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Abstract—Seven diquat-based inclusion [2]complexes were studied by proton NMR spectroscopy, electrospray ionization mass spectrometry,
and X-ray analysis. The hosts used in these inclusion [2]complexes are bis(5-hydroxymethyl-1,3-phenylene)-32-crown-10, a bis(m-phenyl-
ene)-26-crown-8-based cryptand, and five bis(m-phenylene)-32-crown-10-based cryptands. Bis(m-phenylene)-32-crown-10-based cryptands
have been proved to be able to complex diquat much more strongly than bis(m-phenylene)-32-crown-10 itself and one containing a pyridyl
moiety has one of the highest Ka values reported to date. These hosts form 1:1 complexes with diquat in solution and in the solid state. It
was found that the improved binding from bis(m-phenylene)-32-crown-10 to bis(5-hydroxymethyl-1,3-phenylene)-32-crown-10 was due to
a supramolecular cryptand structure formed by chelation of the two terminal OH moieties of bis(5-hydroxymethyl-1,3-phenylene)-32-
crown-10 with a water molecule as a hydrogen-bonding bridge.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Inclusion complexes have been widely studied for different
purposes.1 Cryptands, hosts with two points connected by
at least three bridges,2a are important in the preparation of
inclusion complexes. The first cryptand was reported in
1968.2b The original objective for preparing cryptands was
to bind metal ions and small organic molecules strongly
by encapsulation.2 Recently progress has been made in the
synthesis of cryptands and supramolecular cryptands3 that
can complex large organic guests, such as paraquat deriva-
tives,4 bis(secondary ammonium) salts,5a monopyridinium
salts,5b and tripyridinium salts.5c Inspired by the formation
of a taco complex in the solid state from paraquat 1 and
bis(m-phenylene)-32-crown-10 (BMP32C10) derivative
2a,4d in order to prepare large supramolecular systems effi-
ciently from small-building-block-based host–guest chemis-
try, we designed and prepared a series of crown ether-based
cryptands, which can complex paraquat derivatives, such as
1, much more strongly than the corresponding simple crown
ethers.4d–4h First we reported very strong complexation be-
tween a cryptand and paraquat derivatives in 1999.4d Later,
we reported cooperative complexation between a cryptand

Keywords: Host–guest systems; Self-assembly; Complex; Cryptand; Diquat.
* Corresponding authors. Tel./fax: +86 571 8795 3189 (F.H.); tel.: +1 540

231 5902; fax: +1 540 231 8517 (H.W.G.); e-mail addresses: fhuang@
zju.edu.cn; hwgibson@vt.edu

y Summer Undergraduate Research Participant, 1999, supported by the
National Science Foundation through DMR 922487 REU. Present ad-
dress: Department of Chemistry, University of Minnesota, Minneapolis,
MN 55455-0431, USA.
0040–4020/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.01.042
and a bisparaquat derivative,4e two pseudorotaxane-like
cryptand/paraquat [3]complexes,4f and the formation of
dimers of cryptand/paraquat inclusion complexes driven by
dipole–dipole and face-to-face p-stacking interactions.4g

Specifically, a bis(m-phenylene)-32-crown-10-based diester
cryptand with a pyridyl nitrogen atom located at a site occu-
pied by either water or a PF6 anion in analogous crown ether-
based complexes exhibited a very high association constant
with paraquat, Ka¼5.0�106 M�1 in acetone, 9000 times
greater than the crown ether system.4h We also found that
the formation of supramolecular cryptands by chelation of
difunctional macrocycles can improve the complexations
with paraquat derivatives,6a a bis(secondary ammonium)
salt,5a and a bisparaquat derivative.6b These cryptands and
supramolecular cryptands have proven to be much better
hosts for organic guests than corresponding simple crown
ethers.4,5a,5b,6 These guest-binding improvements can be
ascribed to preorganization7 and/or multi-point binding.8

Furthermore, other groups have used cryptands as the hosts
to bind inorganic anions,9 anionic colorimetric dyes,9 acetic
acid,10 and ion pairs.11

Diquat (3) is an effective herbicide that presents toxicity
challenges to fish, mammals, etc. and thus needs to be care-
fully monitored in the environment.12 Partially, for this rea-
son it has been studied as the guest in numerous inclusion
complexes.13 Paraquat derivatives (viologens) are N,N0-
dialkyl-4,40-bipyridinium salts and some of them are also
effective herbicides, while diquat is a 2,20-bipyridinium
salt. Both paraquat derivatives and diquat have two charges
and two electron-poor pyridinium rings. Just like the PF6 salt
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of paraquat, the PF6 salt of diquat is also a white solid. Since
bis(m-phenylene)-32-crown-10 (BMP32C10, 2b) and diquat
also form a complex,13e we reasoned that BMP32C10-based
cryptands should also be able to complex diquat even more
strongly. Here we demonstrate that this is true by the study of
complexation between five cryptands (4a,4d 4b,4h 4c,4h 4d,4h

and 4e4h) and diquat 3. In order to determine how the crypt-
and ring size affects the binding of diquat, the complexation
between a bis(m-phenylene)-26-crown-8-based cryptand4f

(5) and diquat 3 was also studied. Furthermore, we found
that BMP32C10 diol 2a can bind diquat 3 stronger than
BMP32C10 (2b) itself due to the formation of a supramolec-
ular cryptand structure formed by chelating the terminal OH
moieties of 2a with a water molecule as a hydrogen-bonding
bridge.

