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Introduction

Previous X-ray crystal structures of hydronium ion/18-
crown-6 guest-host complexes reveal the H3O+ ion centered
in the middle of the crown ether with all the polyether oxygens
participating in hydrogen bonding to the hydronium ion.1 18-
Crown-6, with approximateD3d symmetry and optimum cross-
ring oxygen-oxygen spacing, is ideally suited, in terms of cavity
size and shape, for hosting H3O+. 1,8-Oxybis(ethyleneoxyeth-
yleneoxy)anthracene-9,10-dione,1, is an analogue of the 18-

crown-6 system, where one ether oxygen has been replaced by
a carbonyl group of the anthraquinone. This molecule has been
of particular interest as a redox-switchable crown ether that has
a high affinity and selectivity for cations in its electrochemically
reduced state, compared to its neutral form.2,3 However, in1,
the carbonyl of the anthraquinone diminishes the cavity size of
the crown ether and reduces the symmetry of the polyether ring.
Here we report the structure of 1,8-oxybis(ethyleneoxyethyl-
eneoxy)anthracene-9,10-dione‚HNO3‚3H2O,2, where nitric acid,
a strong mineral acid, does not form an hydronium ion or higher-
order hydronium ion complex with the crown host in the
crystalline state, even when cocrystallized with water. Nitric

and sulfuric acid adducts, in this instance, join weak acid/crown
ether examples that do not exhibit a leveling effect by water.

Experimental Procedures

1,8-Oxybis(ethyleneoxyethyleneoxy)anthracene-9,10-dione‚
HNO3‚3H2O, 2. Slow evaporation of solvent from mixtures containing
1,8-oxybis(ethyleneoxyethyleneoxy)anthracene-9,10-dione,1,2 and con-
centrated nitric acid in acetonitrile gave yellow needles of the title
compound. The complex loses acid/solvent between 105 and 115°C
and melts at 155-157 °C, the melting point of1. 1H NMR δ (300
MHz, DMSO-d6): 7.73 (t, 2 H,J2(4),3 ) 7.7 Hz, 3 and 6-H), 7.67 (dd,
2 H, J2,3 ) 7.6 Hz,J2,4 ) 1.7 Hz, 2 and 7-H), 7.50 (dd, 2 H,J3,4 ) 7.6
Hz, J2,4 ) 1.7 Hz, 4 and 5-H), 4.21-3.60 (m, 16 H, CH2’s), 3.94 (s,
H3O+/H2O). NMR chemical shifts are referenced to the residual proton
resonance of the solvent. Elemental analyses calculated for C22H29-
NO13: C, 51.26; H, 5.67; N, 2.72. Found: C, 51.77; H, 5.29; N, 2.66.
X-ray Data Collection, Structure Determination, and Refinement.

A crystal of the compound (0.4× 0.4× 0.04 mm) was attached to a
glass fiber and mounted on the Siemens SMART system for data
collection at 173(2) K. An initial set of cell constants was calculated
from 35 reflections harvested from three sets of 30 frames. Final cell
constants were calculated from a set of 2992 strong reflections from
the actual data collection. A summary of data collection and refinement
information is given in Table 1. The space groupP21/cwas determined
on the basis of systematic absences and intensity statistics.4 A
successful direct-methods solution was calculated which provided most
non-hydrogen atoms from theE-map. Several full-matrix least squares/
difference Fourier cycles were performed which located the remainder
of the non-hydrogen atoms. All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were placed
in ideal positions and refined as riding atoms with relative isotropic
displacement parameters. All water protons were refined isotropically
with isotropic displacement parameters fixed at 1.5 times the host
oxygen. The covalent water bonds were restrained to have the same
distances within 0.02 Å. All hydrogens are accounted for in this
structure. Selected bond distance and angles are listed in Table 2.

Results and Discussion

The addition of a small amount of concentrated nitric acid
to a solution of1 in acetonitrile yields yellow, nonfluorescent
needles after slow evaporation of solvent. Melting point
determinations show that this material loses acid and solvent
between 105 and 115°C and subsequently melts at∼155 °C,
near the melting point of uncomplexed1.2 Titration with strong
base reveals that only 1 equiv of acid is present in this material.
X-ray crystallographic analysis reveals the asymmetric unit

of this material contains the anthraquinone-containing crown
ether, a nitric acid molecule, and three water molecules (1‚
HNO3‚3H2O). The crown ether has approximateCs symmetry
as shown in Figure 1, and O-C-C-O torsion angles (range
) 65.1-72.7°) alternate(g (except for the aryl carbons which
are synclinal), and all the C-O-C-C torsion angles (range)
162.9-179.6°) areanti in configuration. Within the macrocycle,
bond distances and bond angles average O-C(alkyl) ) 1.43
Å, O-C(aryl) ) 1.36 Å, C(alkyl)-C(alkyl) ) 1.50 Å,
C(alkyl)-O-C(alkyl)) 112.4°, C(alkyl)-O-C(aryl)) 118.1°,
O-C(alkyl)-C(alkyl) ) 109.1°, and O-C(aryl)-C(aryl) )
118.0°. The two carbonyl C-O bonds, C(1)-O(1) and C(18)-
O(7), are 1.214(5) and 1.234(5) Å, respectively, and the
anthraquinone system is planar. Interatomic spacings of ether

* To whom correspondence should be addressed.
† University of Minnesota.
‡ University of South Dakota.

