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Crown ethers as stabilising ligands for oxonium ions¥
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Oxonium ions (H ™ -(H,0),) can be stabilised and isolated in the solid state by using crown ethers
of differing sizes. Crown ethers can act as very good hydrogen bond acceptors for the binding of
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oxonium ions. It has been reasonably well established that 18C6 binds the H;0 " oxonium ion
almost selectively in the cavity of the crown, while for the smaller crown ethers 12C4 and 15C5
the macrocycles generally span successive oxonium ions of varying nuclearity (H;0", HsO, ™",
H;05;"% and HyO, ") to form hydrogen bonded polymers. Crown ethers larger than 18C6, e.g.
21C7 and 24C8 can bind HsO, " ions on the face of the crowns, while 30C10 appears to prefer
two molecules of H30™ in the cavity. It is the intention of this perspective to review the literature

involving the solid state interactions of crown ether complexes involving oxonium ions.

1. Introduction
1.1 Oxonium ions

Acids have been variously defined over the past couple of
hundred years. Pioneering work by Davy and Liebig found
that some acids do not necessarily contain oxygen (e.g. HF,
HCl and HBr) and an early definition claimed acids as
“compounds containing hydrogen in which hydrogen can be
replaced by a metal” implying they are a general class of
hydrogen-containing compounds.'? These observations coun-
tered Lavoisier’s theory that acids were oxygen containing
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compounds.? It was recognised that these acids are associated
with hydrogen atoms in an aqueous medium with Arrhenius
and Ostwald’s electrolytic dissociation theory.! As early as
1886, it was noted that water was essential for binary hydrogen
compounds to perform as electrolytes.> Rutherford’s identifi-
cation of the proton, united these theories. It was realised that
a particle of such a small size and high charge density should
be closely associated with further electron density of other
atoms and that an isolated proton was not expected to be a
species to be found in high concentration. In aqueous solu-
tion, it seemed reasonable to assume that according to an
extension to Brensted and Lowry’s theory of acids and
bases,** that water could act reasonably efficiently as a base
and abstract a proton from an acid to yield H;O . Solvent
(H,0) would not act independently of the system, and the
nature of the hydration of the proton is generally not given
(e.g. H"-(H,0),, n not defined). The proton in aqueous
solution was therefore assigned as an oxonium ion, H;O ™.
Hydronium is a common name for the H;O™ cation derived
from the protonation of water. It is the simplest type of an
oxonium ion. According to IUPAC nomenclature, the hydro-
nium ion should be referred to as an oxonium ion. Hydro-
xonium has also been used unambiguously to identify this ion.
An IUPAC proposal also recommends the use of oxonium and
oxidanium in organic and inorganic chemistry, respectively. In
this article the use of the terminology oxonium ion for any
protonated water aggregate is adopted. The first report of the
existence of H;O ™ in the solid state was proposed by Volmer®
where the similarity between the X-ray powder diffraction
patterns of NH4ClO, and HCIO4-H,O were observed, and
perchloric acid hydrate was inferred to be completely disso-
ciated to H;O™ and ClO,~. A subsequent report on the 'H
NMR spectrum of hydrated perchloric acid demonstrated the
equivalence of the protons, further suggesting the presence
of H;0%.7® The hydrates of nitric and sulfuric acids,
(HNO5-H,O and H,SO4-H,0O) also contained pyramidal
shaped H30 " ions (Fig. 1).2

It was not until the 1950s that the extent of hydration of the
proton was more extensively studied.”!! These reports
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Fig. 1 Structure of pyramidal H;O ™.

proposed an H5O ™, surrounded by three hydrogen bonded
water molecules bound in a first sphere fashion producing an
Hy0," ion (Fig. 2). The outer water molecules can in turn
hydrogen bond more weakly in second and third sphere
fashions to extend the hydration of the proton. It is now well
known that while the proton is usually simply inferred as H™,
the ion itself is always hydrated, as for most metal ions in
solution, but the extent of hydration is variable and usually
often dependent on the method of characterisation. It is also
accepted that these hydrogen bonds are generally fluxional in
solution, so identification of the degree of hydration of
oxonium ions, can be very difficult. Several recent spectro-
scopic and theoretical considerations have reported on the
nature of H;O" in benzene and chlorinated hydrocarbon
solvents,'? and the structural isomerism of carbonic acid,'?
while the dynamics of a proton in aqueous solution have also
been described using theoretical methods.' In the solid state
however, this fluxionality is slowed down to such an extent,
that the characterisation of these ions can be performed
reasonably well using X-ray diffraction techniques, and nowa-
days, with CCD X-ray diffraction technology, these studies
can be rapidly performed on very precise data. Thus, in the
solid state, there have been many reports of oxonium ions H -
(H»0),, where n can range from 1 to 6. In these systems, the
reports of oxonium ions where n = 1 are rather numerous
(>100). The first solid state report of the doubly hydrated
proton appeared in 1967'* and now there have been approxi-
mately 30 or so reports of this species, with the number of
reports for higher oligomers decreasing rapidly with only a
handful of structures for higher species where n is equal to or
greater than 3.