2. Results and discussion

2.1. Proton NMR study of complexation of cryptands
4 and 5 and crown ether 2a with diquat 3

Equimolar (1.00 mM) acetone solutions of each of the crypt-
ands 4 and 5 and the crown ether 2a with diquat 3 were
yellow due to charge transfer between the electron-rich
aromatic rings of the cryptand or crown ether host and the
electron-poor pyridinium rings of the guest 3. Job plots14

(Fig. 1) based on proton NMR data demonstrated that all
seven complexes were of 1:1 stoichiometry in solution.

Only one set of peaks was found in the proton NMR spectra
of the solutions of each of cryptands 4 and 5 and crown ether
2a with diquat 3, indicating that all seven host–guest com-
plexes are fast-exchange systems. As an example, partial
proton NMR spectra of 4a, 3, and a mixture of 4a and 3
are shown in Figure 2. Significant upfield shifts of aromatic
protons H1 and a-ethyleneoxy protons H2 on 4a and N-
methylene protons H6 of 3 and a downfield shift of b-ethyl-
eneoxy protons H3 on 4a are observed. The association
constant (Ka) of 4a$3 calculated based on the proton NMR
data was 4.3 (�0.4)�104 M�1 in acetone-d6,15 which is a lit-
tle lower than the Ka of 4a$1, 6.1�104 M�1 in acetone-d6,4d

but about 110 times higher than the Ka of 2b$3, 390 M�1 in
acetone-d6.

13e The association constants for complexes
4c$3, 4d$3, 4e$3, 5$3, and 2a$3 were determined in the
same way as that of 4a$3.15 Ka values for all seven com-
plexes are summarized in Table 1 with the previously
reported Ka value for 2b$3. Compared with the Ka value of
2b$3, the complex based on the simple crown ether, Ka

values of cryptand complexes 4c$3, 4d$3, and 4e$3
increased about 18-, 3.4-, and 1.4-fold, respectively.

The Ka of 4b$3 was determined using a competitive method
developed by the Smith Group17 to be 3.3 (�0.7)�105 M�1

in acetone-d6,18 which is lower than the Ka of 4b$1, 5.0
(�2.0)�106 M�1 in acetone-d6,4h but about 360 times
higher than Ka of 2b$3. Thus it was demonstrated that
BMP32C10-based cryptands 4 are able to complex diquat
3 much more strongly than the corresponding simple crown
ether, BMP32C10 (2b). In comparison, a porphyrin-linked
bis(m-phenylene)-32-crown-10-based cryptand bound 3
with Ka¼1.2�105 M�1 (CD3COCD3/CDCl3, 86:14).13j

Dibenzo-30-crown-10 is reported to bind diquat 3 with
Ka¼1.75�104 M�1 (CD3COCD3),13a while a dibenzo-30-
crown-10-based cryptand exhibited Ka¼2.6�105 M�1

(CD3COCD3).13d

Similar to paraquat complexes reported recently,4h the
improvement from crown ether complex 2b$3 to cryptand
complexes 4d$3 and 4e$3 can be mainly attributed to
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Figure 1. Job plots showing the 1:1 stoichiometries of the complexes between 4a and 3 (a), between 4b and 3 (b), between 4c and 3 (c), between 4d and 3 (d),
between 4e and 3 (e), between 5 and 3 (f), and between 2a and 3 (g) in CD3COCD3. For all solutions, the sum of initial concentrations of the cryptand or crown
ether host and diquat guest was 2.00 mM. Delta¼chemical shift change for H1 of 4a, 4b, 4c, and 4e, H9 of 4d, H7 of 5, and H8 of 2a.
the preorganization of the cryptand hosts, while the improve-
ment from 4d$3 to 4c$3 is due to the introduction of an ad-
ditional binding site, the pyridyl nitrogen atom. The great
increase in association constant from crown ether complex
2b$3 to pyridyl ester cryptand complex 4b$3 is a result of
the combination of the preorganization of the host and the
introduction of an additional binding site. The Ka (6.1�
104 M�1) of cryptand/paraquat complex 4a$14d is about
four times the Ka (1.4�104 M�1) of smaller cryptand/para-
quat complex 5$1,4f while the Ka (4.3�104 M�1) of crypt-
and/diquat complex 4a$3 is about 83 times the Ka

(5.2�102 M�1) of smaller cryptand/paraquat complex 5$3.
This indicates that the size of the cryptand host has
a much more important influence on the binding ability of
the dicationic guest diquat (3) because it is wider than para-
quat 1. CH2OH has a Hammett s value of zero19 and thus is



2832 F. Huang et al. / Tetrahedron 63 (2007) 2829–2839
not expected to influence the complexation of 2a with 3 elec-
tronically. Therefore the 6-fold increase in association con-
stant from unsubstituted crown ether complex 2b$3 to
crown ether diol 2a$3 is presumably due to the formation
of a supramolecular cryptand structure with the latter, as
observed in crystal structures of both 2a$3 and 2a$3-TFA
(see below).