(1) (a) Atwood, J. L.; Bott, S. G.; Coleman, A. W.; Robinson, K. D.;
Whetstone, S. B.; Means, C. M. J. Am. Chem. Soc. 1987, 109, 8100.
(b) Atwood, J. L.; Bott, S. G.; Means, M.; Coleman, A. W.; Zhang,
H. Inorg. Chem. 1990, 29, 467, and references within. (c) Cheˆnevert,
R.; Rodrigue, AJ. Chem. Ed. 1984, 61, 465.

(2) Delgado, M.; Gustowski, D. A.; Yoo, H. K.; Gatto, V. J.; Gokel, G.
W.; Echegoyen, L. J. Am. Chem. Soc. 1988, 110, 119.

(3) (a) Kim, H.; Schall, O. F.; Fang, J.; Trafton, J. E.; Lu, T.; Atwood, J.
L.; Gokel, G. W.J. Phys. Org. Chem. 1992, 5, 482. (b) Chen, Z.;
Gokel, G. W.; Echegoyen, L.J. Org. Chem. 1991, 56, 3369. (c) Allen,
J. R.; Cynkowski, T.; Desai, J.; Bachus, L. G.Electroanalysis1992,
533. (d) Caridade Costa, J. M.; Jeyashi, B.; Bethell, D.J. Electroanal.
Chem. 1993, 351, 259.

(4) SHELXTL-Plus V5.0; Siemens Industrial Automation, Inc.: Madison,
WI, 1994.

376 Inorg. Chem.1998,37, 376-378

S0020-1669(97)00839-2 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/08/1998



oxygens across the macrocycle are 5.75 Å for O(2)‚‚‚O(5) and
5.78 Å for O(3)‚‚‚O(6), and are typical of 18-crown-6 cavity
diameters.5 Due to the presence of the carbonyl oxygen, O(1),
within the polyether ring, the O(1)‚‚‚O(4) interatomic distance
of 4.65 Å decreases the cavity size by approximately 1.2 Å.
Of greatest interest is the hydrogen-bonded complex of the

nitric acid, water molecules, and the crown ether. Two water
molecules, O(12) and O(13), bridge two basic polyether
oxygens, O(3) and O(5), in a daisy chain fashion, and O(13) is
also hydrogen-bonded to the nitric acid (side view, Figure 1).
This arrangement can be described as1‚HNO3‚2H2O, as
opposed to [H5O2‚1]+NO3

-, where the proton has been trans-
ferred to water. To support this case are unequal N-O bond
distances in the nitric acid. The N-O(22) distance, the oxygen
that participates in the hydrogen bond, is 1.309(6) Å, compared
to the two other N-O double-bond distances that average
1.178(6) Å. These distances are very similar to other published
nitric acid structures6 that retain the acidic proton, and is
different from a nitrate anion, where all N-O bond lengths are
equal. The bond distance between the water molecule, O(13),
and the nitric acid oxygen, O(22), is also short, equaling 2.468-
(6) Å, indicating that a particularly strong hydrogen bond has
been formed between the acid and this water molecule.
In addition, numerous H5O2

+ complexes with crown ethers
have been reported.7,12 The average H2O‚‚‚H+‚‚‚OH2 oxygen-
oxygen contacts in these structures range from 2.42 to 2.43 Å
with Owater‚‚‚Oether contacts of 2.60-2.74 Å. In the structure
of 1‚HNO3‚3H2O, the oxygen-oxygen contact (O(12)‚‚‚O(13))
equals 2.626(6) Å, and Ow‚‚‚Oether contacts equal 2.804(6) Å
for O(5)‚‚‚O(13) and 2.852(6) Å for O(3)‚‚‚O(12), all much
longer compared to H5O2

+ hydronium ion complexes previously
reported, implying considerably weaker hydrogen bondingoccurs
between O(12) and O(13) and the polyether oxygens here.

One additional water molecule is also found on the opposite
face of the crown ether, bridging O(1), the carbonyl oxygen in
the ring, and O(4). O(1)‚‚‚O(11) and O(4)‚‚‚O(11) contacts are
2.764 and 2.877(6) Å, respectively. O(1), possibly due to this
hydrogen-bonding interaction, has also been pulled out of the
plane of the anthraquinone and the polyether ring by ap-
proximately 0.93 Å. Crown ether units within the crystal are
separated by a hydrogen bond between the O(12) water molecule
(above the polyether ring) and the O(11) water molecule (below
the polyether ring of a neighboring complex).