In the solid state the structure of the H;O ™ oxonium ion is,
as expected, pyramidal (Fig. 1) as in isoelectronic NHj3, but the
structure is a little more flattened with H-O-H angles varying
considerably presumably due to extensive hydrogen bonding
in many of these crystal structures. Thus the H-O-H angles in
the monohydrates of HCI, (117°), HNO; (112°) and H,SOy,
(101, 106 and 126°) have a wide range of variability. The solid-
state structure of the HsO," oxonium ion has been deter-
mined in a range of compounds and several different con-
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Fig. 2 Structure of pyramidal HoO," with three water molecules
hydrogen bonded to a central pyramidal H;O™".
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Fig. 3 Structures of the HsO, ™ ion: (i) cis, linear, (ii) trans, linear,
and (iil) gauche, non-linear.

formations have been established; (i) cis, linear, (ii) trans,
linear and (iii) gauche, non-linear, (Fig. 3).> There are only
relatively small energy barriers between these conformations,
(gauche is approximately 2.5 kJ mol~' more stable than trans,
which itself in approximately 2.8 kJ mol™"' more stable than
¢is)' and the structure of the HsO, " ion isolated in the solid
state is more often dictated by the potential hydrogen bonding
environment of the oxonium ion. It can be difficult to deter-
mine the difference between a water molecule hydrogen
bonded to an oxonium ion (ie. H;0"-H,O) and a true
HsO," ion, but it has been proposed that in the HsO, " ion,
the internal O-H distance must be greater than or equal to
1.10 A and the O---O distance must be less than or equal to
248 A, representing a very strong hydrogen bond.

There are only about half a dozen H,0; " oxonium ions that
have been structurally authenticated and these can be regarded
as a bent molecule where an H;O ™ ion is hydrogen bonded to
two terminal water molecules. The angles about the central
oxygen atom are similar to those for the H;O0" oxonium ion
(105-116°'%). The molecule is structurally asymmetric with the
two O---O distances typically being in the order 2.45 and
2.55 A. The HyO4" oxonium ion can be obtained as two
different linkage isomers. In the first, the ion can be regarded
as a pyramidal H;O " with three terminally hydrogen bonded
water molecules (alternatively, this ion can be viewed as an
H,0;" ion with a further water molecule hydrogen bonded to
the central H;O ™). In the second, the ion exists as a chain type
structure where an additional water molecule is hydrogen
bound to the H,0;" ion in a linear fashion. The pyramidal
structure has been calculated to be more stable by 19.7 kJ
mol~!. As with the smaller oxonium ions above, the structure
of the oxonium ion is heavily dictated by the hydrogen
bonding environment in which it exists.

Several higher oligomers of the H ™ -(H,0), series have been
isolated, e.g. Hi306",'¢ and H4,06>".!" In the former, the
H,;0¢ " ion is involved in hydrogen bonding interactions and
will be discussed below, however, the latter does not have any
interactions with crown ethers.

1.2 Crown ethers

Crown ethers have been heavily investigated in research
involving the host—guest chemistry of metal ions and neutral
or ionic organic species since their discovery by Pedersen in
1967.'%1° A number of previous reviews have appeared cover-
ing many aspects of their chemistry.?®?* The selectivity of
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crown ethers for particular metal ions have been extensively
studied and it has been suggested that ratios of cation radius to
crown ether internal van der Waals diameter of 0.75-0.90 : 1
are suitable for metal ion encapsulation by the macrocycle.?*
Factors such as preorganisation and complementarity,> sol-
vation and, significantly, chelate®® have been accepted to be
significant factors in the selectivity of the crown ethers for ions
in solution. The conformational flexibility of crown ethers
allows a variety of coordination environments in metal com-
plexes and increases the solubility of ions in both aqueous and
lipophilic media by exposing the hydrophilic (oxygen atoms)
or hydrophobic (ethylenic groups) moieties of the molecule to
solvent.

It is the intention of this review to discuss the interactions of
oxonium ions with crown ethers. This area of chemistry is
based on the premise that in order to isolate an oxonium ion as
a stable entity, the cation must be involved in a hydrogen-
bonded array with hydrogen bond acceptors. The crown ether
family offer suitable binding pockets for oxonium ions but also
can act as excellent hydrogen bond acceptors. Therefore,
inclusion type complexes where the oxonium ions are totally
bound by the crown ether (i.e. the size-fit and/or shape
complementarity is perfect for this type of binding) are
possible. It is also possible for the macrocycle to act as a
bridging unit (hydrogen bond acceptor) in hydrogen bonded
polymeric arrays of differing oligonuclearity where the size/fit
of the oxonium ion to the crown ether is not suitable.

2. Crown ethers as binding agents for oxonium ions

2.1 [H307"-18C6] Complexes (18C6 = 18-crown-6)

18C6 has a perfectly suitable cavity for encapsulation of
potassium ions in the solid state based on size of K* and
the inner diameter of the macrocycle. Based on the same
considerations, 15C5 is an excellent binder of sodium ions.
The ionic radius of the H;O " oxonium ion is midway between
that of sodium and potassium ions, and therefore, these two
crown ethers have been considered to be suitable binders for

..
H14 ‘e,

Fig. 4 X-Ray crystal structure of the [H30 " -(18C6)] cation showing
the symmetry match of the H;O ™ ion and 18C6 molecule.