2.2. Solid-state structure of diquat 3

A single crystal of guest 3 for X-ray analysis was grown by
vapor diffusion of pentane into an acetone solution. As
shown by its crystal structure (Fig. 3), the two pyridinium
rings of 3 are twisted at an angle of 18.5� and a centroid–
centroid distance of 4.23 Å.

2.3. Solid-state structure of cryptand/diquat [2]complex
4a$3

The formation of the inclusion complex 4a$3 was confirmed
by X-ray analysis (Fig. 4). X-ray quality, yellow single crys-
tals of 4a$3 were grown by vapor diffusion of pentane into
an acetone solution of 3 with excess 4a. When crystals of
diquat-based complexes mentioned in this paper were
treated with solvents, we found that they were insoluble in
pentane, hexane, and ethyl ether, but soluble in acetone
and acetonitrile. The 1:1 complex 4a$3 is stabilized by hy-
drogen bonding and face-to-face p-stacking interactions in
the solid state. Three N-methylene hydrogens (A, B, and E
in Fig. 4), one a-pyridinium hydrogen (C and D in Fig. 4),
and one b-pyridinium hydrogen (I in Fig. 4) are directly
hydrogen bonded to ethyleneoxy oxygen atoms of the
host. One d-pyridinium hydrogen is indirectly connected
to an ethyleneoxy chain of host 4a by a hydrogen-bonding
water bridge (F, G, and H in Fig. 4). This is interesting since
the two b-pyridinium hydrogens of paraquat (1) are also
connected to an ethyleneoxy chain of cryptand host 4a by
a hydrogen-bonding water bridge in the 1:1 complex
4a$1.4d Furthermore, neither of the d-pyridinium hydrogens

Figure 2. Partial proton NMR spectra (400 MHz, acetone-d6, 22 �C) of
1.00 mM 3 and 1.00 mM 4a (a, top), cryptand 4a (b, middle), and diquat
3 (c, bottom).
is involved in interactions between the host and guest in the
1:1 crown ether/diquat complex 2b$3.13e Neither of the
g-pyridinium hydrogens of 3 is involved in hydrogen bond-
ing to the cryptand host in 4a$3, but one g-pyridinium car-
bon has a short contact with an ethyleneoxy oxygen atom
of 2b in the 1:1 complex 2b$3 based on the simple crown
ether.13e

The values of the dihedral angle between the two pyridinium
rings of 3 in uncomplexed 3, 2b$3, and 4a$3 are 18.5�

(Fig. 3), 20�,13e and 15.5� (Fig. 4), respectively. The two ar-
omatic rings of the cryptand host in 4a$3 are almost parallel
(6.8�) with a centroid–centroid distance of 6.79 Å, a value
smaller than the corresponding values, 6.94 Å in the corre-
sponding paraquat complex 4a$1,4d and 7.0 Å in the crown
ether complex 2b$3, whose crystals are yellow.13e These

Figure 3. Two ball-stick views of the solid-state structure of diquat (3) as
determined by X-ray crystallography. The PF6 counterions and hydrogens
have been omitted for clarity. The angle and centroid–centroid distance
between two pyridinium rings of 3 (deg and Å): 18.5 and 4.23.
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Figure 4. A ball-stick view of the X-ray structure of cryptand/diquat com-
plex 4a$3. 4a is red, 3 is blue, the water molecule is magenta, oxygens are
green, and nitrogens are black. Two PF6 counterions, other solvent mole-
cules, and hydrogens except the ones involved in hydrogen bonding between
4a and 3 were omitted for clarity. Hydrogen-bond parameters: H/O dis-
tances (Å), C(O)–H/O angles (deg), C(O)/O distances (Å) A, 2.47,
153, 3.38; B, 2.29, 162, 3.25; C, 2.60, 146, 3.43; D, 2.65, 119, 3.21; E,
2.65, 134, 3.42; F, 1.99, 173, 2.85; G, 2.27, 137, 3.04; H, 1.98, 170, 2.84;
I, 2.77, 124, 3.40. Face-to-face p-stacking parameters: centroid–centroid
distances (Å) 3.72, 4.09, 4.05, 4.68; ring plane/ring plane inclinations
(deg): 7.4, 1.6, 14.0, 8.4. The centroid–centroid distance (Å) and dihedral
angle (deg) between two phenylene rings of 4a: 6.79 and 6.8. The cen-
troid–centroid distance (Å) and dihedral angle (deg) between the pyridinium
rings of 3: 4.23 and 15.5.
Table 1. Association constants for complexes of diquat 3 with crown ethers 2a and 2b and different cryptands 4 and 5 in 1 mM host and guest acetone-d6

solutions at 22 �C15

2b$3 4a$3 4b$3 4c$3 4d$3 4e$3 5$3 2a$3

Ka�10�3 (M�1) 0.39a 43 (�4) 3.3 (�0.7)�102 7.4 (�0.7) 1.7 (�0.2) 0.93 (�0.09) 0.52 (�0.05) 2.8 (�0.3)

a Ka of complex 2b$3 was reported before.13e
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rotational changes take place presumably in order to maxi-
mize face-to-face p-stacking and charge transfer inter-
actions between the two electron-rich phenylene rings of
the cryptand host and the two electron-poor pyridinium rings
of the diquat guest, leading to the bright yellow color of
crystals of 4a$3.

