respective free or nearly free crown ethers. The crystal
structure of free 12-crown-4, a liquid at room temperature, was
not found. However, in structures where 12-crown-4 is involved
only in weak noncovalent interactions, none of the oxygen atoms
point toward the center of the ring.15 In 2, one end of each of the
two 18-crown-6 molecules is cupped toward the proton in a
conformation that is very different than that in the free 18-crown-
6.16 Some lengthening of the O-C bonds that involve the oxygen
atoms bound to the proton relative to the other O-C bonds is
observed in both 1 and 2.

Superacid solutions often are a complex mixture of several
species.1 The NMR spectra of 1 and 2 in CD2Cl2 are in agreement
with this expectation. The 1H NMR spectra for the acidic protons
show pairs of resonances at 6.05 and 5.99 for 1 and 6.00 and 5.96
ppm for 2, respectively. The 1H and 13C NMR spectra show
resonances for the CH2 groups of the two crown ethers at 3.7 and
70.7 ppm, respectively for both compounds. Most of the resonances
in the 31P spectra of 1 and 2 in CD2Cl2 can be assigned to known
species.17 The 31P spectrum of 1 showed signals at -80.7 (PCl5),
85.1 and 92.4 (PCl4

+), and 220.1 (PCl3) ppm. The 31P spectrum of
2 at 30 °C showed resonances at -296.9 (PCl6

-), -80.7 (PCl5),
5.2 (OPCl3), 85.1 (PCl4

+Cl-), 92.4 (PCl4
+PCl6

-), and 220.1 (PCl3)

ppm. Apparently, PCl6
- dissociates to PCl5 and Cl- and PCl5 is

known to be a source of PCl4
+, PCl6

-, Cl-, and PCl3.
18 Variable-

temperature 31P NMR spectra of 2 show that as the temperature is
lowered to -20 °C, the resonances assigned to PCl5 and PCl6

-

sharpen considerably, consistent with an equilibrium between PCl6-,
PCl5, and Cl-.

In summary, we have synthesized and characterized two crown
ether complexes of the little-known superacid HPCl6. The coordina-
tion chemistry of the proton is a topic of recent interest.19 Though
numerous crown-ether complexes of oxonium ions have been
isolated and characterized,20 complexes 1 and 2 appear to be the
first crystallographically characterized crown-ether complexes of
otherwise uncomplexed protons. In a separate paper we will describe
the reactions of HPCl6 and chlorophosphazenes.
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Figure 2. Thermal ellipsoid plot of the cation of 2 with ellipsoids at 50%
and showing the position of the hydrogen atom (unlabeled) in the O-H-O
hydrogen bond (O--O ) 2.423 Å). Carbon atoms are unlabeled and other
hydrogen atoms are omitted for clarity. O(5), C(8), and C(9) are slightly
disordered, and only the predominant form is shown.
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