Table 1 Geometry of H;O
(charges omitted on anions)

ions encapsulated by 18C6 ligands

Compound Geometry
[H3O*~18C6(COOH)4]29 Pyramidal
[H,0-2,6-pyrido-18C6-H ™" ][CIO ]30 Pyramidal
[H,0-2,6-pyrido-18C6- H Iipicrate]* Pyramidal
[H30 " -18C6],[M0gO ;o] Planar
[H30 " -18C6][CI-H-CI]*? Planar/pyramidal
[H;0™ -dicyclohexano- 1 8C6][Th(NO3)6]33 Planar
[H30 " -18C6],[Pd,Cl¢J** Pyramidal
[H;0 ™ -18C6],[ZnCl,]>° Pyramidal
[H30 " -18C6],[MnCl,** Pyramidal
[H;0 " -18C6][Br-H- Br]% Planar/pyramidal
H;0 " -18C6][(Hs0, " )(Cl), Pyramida

+ D137 y idal
[H30 " -18C6],[(UO5(NO5),C,04]*® Planar
[H50 " -18C6][MoOCl4(H,0)]*° Pyramidal
[H;0™"- 18C6][ReOC14%H20)]W Pyramidal
[H30 " -18C6],[FeCl,]* Planar/pyramidal
[H30 " -18C6][Br3]*! Planar
[H;0 - 18C6][I,]* Planar
[H50"1 8C6][CrCl4(H20)2] Pyramidal
[H30 - 18C6][(Hs0, " )Mo,Cly]* Planar (pyramidal)
[H30 *-18C6][WOCIl4(H,0)]* Planar/pyramidal
H;0 ™ -18C6][W(CO)sCl Pyramidal
[H;0" J[W(CO)sCI* y
[H;0 - 18C6][W(CO),Cl5]* Planar
[H50" 18C6][MoOCI(H,0)]" 45 Pyramidal
[H30 - 18C6][WOBr4(H,0)]** Planar
[H;0 " -18C6][TiCls(H,0)]* Pyramidal
[H30 *-18C6],[ReCle]* Pyramidal
[H;0 " -18C6][AuCl,] (form I)48 Planar
[Hy O+-18C6][AuC14] (form 11)* Planar
[H;0 ™" -4-nitrobenzo- 18C6][AuC14]48 Planar
[Hgo+ 18C6][NbF¢]* Planar
[H30*-18C6][TaF4]* Planar

the simplest oxonium ion. However, other considerations need
to be taken into account when predicting the binding capacity
of crown ethers for these ions. Firstly, there is a symmetry
match between H30" and 18C6 with each moiety having
potential three-fold symmetry (see Fig. 4). For 15CS5, no
symmetry match is possible which may inhibit good binding
capacity. Further, for an oxonium ion to reside at the centre of
an 18C6 cavity, the Ooxonium)” - ‘O(crown) internuclear distances
would be close to 2.8 A; perfectly suitable for a hydrogen
bonding distance for this ion (¢f. O- - -O distances of 2.76 Ain
ice).?” In the smaller cavity of 15C5, these hydrogen bonding
distances would have to be shorter if the ion were to reside
within the macrocyclic cavity, therefore forcing the oxonium
ion to reside outside one face of the cavity similar to some
examples of the [K™-15C5]*® ion. Unsurprisingly, of all the

CIs'

i’
Fig. 5 X-Ray crystal structure of [H30 *-18C6][TiCls(H,0)] showing

the hydrogen bonding between anions and cations.*®
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oxonium ions studied in the presence of 18C6 (see Table 1)**

all but one of these have an H;O " ion residing at the centre, or
marginally to one side of the macrocyclic cavity. The first
example of the [H30 " -18C6] (Fig. 4) ion appeared in 1982 in
[H;0 " -(tetracarboxylic-18C6)][CI].?® Since then there been
many examples of the [H;O"-18C6] cation published with
complex anions such as Mo,Cls*~,* to the much more simple
halide anions, such as Cl-H-CI*> and [Br; ].*' In most of
these compounds, there is an extensive hydrogen bonding
network involving anions, cations and water molecules (for
example [H;0 " -18C6][TiCls(H,0)] in Fig. 5).%¢

The geometric shape of the H;O" oxonium ion when
encapsulated within the 18C6 cavity has been the subject of
many articles (Table 1).>*™* For most of the information
collated in Table 1 the structural work involving these species
has been determined using X-ray crystallographic techniques,
and only recently on more precise data collected on diffracto-
meters with CCD detectors. Therefore, the location of the
hydrogen atoms of the oxonium ions has not always been
reliable, and the shape of the ion has been often inferred by
considering the O---O vector as a close to linear hydrogen
bond. To get unambiguous structural geometries of these ions,
neutron diffraction studies will have to be performed. There
are many reported examples of the oxonium ion in the
expected pyramidal shape, for example in [H;0 " -18-crown-
8][ReOCl,(H,0)]*° where the oxygen atom of the H;O " ion
resides 0.87 A outside the plane defined by the crown ether
oxygen atoms (Fig. 6). In this ion, the H-O-H angles are more
obtuse than in an isolated H;O " ion, presumably due to the
hydrogen bonding between the ion and the oxygen atoms of
the macrocycle which splays open the ion slightly. The ionic
radius of the H;0 " ion is slightly smaller than the effective
internal diameter of 18C6, the ion is forced into a more
flattened conformation. In other examples, more planar
shapes have been postulated for H;0", eg. [H;0"-
18C6][CI-H-CI] (Fig. 7) where the H;O"' oxygen atom is
almost coplanar with the oxygen atoms of the crown ether
(0.09 A outside the plane defined by the closest three O(crown)
atoms).>> Here it was inferred that since the oxygen atom
resides within the plane of the oxygen atoms, then the
oxonium ion must necessarily be close to planar, if the
O-H---O angle is close to linear. However, as mentioned
earlier, in cases where the hydrogen atoms of the H;O " ion
are not located, presumably due either to the poor X-ray
scattering ability of hydrogen atoms, or the potential disorder
involving an H3;O™ ion of three-fold symmetry residing in a
macrocycle of six-fold symmetry, there is some doubt as to the
overall shape of the ion. It is also possible that even though the
oxygen resides within the plane of the crown ether oxygen