2.4. Solid-state structure of cryptand/diquat [2]complex
5$3

The 1:1 stoichiometry of complexation between 5 and 3 in
solution was confirmed by X-ray analysis (Fig. 5). X-ray
quality, yellow single crystals of 5$3 were grown by vapor
diffusion of pentane into an acetone solution of 3 with excess
5. The asymmetric unit of the crystal structure comprises
two 5$3 complexes. They are connected by two hydrogen
bonds (Q and R). Both of them are stabilized by hydrogen
bonding and face-to-face p-stacking interactions in the solid
state as in the homologous cryptand/diquat complex 4a$3.
The number of hydrogen bonds between 5 and 3 and the
involved hydrogens, carbons, and oxygens are the same for
the two 5$3 complexes, while the hydrogen-bonding para-
meters have small differences. For both 5$3 complexes,
one N-methylene hydrogen (O, N, O1, and N1), one a-pyr-
idinium hydrogen (P and P1), and two d-pyridinium hydro-
gens (J, K, L, M, J1, K1, L1, and M1) are hydrogen bonded
to ethyleneoxy oxygen atoms of host 5. Neither of b-pyr-
idinium hydrogens of 3 is hydrogen bonded to ethyleneoxy
oxygen atoms of host 5 in these 5$3 complexes, while one
b-pyridinium hydrogen of 3 is hydrogen bonded to ethyl-
eneoxy oxygen atoms of the larger cryptand host 4a in
4a$3 (I in Fig. 4). As in the crystal structure of 4a$3, neither
of the g-pyridinium hydrogens is involved in interactions be-
tween the host and guest in 5$3. One d-pyridinium hydrogen
of 3 is indirectly connected to one ethylene glycol chain of
the larger cryptand host 4a in 4a$3 (Fig. 4), while the two
d-pyridinium hydrogens of 3 are directly connected to an
ethylene glycol chain of the small cryptand host 5 by four
hydrogen bonds in the two 5$3 complexes (Fig. 5).

The values of the dihedral angle between the two pyridinium
rings of 3 in the two 5$3 complexes are 19.8� and 18.3�,
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Figure 5. Two ball-stick views of the X-ray structure of cryptand/diquat complex 5$3. 5 is red, 3 is blue, hydrogens are magenta, oxygens are green, and
nitrogens are black. Four PF6 counterions, solvent molecules, and hydrogens except the ones involved in hydrogen bonding between 5 and 3 and between
two complexes were omitted for clarity. Hydrogen-bond parameters: H/O distances (Å), C–H/O angles (deg), C/O distances (Å) J, 2.54, 139, 3.32; K,
2.46, 170, 3.40; L, 2.52, 125, 3.16; M, 2.51, 157, 3.40; N, 2.30, 139, 3.11; O, 2.46, 139, 3.27; P, 2.40, 146, 3.23; Q, 2.26, 160, 3.17; R, 2.51, 158, 3.45; J1,
2.55, 137, 3.31; K1, 2.42, 166, 3.35; L1, 2.49, 128, 3.16; M1, 2.51, 158, 3.41; N1, 2.35, 139, 3.16; O1, 2.47, 140, 3.29; P1, 2.36, 149, 3.21. Face-to-face
p-stacking parameters: centroid–centroid distances (Å) 3.57 and 3.44 for the left complex, 3.47 and 3.54 for the right complex; ring plane/ring plane inclinations
(deg): 3.9 and 4.5 for the left complex, 5.7 and 5.6 for the right complex. The centroid–centroid distance (Å) and dihedral angle (deg) between two phenylene
rings of 5: 6.32 and 5.3 for the left complex and 6.28 and 6.7 for the right complex. The centroid–centroid distance (Å) and dihedral angle (deg) between the
pyridinium rings of 3: 4.22 and 19.8 for the left complex and 4.23 and 18.3 for the right complex.
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close to the corresponding value, 18.5�, in uncomplexed 3
(Fig. 3), but not so close to the corresponding value, 15.5�,
in the larger cryptand complex 4a$3 (Fig. 4). The two aro-
matic rings of the host in the two 5$3 complexes are almost
parallel (5.3� and 6.7�) with centroid–centroid distances of
6.32 Å and 6.28 Å, values smaller than the corresponding
values, 6.81 Å in corresponding paraquat [3]complex
5$1$5,4e and 6.79 Å in the larger cryptand complex 4a$3.
These shorter distances presumably result from maximiza-
tion of face-to-face p-stacking and charge transfer interac-
tions between the two electron-rich phenylene rings of the
cryptand host and the two electron-poor pyridinium rings
of the diquat guest, leading to the bright yellow color of crys-
tals of 5$3. In both complexes, only one electron-poor pyri-
dinium ring of 3 has face-to-face p-stacking and charge
transfer interactions with the electron-rich phenylene rings
of the cryptand host (Fig. 5), while both pyridinium rings
of 3 have these interactions with the larger cryptand host
in 4a$3 (Fig. 4).