To our knowledge, a polyether guest-host complex contain-
ing both a strong acid and water, where the acid proton has not
been transferred to water, has not been previously observed.
This conclusion is based on the extended series of bond lengths
between heavy atoms in this structure including: unequal bond
distances between nitrogen and oxygens in HNO3, a short
hydrogen bond between the nitric acid and the O(13) water
molecule, a long oxygen-oxygen contact between the O(12)
and O(13) water molecules, and long oxygen-oxygen contacts
between O(12) and O(13) and the polyether oxygens of the ring,
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Table 1. Crystallographic Data for1‚HNO3‚3H2O

chemical formula C22H29NO13 formula weight 515.46
a 19.7151(14) Å Space group P21/c
b 16.4937(12) Å T 173(2) K
c 7.5239(5) Å λ 0.71073 Å
â 96.828(1) Fobs. 1.409 g cm-3

V 2429.2 (3) Å3 µ 0.0117 cm-1

Z 4 R1 a 0.0761
Rw2 b 0.1729

a R1 ) ∑||Fo|- |Fc||/∑|Fo|. bRw
2 ) [∑[w(Fo2 - Fc2)2]/∑[w(Fo2)2]] 1/2,

wherew ) q/σ2(Fo2) + (a*p)2 + b*P.

Table 2. Selected Bond Distances and Angles for1‚HNO3‚3H2O

Bond Distances
C(1)-O(1) 1.214(5) O(11)‚‚‚O(1) 2.764(6)
C(18)-O(7) 1.234(5) O(11)‚‚‚O(4) 2.877(6)
N(21)-O(21) 1.173(6) O(12)‚‚‚O(3) 2.852(6)
N(21)-O(22) 1.309(6) O(12)‚‚‚O(13) 2.626(6)
N(21)-O(23) 1.184(6) O(13)‚‚‚O(5) 2.804(6)

O(13)‚‚‚O(22) 2.468(6)

Bond Angles
O(21)-N(21)-O(22) 116.2(6)
O(21)-N(21)-O(23) 125.4(6)
O(22)-N(21)-O(23) 118.1(5)

Figure 1. Thermal ellipsoid (50%) diagrams of the top and side views
of 1‚HNO3‚3H2O. In the side view diagram, O(12) and O(13) water
molecules, together with the nitric acid, lie above the polyether ring
and O(11) lies below.
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yielding1‚HNO3‚2H2O. These bond lengths are different from
those expected for [H5O2‚1]+NO3

-, where N-O bond distances
for nitrate would be the same, the contact between the nitrate
ion and the organic cation would be longer, and bond distances
associated with H5O2

+ would be significantly shorter, on the
basis of reported results of other H5O2

+/crown ether structures.

Examples of weak acid/18-crown-6 guest-host complexes,
where the acid retains the proton, have been reported, i.e.
cyanoacetic acid (CH2(CN)COOH, pKa) 2.58) and H3PO4 (pKa

) 2.1).10 Although nitric acid is a much stronger acid (pKa )
-1.6),11 its apparent inability to form a oxonium ion complex
in this case is because of the restricted size of the crown ether
cavity due to the carbonyl oxygen present inside the ring. The
less basic carbonyl oxygen reduces the diameter of the ring by
∼1.2 Å in one dimension, resulting in an asymmetric and
crowded cavity for hydrogen bonding to occur for any pseudo-
centered H3O+ guest. It is also of interest to point out that a
higher order hydronium ion, such as H5O2

+, has not been formed
in this case either. H5O2

+ has been observed to bridge 15-
crown-5 rings that are too small to encapsulate H3O+ individu-
ally.12 In 1‚HNO3‚3H2O, proton transfer does not take place,
and a unique bridging system of two water molecules (daisy

chained) spans the crown ether on one side of the polyether
ring. Daisy chains of water molecules bridging polyether rings
have previously been observed.10,13

We have also determined the structure of the analogous
sulfuric acid adduct of1.14,15 The sulfate counter-ion appears
severely disordered over two sites in this structure, and the
protons could not be located; however, the anthraquinone and
crown ether ring are almost identical in conformation to the
nitric acid structure, indicating even sulfuric acid (pKa ) -3),
a stronger mineral acid than nitric acid, most likely does not
protonate water in this complex either. Also, we have not
observed electrophilic substitution of the aromatic rings in1
with either nitric acid or sulfuric acid or mixtures of the two,
as is the case with anthraquinone itself and its many derivatives.
Whereas potassium ion (Oether-K+ distances average 2.8 Å)5

is optimally suited for complexation with 18-crown-6, the
structure of1‚HNO3‚3H2O with a reduced cavity diameter
provides an excellent fit for sodium ion (Oether-Na+ distances
average 2.3-2.4 Å) within the macroring. This is supported
by previous EPR and cyclic voltammetric studies of1.2,3

However, due to the high spectral symmetry of the EPR
spectrum of reduced1 in the presence of Na+,2 a C2 axis
containing both carbonyl groups and any carbonyl-bound cation
was proposed, indicating front and back sides of the an-
thraquinone are the same on the EPR timescale. Although
complicated by crystal packing forces, the structure presented
here has lower symmetry (Cs), with the mirror plane oriented
perpendicular to the anthraquinone and containing both carbonyl
groups. The polyether chain, then, must permit a certain degree
of flexibility in conformations it adopts in solution and the solid-
state.
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