Fig. 6 Structure of the cation in [H;0 *-18C6][ReOCl4(H,0)] show-
ing the O(oxonium) centre residing 0.87 A out of the macroc:ycle.39

Fig. 7 Structure of the cation in [H;0 *-18C6][Cl-H-CI] showing the

O(oxonium) centre residing within the plane of the macrocycle.32

atoms, the hydrogen atoms can be located out of this plane
with an O-H---O angle <180°, while still maintaining a
flattened pyramidal geometry for the oxonium ion.

While the 18C6 macrocycle has shown a preference to bind
H;0 " in the solid state, there are a number of examples in
crown ether/oxonium ion chemistry where an oxonium ion of
higher hydration (e.g. HsO, ", H;05" and HyO, ") has been
identified within the crystal lattice and with no interactions
with the crown ether. In (HoO4 " )[LaCl,(H,0)(18C6)ICL, a
linear chain HyO," ion is hydrogen bonded to the anions
rather than the crown ether and the lanthanum atom is
preferentially bound inside the macrocyclic cavity (Fig. 8).%°
In another rare earth complex, (H;0")[EuCl-
(H»0),(18C6)]Cl,, the metal ion also resides within the macro-
cycle with the pyramidal oxonium ion in the lattice and
hydrogen bonded to two chloride ions and a water molecule
(Fig. 9).%° The O(oxonium) - ‘O(watery distance of 2.630(10) A in
this compound is too long for this fragment to be considered
an HsO," ion. These lattice-bound oxonium ions exist for
several reasons; (i) due to strong hydrogen bonding acceptors/
donors in the lattice, these species are stabilised with respect to
loss of water, (ii) to balance the charge of complex anions, (iii)
competition to accommodate the cavity of the crown ether
between the metal ions (that are of a suitable size for com-
plexation) and the H;O " ion.

Even though it has been established that 18C6 is a very
suitable encapsulator and binder of H;0 ™, particularly in the
absence of metal ions that may otherwise compete for the
macrocyclic cavity, there have been examples of higher ox-
onium ion oligomers isolated in the presence of this particular
crown ether. There has been one report of an HsO," ion
bound to an 18C6 molecule in the unusual
[(HsO0, " )»(18C6)[UO,CLy].%® In this complex, an HsO, " ion
is hydrogen bonded to opposite faces of the crown ether in a
gauche conformation. The HsO,™ ions are then hydrogen
bonded to the anions to form a polymeric strand (Fig. 10).
The largest oxonium ion oligomer isolated in crown ether
systems is the H;30¢" ion. This is present in
[H1304][PtCl5(H40,)]-(18C6), and is encapsulated in the lat-
tice in a strongly hydrogen bonded system trapped between
three 18C6 molecules as a linear HsOy; © ion with a water
molecule hydrogen bonded to the central O atom of the
chain.'® While the hydrogen atoms of the oxonium ion were
not located, it is believed the ion exists as a [H3O-H,O-
H,0O(H,0)-H,0-H,0] " fragment based on O---O distances.

The ability of crown ethers to act as ion transporters for
hydrophilic species across lipophilic regions has been exten-
sively studied for the alkali metal ions. In a similar way, crown
ethers can also impart hydrocarbon solubility to oxonium
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Fig. 8 X-Ray crystal structure of [HoO4 " [LaCl,(H,0)(18C6)]Cl, with a linear chain type of HyO4 " ion.*’

ions. To this end the liquid clathrate chemistry’'>® of these

species has been studied. In many of the complexes discussed
above, oxonium ions have been found to crystallise from
toluene, in which the liquid clathrate effect®’ ™3 as been
observed. Also involved in a number of these spe-
cies,31:343%:39.4043°49 46 transition metals which have poten-
tially catalytic properties, so the possibility of studying
catalysis in liquid clathrate media is an exciting prospect.
The highly ionic medium and the potential for a simple
separation mechanism>>> could have great merit.

2.2 21-Crown-7 (21C7), dicyclohexano-24-crown-8 (24-crown-
8 = 24C8), dibenzo-24-crown-8 and dibenzo-30-crown-10
(30-crown-10 = 30C10)

Based on the affinity of 18C6 to selectively bind H;O ™ ions in
the solid state, it may be expected that macrocycles with
cavities larger than that in 18C6 would bind larger oligomers
in the (H,0),-H" oxonium ion series. There has only been one
reported example of 21C7 and two examples of dicyclohex-
ano-24C8 binding Hs0, " jons, % and one involving diben-
70-24C8 while dibenzo-30C10 reportedly binds two ions of
H;0" within the cavity.> In this limited series, it is suggested

Fig. 9 X-Ray crystal structure of [H;0 " ][EuCl(H,0),(18C6)]Cl,
with a pyramidal H;0" ion in the lattice.*

that larger macrocycles do have the ability to stabilise the
HsO, " ion, but that a threshold that is reached, where there is
now competition between ability to stabilise the higher oligo-
mers and the binding of several of the smaller H;O™" ions
within the cavity.