2.5. Solid-state structures of crown ether diol/diquat
[2]complexes 2a$3 and 2a$3-TFA

The formation of the inclusion complex 2a$3 was also con-
firmed by X-ray analysis (Fig. 6) of an X-ray quality orange
single crystal grown by vapor diffusion of pentane into an
acetone solution of 3 with excess 2a. Surprisingly, the asym-
metric unit of the crystal structure comprises 1.5 crown ether
molecules 2a, 1 diquat (3) molecule, 0.5 acetone molecule,

S

V

U

W

T

Figure 6. A ball-stick view of the X-ray structure of a single crystal grown
by vapor diffusion of pentane into an acetone solution of diquat (3) with ex-
cess crown ether diol 2a. 2a is red, 3 is blue, the disordered acetone molecule
is purple, hydrogens are magenta, oxygens are green, and nitrogens are
black. Two PF6 counterions, other solvent molecules, and hydrogens except
the ones involved in hydrogen bonding between 2a and 3 were omitted for
clarity. Hydrogen-bond parameters: H/O distances (Å), C(O)–H/O
angles (deg), C(O)/O distances (Å) S, NA (not available), NA, 2.72; T,
2.34, 150, 3.19; U, NA, NA, 2.73; V, 2.51, 152, 3.41; W, 2.48, 167, 3.45.
Face-to-face p-stacking parameters: centroid–centroid distances (Å) 4.16,
3.77, 4.07, 4.49; ring plane/ring plane inclinations (deg): 10.5, 3.0, 6.3,
13.8. The centroid–centroid distance (Å) and dihedral angle (deg) between
the phenylene rings of 2a: 6.67 and 7.5. The centroid–centroid distance (Å)
and dihedral angle (deg) between the pyridinium rings of 3: 4.22 and 16.7.
and 1.5 water molecules. Therefore, there is not only a
2a$3 host/guest complex, but also an uncomplexed 2a mole-
cule with 50% occupancy in the crystal structure (Fig. 6). A
disordered acetone molecule was found in the cavity of the
uncomplexed crown ether molecule. The 1:1 complex
2a$3 is also stabilized by hydrogen bonding and face-to-
face p-stacking interactions in the solid state are as the above
cryptand/diquat complexes 4a$3 and 5$3. Two N-methylene
hydrogens (Vand W in Fig. 6) are directly hydrogen bonded
to ethyleneoxy oxygen atoms of host 2a. One d-pyridinium
hydrogen is indirectly connected to two terminal alcohol
groups of host 2a by a hydrogen-bonding water bridge (S,
T, and U in Fig. 6) to form a supramolecular cryptand struc-
ture similar to what we observed in the reported complex
between 2a and a bis(secondary ammonium) salt.5a The
formation of this supramolecular cryptand structure presum-
ably resulted in the 6-fold increase in association constant
from 2b$3 to 2a$3 (Table 1); the same phenomenon was
observed when the guest was a bis(secondary ammonium)
salt.5a None of a-, b-, and g-pyridinium hydrogens of 3 is in-
volved in interactions between the host and guest in complex
2a$3 in the solid state.

Here the value of the dihedral angle between the two pyridi-
nium rings of 3 in 2a$3 is 16.7� (Fig. 6), close to the corre-
sponding value, 15.5�, in cryptand/diquat complex 4a$3, but
not so close to the corresponding value, 18.5�, in the uncom-
plexed 3 (Fig. 3). The two aromatic rings of the host in 2a$3
are also almost parallel (7.5�) with a centroid–centroid dis-
tance of 6.67 Å (Fig. 6), a value bigger than the correspond-
ing values, 6.32 Å and 6.28 Å in small cryptand/diquat
complex 5$3 and smaller than the corresponding values,
7.39 Å in the corresponding paraquat complex 2a$1,4d

6.79 Å in large cryptand/diquat complex 4a$3, and 7.0 Å
in crown ether/diquat complex 2b$3.13e

The formation of the supramolecular cryptand structure by
chelating two terminal OH moieties of 2a by a water hydro-
gen-bonding bridge was further confirmed by X-ray analysis
(Fig. 7) of a single crystal of 2a$3-TFA grown by vapor dif-
fusion of pentane into an acetone solution of 3 with excess
2a and tetraethylammonium trifluoroacetate. In this crystal
structure, no uncomplexed crown ether 2a was found. As
in 2a$3 (Fig. 6) and cryptand/diquat complexes 4a$3
(Fig. 4) and 5$3 (Fig. 5), the 1:1 complex 2a$3-TFA is
also stabilized by hydrogen bonding and face-to-face p-
stacking interactions in the solid state. Three N-methylene
hydrogens (Y, A1, and G1 in Fig. 7), one a-pyridinium
hydrogen (X and Z), and one b-pyridinium hydrogen (F1)
are directly hydrogen bonded to ethyleneoxy oxygen atoms
of host 2a. Two d-pyridinium hydrogens are indirectly con-
nected to two terminal alcohol groups of host 2a by a hydro-
gen-bonding water bridge (B1, C1, D1, and E1) to form the
same kind of supramolecular cryptand structure as observed
in 2a$3. This further demonstrates that the water-chelated
supramolecular cryptand structure can form when crown
ether host 2a complexes diquat guest 3. Here the chelation
is formed presumably in order to maximize face-to-face
p-stacking and charge transfer interactions and provide an
additional hydrogen-bonding stabilizing force between the
crown ether host and diquat guest. As in the above-
mentioned cryptand/diquat complexes 4a$3 (Fig. 4) and
5$3 (Fig. 5) and crown ether diol/diquat complex 2a$3