In [HsO, " -21C7[WOCI4(H,0)],>*> the oxonium ion lies
slightly outside the face of the macrocycle, and exists in the
higher energy cis conformation (Fig. 11) suggesting the ion is a
little too large for complete encapsulation within the cavity.
Additionally, the mismatch of symmetry between the two
species may also contribute to the offset location of the ion
with respect to the crown ether. The O---O distance in the
HsO," ion of 2.41(3) A is typical for these species. In
[(H5O,)(dicyclohexano-24C8)],[UO,Cly]-MeOH and [(Hs0,)-
(dicyclohexano-24C8)],[UCIs} MeOH the frans HsO," ion
resides deep within the cavity, but here, the macrocycle
appears to be slightly too large for the ion causing a folding
of the ether to accommodate the hydrogen bonding require-
ments of the HsO," ion (Fig. 12).® Other evidence that
suggests the crown ether is slightly too large for this ion are
the long Ooxonium)” * “O(crown) distances of 2.83(1) to 3.01(1) A.
The O---O distances in the disordered oxonium ions are
2.42(2) and 2.48(2) A for the UO,Cl>~ species and 2.39(2)
and 2.54(2) A for the [UCle]*~ complex.*® Dibenzo-24C8 has
been used to accommodate an HsO, " ion in [Hs0, " -dibenzo-
24C8][AuCly] with the oxonium ion neatly embedded in the
cavity of the crown ether.*®

In the larger crown ether, dibenzo-30C10, there is the
potential for complexation of higher oligomers of oxonium
ions. The 30C10 molecule has a high conformational mobility,
so it should be possible for the macrocycle to fold, and
encapsulate (H,0),-H ™, where n = 2, 3 or 4, as in potassium
ion complexes of dibenzo-30C10, where the K™ ion is coordi-
nated by all ten O(crown) atoms.””>® However, it was found
that the dibenzo-30C10 macrocycle preferentially complexes
two H;0" oxonium ions, and adopts a much flatter confor-
mation than in potassium complexes. The oxonium ions
observed in [(H50 "),(dibenzo-30C10)][W(CO),Cl;],-
(toluene), and [(H30 *),(dibenzo-30C10)][WOCI(H,0)], are
the only compounds where complexation of H;O™ by diben-
70-30C10 are also first to exhibit a crown ether in which two
oxonium ions are coordinated within the interior of the
macrocycle. The crown ether adopts a relatively flat
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Fig. 10 X-Ray crystal structure of [(HsO, " ),-(18C6)][UO,Cl4] with an 18C6 molecule sandwiched between two HsO, " ions.*®

conformation with an H;O" oxonium ion bound toward
either end of the cavity of the crown ether (Fig. 13). The
oxygen atom of the oxonium ions reside approximately 0.3 A
out of the plane of the plane defined by the O own) atoms to
which they are coordinated to, and have approximately pyr-
amidal geometry. This type of geometry is the lowest energy
conformation for the H3O" ion, and is typically found in
complexes where 18C6 has been used to selectively isolate
H;0™, although there is some conjecture as to whether some
of these complexes contain planar H;O " ions (see above). >

Fig. 11 X-Ray crystal structure of the cation in [HsO,"-21C7]-
[WOCI4(H,0)]. (a) Projected along the O---O vector; and (b) onto
the plane of the 21C7 macrocycle.”>>*

2.3 12-Crown-4 (12C4) and 15-crown-5 (15C5)

As mentioned earlier, the smallest oxonium ion, H;O™", is
approximately the same size as the cavity of 18C6 and there-
fore, based on size-fit arguments, there is little possibility of
binding an H;0 " ion within the cavity crown ethers such as
12C4 or 15CS5. The effective diameter of the cavity of the larger
of these, 15C5,% is approximately 0.9 A smaller than that of
18C6,%° and suggests that an H3;O" ion will not fit in the
interior of the crown. While the possibility of encapsulating an
oxonium ion with 15C5 is all but eliminated, the crown can
still act as a suitable hydrogen bond acceptor, setting up
polymeric strands through successive oxonium ions and crown

Fig. 12 X-Ray crystal structure of the cation in [HsO, " -(dibenzo-
24C8][UCl,)]-MeOH showing the HsO, ™ ion embedded deep within
the cavity of the folded crown ether.>®
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Fig. 13 X-Ray crystal structure of the cation in [(H30"),-(dibenzo-
30C10][WOCI(H0)], and [(H;O™")»-(dibenzo-30C10][W(CO),Cli],
(toluene),.>*

ether molecules (see later). There is also the possibility to form
sandwich type structures where the two crown ethers bind an
oxonium ion between them (cf. similar structures of [K -
(15C5),)).8' These types of sandwiched species have generally
been isolated with a trans HsO, " oxonium ion bound wedged
between two 15C5 molecules (e.g. [HsO, " -(15C5),]JUO,Cls-
(H,0),]¥%%%%)  or 12C4 (e.g. [H,057-Hs0,"-(12C4),)-
[MoOCl4(H,0)]*®) (Fig. 14 and 15). On the other hand, there
is one example involving two 12C4 molecules with H;0 "
filling the sandwich.** In the HsO," oxonium ion in
[H,05 " -H50, " -(12C4),][MoOCIl,(H,0)], the 0---0
separation of 2.327(8) Ais extremely short and is comparable
with some of the shortest O—H---O hydrogen bonding dis-
tances known for example 2.34(1) A in [NEt, " ]5[HsO, " -
[Mo,CIsH][MoOCIl4(H,0)],.5> O-H---O distances in HsO, "

Fig. 14 X-Ray crystal structure of the cation in [HsO,"-
15C5][UO,CI3(H20)2)] showing the HsO," sandwiched between
two crown ether molecules.*’

Fig. 15 X-Ray crystal structure of the [HsO, " -(12C4),] fragment in
[H705 " -H50, " -(12C4),][MoOCly(H;0)].*

species are generally in the range 2.40-2.45 Al Compression
of the HsO," ion by the sandwiching effect of two 12C4
molecules presumably gives rise to the very short O---O
separation in  [H;05;"-HsO0, " -(12C4),][MoOCl4(H,0)l,.
Furthermore, the two 12C4 molecules of the sandwich are
drawn together by hydrogen bonding involving the H,05"
oxonium ion which links successive [HsO,"-(12C4),] frag-
ments into a polymeric chain (Fig. 16, and below). The
O(oxonium)' : 'O(crown) distances in [I_l7C)3+ 'I_IS()ZJr :
(12C4),][MoOCIl4(H,0)] are also relatively short indicating
very strong hydrogen bonding between the units. In
[H50 " (12C4),][AsFg], the H;O0" ion is bound between two
12C4 molecules as a discrete entity.®*

In systems involving transition metals, oxonium ions and
crown ethers, the metal potentially competes with oxonium
ions for coordination sites of the macrocycle. Metal complexa-
tion by a crown ether is possible if the ratio of the metal ion
diameter to the crown cavity diameter, (R), falls within the
range 0.75-0.90.>* For first row transition metals, metal com-
plexation is achievable for 15C5 (diameter, 1.7-2.2 ASQ), but
for 12C4 (diameter, 1.2-1.5 A%) and 18C6 (diameter, 2.6-3.2
A6O) this does not typically occur and in the latter the crown
ether can hydrogen bond in a second-sphere fashion to metal-
coordinated water molecules, rather than being bound directly
to the metal ion.®® In examples involving 15C35, the metal can
be bound within the macrocycle and oxonium ions reside
within a hydrogen bonded array in the crystal lattice. In
[FeCl(H,0)-15C5][HsO, " ][FeCly], and [Co(H,0)-15C5]-
[HoO, "][Co-15C5][HyO, " J[Co(H,0)-15C5][CoCly]s the metal
centres are encapsulated within the 15C5 molecule and water
molecules or chloride ions bind in axial positions, forming
seven-coordinate pentagonal bipyramidal structures with the
crown ether in the five equatorial sites.” In [FeCl(H,O)-
15C5][HsO, " [FeCly] an HsO," ion is hydrogen bonded
between the cations and anions and forms a hydrogen bonded
three dimensional array (Fig. 17). Emsley has stated that a
hydrogen bond of >0.3 A less than the sum of the van der
Waals radii of the two elements, is classified a strong hydrogen
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Fig. 16 X-Ray crystal structure of the [H;05 " -HsO, " -(12C4),], polymeric chain in [H;05 " -Hs0, " -(12C4),][MoOCIl4(H,0)],.*

bond.%® Here, the O---O internuclear distance of 2.337 A is
0.46 A less than the sum of the van der Waals radii for oxygen
suggesting a strongly hydrogen bonded system.®’

In  [Co(H,0)-15C5][HyO,  J[Co-15C5][He04  J[Co(H,0)-
15C5][CoCly]4 the water molecules in the axial positions of
the positively charged cobalt atom are hydrogen bonded to a
cation, H;0 ™", and further water molecules producing poly-
meric cationic strand involving HoO," and Co®" ions
(Fig. 18).%7 In the linear-chain HoO," ions, the central
0---O distance of 3.036 A precludes the HoO4 " structure
from being considered as an HsO, " ion with two terminally
bound H,O molecules as described for [(HsO, )(HoO4")-
(benzo-15C5)2][UOCIL,].*¥®  Typical O---O separations in
HsO," ions range from 2.40-2.45 A and in this HoO," ion,
the terminal O- --O distances of 2.573 and 2.585 A are short,
almost suggestive of two HsO, " ions approaching each other.
A further surprising feature of the short O- - -O distances in the
terminal waters is the fact that they are bound to the positively
charged Co®" centre. In the uranium complex above, the
corresponding terminal O---O distances are more conven-
tional at 2.60 and 2.66 A.>*

There has been one reported example where an H;0 ™ ion is
bound within an 18C6 molecule and an HsO,™ ion resides
within the hydrogen bonded lattice, viz. the triply chloro-
bridged molybdenum dimer, [H;0 " -18C6],[HsO0, " ][M0,Clg].
The structure involves the HsO, " ion hydrogen bonded to the