F. Huang et al. / Tetrahed
(Fig. 6), none of the g-pyridinium hydrogens of 3 is involved
in interactions between the host and guest in the complex
2a$3-TFA in the solid state (Fig. 7).

The value of the dihedral angle between the two pyridinium
rings of 3 in 2a$3-TFA is 18.7� (Fig. 7), very close to the cor-
responding value, 18.5� in the uncomplexed 3 (Fig. 3), but
not so close to the corresponding value, 16.7� in 2a$3. The
two aromatic rings of the host in 2a$3-TFA are also almost
parallel (1.2� inclination) with a centroid–centroid distance
of 6.98 Å (Fig. 7), a value very close to the corresponding
value, 7.0 Å, in 2b$3,13e and bigger than the corresponding
values, 6.79 Å in large cryptand/diquat complex 4a$3,
6.32 Å and 6.28 Å in small cryptand/diquat complex 5$3,
and 6.67 Å in crown ether diol/diquat complex 2a$3.

Overall, the inclusion complexations of diquat (3) by crown
ethers and cryptands involve enclosure of the guest in such
a way that charge transfer interactions are allowed, augment-
ing host–guest hydrogen bonding. This involves folding into
‘taco-complexes’ for smaller crown ethers,13a,13b while for
the larger crown ether 2b13e and its para-analog13f folding is
not observed. The structures of cryptands 4 and a dibenzo-
30-crown-10-based analog13c are pre-organized in taco-like
conformations that facilitate p-stacking.

2.6. Electrospray ionization mass spectrometric
characterization of diquat complexes

Solutions of cryptands 4 and 5 and crown ether 2a with
diquat 3 in 4:1 acetonitrile/chloroform were characterized
by electrospray ionization mass spectrometry (Fig. 8 and
Table 2). For all seven diquat complexes, two relevant peaks,
[Host$3LPF6]+ and [Host$3L2PF6]2+, were found.

G1

Z
Y

D1

B1

C1

A1

F1

E1

X

Figure 7. A ball-stick view of the X-ray structure of crown ether diol/diquat
complex 2a$3-TFA. 2a is red, 3 is blue, the water molecule is purple, hydro-
gens are magenta, oxygens are green, and nitrogens are black. Two trifluoro-
acetate counterions, other solvent molecules, and hydrogens except the
ones involved in hydrogen bonding between 2a and 3-TFA were omitted
for clarity. Hydrogen-bond parameters: H/O distances (Å), C(O)–H/O
angles (deg), C(O)/O distances (Å) X, 2.62, 121, 3.22; Y, 2.53, 160,
3.48; Z, 2.59, 151, 3.45; A1, 2.52, 147, 3.39; B1, 2.45, 162, 3.37; C1,
2.00, 167, 2.84; D1, 2.00, 166, 2.81; E1, 2.46, 167, 3.39; F1, 2.59, 131,
3.29; G1, 2.63, 132, 3.37. Face-to-face p-stacking parameters: centroid–
centroid distances (Å) 4.40, 4.31, 3.76, 4.52; ring plane/ring plane inclina-
tions (deg): 8.3, 8.9, 10.5, 9.8. The centroid–centroid distance (Å) and
dihedral angle (deg) between the phenylene rings of 2a: 6.98 and 1.2. The
centroid–centroid distance (Å) and dihedral angle (deg) between the pyridi-
nium rings of 3: 4.23 and 18.7.
Interestingly for all of them except the complexes between
4b and 3 and between 4c and 3, a peak, [Host2$3L2PF6]2+,
appears to be due to the [3]complex Host2$3; this is note-
worthy because analogous cryptand/paraquat [3]complexes
4a2$1 and 52$1 have been isolated and characterized by
X-ray crystallography.4f

3. Conclusions

In summary, seven diquat-based inclusion [2]complexes
were studied by proton NMR spectroscopy, electrospray ion-
ization mass spectrometry, and X-ray analysis. Bis(m-phen-
ylene)-32-crown-10-based cryptands 4 have been proved to
be able to complex diquat much more strongly than bis(m-
phenylene)-32-crown-10 itself (2b) and one containing a pyr-
idyl moiety (4b) has one of the highest Ka values reported to
date. These hosts form 1:1 complexes with diquat in solution
and the solid state. It was found that the improved binding
from bis(m-phenylene)-32-crown-10 (2b) to bis(5-hydroxy-
methyl-1,3-phenylene)-32-crown-10 (2a) was due to the for-
mation of a supramolecular cryptand structure by chelation
of the two terminal OH moieties of diol 2a with a water mol-
ecule as a hydrogen-bonding bridge. This efficient cryptand/
diquat recognition motif will be used in the preparation of
other supramolecular systems. We are working on this
project now.