Fig. 17 X-Ray crystal structure of the hydrogen-bonded three-
dimensional array in [HsO, " J[FeCl(H,0)-15C5][FeCl,].%

anionic unit creating a [HsO0,-Mo,Clg] dianion. The O---O
separation is 2.425(6).%

In [(HsO, " )(Ho04 " )(benzo-15C5),][UO,Cly] the HsO,"
ions are sandwiched between two benzo-15C5 molecules,
and the linear chain HoO," ions link these units to form a
polymeric hydrogen bonded chain (Fig. 19).*® Similarly, high-
er oligomers of oxonium ions have been isolated from liquid
clathrates involving lanthanoid salts.’®®' In (HsO,")-
[UO,(H,0),Cl5]-(15C5), the HsO," ions are sandwiched
between the two 15C5 ions in the typical way. The
[UO,(H,0),Cl3]” anions link the sandwich units into poly-
meric strands through hydrogen bonding between the metal
bound water molecules and the crown ether (Fig. 20).°%' In
[H,05"-15C5][AuCly], the pyramidal shaped oxonium ion
spans successive 15C5 molecules forming an infinite strand.”

There are many further examples where 12C4 binds with a
range of oxonium ions [H " -(H,0),], » = 1, 2 and 3, and with the
larger 15C5, an HsO, " ion has been identified to span successive
crown ethers.>”! In these complexes, the oxonium ions, bind to
the faces of the crown ethers, rather than being encapsulated by
the macrocycle, and participate with other molecules in the crystal
lattice to form hydrogen bonded networks.

o4 .- S, ot
- 03' .'

Fig. 18 X-Ray crystal structure of the [Co(H,0)-15C5][HyO, "]
[Co-15C5][He0, " [Co(H,0)-15C5] oligomeric chain with linear chain-
type HyO4 " ions.®®
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Fig. 20 X-Ray crystal structure of the polymeric chain in [HsO, " JJUO,(H,0),Cl3](15C5),.4%°

In the complexes formed between 12C4 and oxonium ions, a
variety of species have been isolated including H;O ™, HsO, "
and H,05 " .%% It is proposed that the larger oxonium ions form
to link the 12C4 macrocycles into hydrogen bonded arrays at
sufficient distance to generate pockets in which the large
anions can reside.

The only oxonium ion identified in the structures of [H3;0 ™ -
12C4]5[Mo0,Clg] and [H30*-12C4)][WOCI4(H,0)], was H;O "
where the O centre sits nearly 2.0 A above of the face of the
crown ether. The H;O " ion is further involved in O-H:--Cl
hydrogen bonding with the anions in [H30 " -12C4]3[Mo,Clo]
and [H;30 " -12C4)][WOCI4(H,0)] (see for example Fig. 21).%
In [(benzo-12C4),-H;0 " ][TaF¢], the oxonium ion is sand-
wiched between two 12C4 molecules rather than being in-
volved in an extensive hydrogen bonding array with the

—=Q CI3

02- Cl4'

Fig. 21 X-Ray crystal structure of the polymeric chain in [H;0™-
12C4][WOCI4(H,0)].%

The oxonium ions appear to be more strongly hydrogen
bonded to the crown in [H;0"-12C4] complexes with
O-H- - -O distances ranging from 2.488(5) to 2.531(5) A which
is much shorter than the related distances found in the 18C6
complexes above, where the typical values are 2.7-2.8 AP®
Short O-H---O distances are seen in [H;O"][NO;7],
[H;0 " J[HSO, ] and [H30 "],[SO4] where the O---O separa-
tions are of the order 2.52-2.66 A.'> The reason for the
formation of strong hydrogen bonds between the H;O"
oxonium ion and the 12C4 oxygen atoms is unknown. It
may be that these are the expected O- - -O separations in these
species and the related separations in the 18C6 complexes are
long, due to the size of the macrocycle, but in the latter the
hydrogen bonds are typical for OH- - -O bonds.

[H,05 " -Hs0, " -(12C4),][MoOCl4(H,0)] displays an exam-
ple of a structure having both HsO,™ and H,03" in the same
species (Fig. 16). It was the first reported instance of an H;05 "
oxonium ion isolated from an aromatic medium.%® In this
structure the H,05 " ion resides on an inversion centre which
creates a /inear and symmetrical string of oxygen atoms, with
O- - -0 separations of 2.594(9) A. The hydrogen atoms of the
H;0™" at the heart of the H;05; " unit were not located due to
conditional disorder of the H;O" residing on an inversion
centre. This example of a linear conformation for the H;0; "
ion is unprecedented. H,O;™ ions had previously been de-
scribed as a central pyramidal H;O™ ion to which two H,O
molecules were hydrogen bound, with a O---O---O angle of
ca. 115° and non-symmetrical O- - -O distances of 2.45 and 2.55
A% In [H,0; " -Hs0, " -(12C4),][MoOCl4(H,0)] the H,O5 "
ion connects four 12C4 groups, with the terminal oxygen
atoms of the H;05;" ion hydrogen bonded to the O atoms
of the crown ethers at distances of 2.756(8) and 2.757(8) A
(Fig. 16). It was proposed that formation of the linear H,05 "
ion was due packing constraints of the anions and cations in
the crystal since the anions are also involved in hydrogen
bonding with the H,05; " ion. The linear array for the H,0; "
ions have not been considered by theoreticians but the energy
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Fig. 23 X-Ray crystal structure of the [HsO, " -15C5], polymeric chain in [HsO, " -15C5][MOCI4(H,0)], (M = Mo, W).”

of this ion is presumably significantly higher than the lowest
energy structures considered, viz. bent/pyramidal symmetric/
asymmetric structures.