4. Experimental section

4.1. Complexation studies by proton NMR

All solutions were prepared as follows. Precisely weighed
amounts of dried hosts and guests were added into separate
screw cap vials. The solvent was added with to-deliver
volumetric pipettes. Then specific volumes of each fresh
solution were mixed to yield the desired concentrations.
For example, in order to make three solutions, 0.500 mM
4e/1.00 mM 3, 0.500 mM 4e/3.00 mM 3, and 0.500 mM
4e/5.00 mM 3, a 1.00 mM solution of 4e was made first by
adding 5.00 mL acetone-d6 with a 5.00 mL to-deliver pipette
into a screw cap vial containing 3.35 mg (0.00500 mmol)
of 4. Then 0.300 mL of this solution was added with
a 0.300 mL to-deliver pipette to three vials that contained
0.300 mL of 2.00 mM, 0.300 mL of 6.00 mM, and
0.300 mL of 10.0 mM 3 separately. 1H NMR data were col-
lected on a temperature-controlled spectrometer. Acetone-d6

was chosen as the NMR solvent because all compounds used
here have relatively good solubilities in it. Error bars were
calculated based on a 0.05 mg deviation in weight,
a 0.001 ppm deviation in chemical shift on proton NMR
spectra, and a �2% deviation in fractional complexation
(D/D0). Standard errors in both the intercept and slope co-
efficients based on regression were used to determine errors
in association constants.

4.1.1. Crystal data of 3. Plate, colorless, 0.065�0.172�
0.176 mm3, C12H12F12N2P2, FW 474.18, monoclinic, space
group P21, a¼6.3160(12), b¼14.707(3), c¼9.0800(16) Å,
b¼104.176(16)�, V¼817.8(3) Å3, Z¼2, Dc¼1.926 g cm�3,
T¼100 K, m¼3.710 mm�1, 3224 measured reflections, 2698
independent reflections [R(int)¼0.0524], 254 parameters,

2835ron 63 (2007) 2829–2839
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Figure 8. Electrospray mass spectra of solutions of 4a and 3 (a), 4b and 3 (b), 4c and 3 (c), 4d and 3 (d), 4e and 3 (e), 5 and 3 (f), and 2a and 3 (g) in a mixture of
acetonitrile and chloroform (4:1). Assignments of main peaks: (a) m/z 1055.43 [4a$3�PF6]+, 818.55 [4a2$3�2PF6]2+, 744.35 [4a+H2O]+, 727.34 [4a+H]+,
500.33 [4a2$3�CH2CH2(OCH2CH2)3O�2PF6+K]3+, and 455.25 [4a$3–2PF6]2+; (b) m/z 1056.41 [4b$3�PF6]+, 728.25 [4b+H]+, and 455.74 [4b$3�2PF6]2+;
(c) m/z 1000.34 [4c$3�PF6]+, 694.23 [4c+Na]+, 672.25 [4c+H]+, and 427.67 [4c$3–2PF6]2+; (d) m/z 1029.39 [4d$3�PF6]+, 792.58 [4d2$3–2PF6]2+, 718.31
[4d+H2O]+, 701.30 [4d+H]+, 683.31 [4d�OH]+, and 442.23 [4d$3–2PF6]2+; (e) m/z 999.36 [4e$3�PF6]+, 762.48 [4e2$3–2PF6]2+, 688.28 [4e+H2O]+,
671.27 [4e+H]+, and 427.25 [4e$3�2PF6]2+; (f) m/z 923.34 [5$3�PF6]+, 686.39 [52$3�2PF6]2+, 672.32 [52$3�2PF6�CH2CH2]2+, 617.23 [5+Na]+, 595.25
[5+H]+, and 389.24 [5$3�2PF6]2+; (g) m/z 925.37 [2a$3�PF6]+, 688.35 [2a2$3�2PF6]2+, 614.29 [2a+H2O]+, 597.28 [2a+H]+, 579.22 [2a�OH]+, 561.23
[2a�OH�H2O]+, and 390.22 [2a$3–2PF6]2+.
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F(000)¼472, R1¼0.0436, wR2¼0.1151 (all data), R1¼
0.0433, wR2¼0.1147 [I>2s(I)], and goodness-of-fit (F2)¼
1.139. The asymmetric unit of the structure comprises one
crystallographically independent salt. The final refinement
model involved anisotropic displacement parameters for
non-hydrogen atoms and a riding model for all hydrogen
atoms. The Flack parameter suggested racemic twinning,
which refined to relative occupancies of 68.6% and 31.4%.
Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cam-
bridge Crystallographic data Center as supplementary publi-
cation numbers CCDC 244377 (3), 294375 (4a$3), 627713
(5$3), 627711 (2a$3), and 627712 (2a$3-TFA). Copies of
the data can be obtained, free of charge, on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax:
+44 (0)1223 336033 or e-mail: deposit@ccdc.cam.ac.uk].