The Hs0,™ oxonium ion in [(Hs0, "), 12C4][W(CO)4Cl5],
has an O---O separation of 2.387(8) A.®2 The crown ether/
oxonium ion part of the structure involves 12C4 molecules
spanning two HsO, " ions in a polymeric strand (Fig. 22). The
H;0, ™ ions are involved with hydrogen bonding interactions
with the [W(CO)4Cl3] anions but are more than 3.5 A from
adjacent HsO, " ions excluding the possibility of any further
oxonium ion/oxonium ion interactions.

For molybdenum or tungsten chemistry involving 15C5
macrocycles there is not a size match between the metal and

crown ether, so the macrocycle is not suitable for metal ion
complexation, and [MOCI4(H,O0)]™ anions, which are typically
observed in these types of reactions with aqueous acid, are
isolated (e.g. in refs. 39, 43 and 45). Accordingly, [HsO," -
15CS][MOCI4(H,0)] (M = Mo, W) complexes were identified.
The HsO," oxonium ion in both of these complexes succes-
sively bridge 15CS5 molecules to form polymeric hydrogen
bonded strands (Fig. 23).”' It is encouraging that in both
complexes, the HsO, " ion was isolated, and further studies
may show the selectivity of 15C5 for HsO," in these struc-
tures, but it must be kept in mind there many other factors in
this chemistry to be considered such as intermolecular hydro-
gen bonding and crystal packing forces that can determine the

Fig. 24 X-Ray crystal structure of the [H,05 " -15C5], polymeric chain in [H,0;*-15C5][AuCl,).%"
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Fig. 25 X-Ray crystal structure of the [HsO, " -(benzo-15C5)] sand-
wich cation in [Hs0, " -(benzo-15C5)][AuCly].”

type of oxonium ion isolated. The HsO,™ oxonium ions here
have the lowest energy staggered conformation,”® and have
slightly shorter O- - -O distances (2.399(2) and 2.383(2) A) than
typically encountered (2.41-2.45 A)Z‘B and may be due to the
compression of the ion between the two 15C5 molecules. As
for most [H;0 " -18C6] complexes, the only hydrogen bonding
contacts are between the crown ether and the oxonium ions.
However, in contrast to [H;0 *-18C6] ions, where the cations
are generally isolated as discrete entities, the [HsO, " -15C5]
ions form polymeric strands similar to several oxonium ion/
12C4 complexes (see above). With this in mind, it may be
possible to crystal engineer a large range of arrays by judicious
choice of hydrogen bond donors and acceptors of these types.

In [H,0; " ][AuCly]-15C5, an H,0;" oxonium ion spans
successive 15CS5 molecules in a one-dimensional hydrogen
bonded array (Fig. 24). This compound was formed by reac-
tion of an aqua regia solution of gold with 15C5.7%7* The
H,0;" ion is unsymmetrical with O---O distances of 2.43(2)
and 2.536(18) A and is remarkably close to being described as
an HsO," ion hydrogen bonded to a water molecule. The
O---0---0 angle is 121°. If benzo-15C5 is used in place of
15C5 in the above reaction, [HsO, " JJAuCly]-(benzo-15C5) is
formed. Here, a sandwich complex is observed where the trans
H;0, ™ ion is hydrogen bonded between two crown ethers as a
discrete cationic unit and it is intriguing that a small change in
the rigidity of the crown ether (by incorporation of the benzo
substituent) can bring about such a drastic structural change
(Fig. 25).7* A similar structure has been found in [(benzo-
15C5),-Hs0, " [(benzo-15C5),-H;0 T][TaFg], which also has
the unusual situation where H;O ™" is sandwiched between two
15C5 molecules.*

3. Conclusions

Crown ethers can be used to isolate oxonium ions H ™ -(H,0),
(n = 1, 2, 3, 4). The structural nature and oligonuclearity of
the oxonium ion depends on the hydrogen bonding acceptor
properties of the immediate environment. In the medium of
the experiments performed in this review, there are a plethora

of hydrogen bonding acceptors, including crown ethers, het-
eroatoms as ligands on anionic residues and halide ions. 18C6
reliably binds the H;O ™ oxonium ion almost selectively, while
21C7 and dicyclohexano-24C8 and dibenzo-24C8 traps
Hs0,™ ions and 30C10 binds two H;0™ ions (although there
are only limited examples of the latter two). Intriguing species
were isolated when smaller crown ethers than 18C6, viz. 12C4
and 15C5 were used, which crystallise with larger aggregate
oxonium ions H"-(H,0), (n = 2, 3, 4) as linkers between
successive crown ethers and crystallise as polymeric strands.
The smaller macrocycles are not large enough to totally
encapsulate the H;O " ion and rather bind as hydrogen bond
acceptors between alternating oxonium ions and crown ethers.
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