4.1.2. Crystal data of 4a$3. Rod, yellow, 0.270�0.154�
0.078 mm3, C54H80F12N2O18P2, FW 1335.14, orthorhombic,
space group Pna21, a¼24.869(2), b¼22.922(2), c¼
10.8407(13) Å, a¼b¼g¼90�, V¼6179.7(11) Å3, Z¼4, Dc¼
1.435 g cm�3, T¼100 K, m¼1.77 cm�1, 38,121 measured
reflections, 11,848 independent reflections [R(int)¼0.0587],
805 parameters, F(000)¼2800, R1¼0.0744, wR2¼0.1008 (all
data), R1¼0.0531, wR2¼0.0919 [I>2s(I)], maximum resid-
ual density 0.351 eÅ�3, and goodness-of-fit (F2)¼1.046. The
asymmetric unit of the structure comprises one host–guest
complex and two acetone molecules. The final refinement in-
volved anisotropic displacement parameters for non-hydro-
gen atoms and a riding model for all hydrogen atoms.

4.1.3. Crystal data of 5$3. Plate, yellow, 0.39�0.22�
0.026 mm3, C91.57H123.53F24N4O26.72P4, FW 2287.65,
triclinic, space group P-1, a¼16.5814(19), b¼18.919(3),
c¼19.827(2) Å, a¼89.261(12)�, b¼66.455(11)�, g¼
66.741(14)�, V¼5160.6(12) Å3, Z¼2, Dc¼1.472 g cm-3, T¼
100 K, m¼1.92 cm�1, 24,878 measured reflections, 18,072
independent reflections [R(int)¼0.0395], 1380 parameters,
F(000)¼2381, R1¼0.1463, wR2¼0.2045 (all data), R1¼
0.0828, wR2¼0.1683 [I>2s(I)], maximum residual density
0.762 eÅ�3, and goodness-of-fit (F2)¼1.130. The asym-
metric unit of the structure comprises two host–guest com-
plexes, 2.5222 acetone molecules, and 0.198 water
molecule. There were two solvent regions in the asymmetric
unit. One region contained a single relatively ordered ace-
tone molecule. The other solvent region clearly exhibited

Table 2. Observed mass/charge ratios for cryptand/diquat and crown ether/
diquat complexes in CH3CN/CHCl3 (4:1) by electrospray ionization mass
spectrometry

Host [Host$3�PF6]+ [Host$3�2PF6]2+ [Host2$3�2PF6]2+

4aa 1055.43 (6.9%) 455.25 (100%) 818.55 (6.5%)
4b 1056.41 (13.0%) 455.74 (100%)
4cb 1000.34 (3%) 427.67 (6%)
4d 1029.39 (22%) 442.23 (100%) 792.58 (11%)
4e 999.36 (18%) 427.25 (100%) 762.48 (6%)
5c,d 923.34 (3%) 389.24 (17%) 686.39 (9%)
2a 925.37 (11%) 390.22 (100%) 688.35 (16%)

a Also found for 4a2$3: m/z 500.33 [4a2$3�CH2CH2(OCH2CH2)3O�
2PF6+K]3+ (8.4%).

b The base peak was at m/z 672.25, corresponding to [4c+H]+.
c Also found for 52$3: m/z 672.32 [52$3�2PF6�CH2CH2]2+ (8.4%).
d The base peak was at m/z 595.25, corresponding to [5+H]+.
disorder, which was modeled as one fully occupied acetone
molecule and one acetone that refined to 52.2% occupancy.
Residual electron density approximately 2.6 Å from O6 was
modeled as the oxygen of a partially occupied water mole-
cule, which refined to 19.8% occupancy. The final refine-
ment model involved anisotropic displacement parameters
for non-hydrogen atoms and a riding model for all hydrogen
atoms. Hydrogen atoms of the water were not included in the
final refinement.

4.1.4. Crystal data of 2a$3. Block, orange, 0.23�0.16�
0.13 mm3, C117H168F24N4O40P4, FW 2850.43, monoclinic,
space group P21/n, a¼15.450(3), b¼20.768(4), c¼
20.626(5) Å, b¼102.825(19)�, V¼6453(2) Å3, Z¼4, Dc¼
1.467 g cm�3, T¼100 K, m¼1.77 cm�1, 41,239 measured re-
flections, 11,449 independent reflections [R(int)¼0.0719],
890 parameters, F(000)¼2988, R1¼0.1401, wR2¼0.1678
(all data), R1¼0.0615, wR2¼0.1522 [I>2s(I)], max. residual
density 1.032 eÅ�3, and goodness-of-fit (F2)¼0.829. The
asymmetric unit of the structure comprises 1.5 crown ether
molecules, 1 diquat derivative, 0.5 acetone molecule, and
1.5 water molecules. Upon identifying the host and guest
compounds, residual electron density suggested the presence
of disorder on one of the crown ethers and the presence of sol-
vent molecules. The alcohol oxygen of one crown ether was
modeled as 2-position disorder with relative occupancies of
0.502(6) and 0.498(6) for O11A and O11B, respectively. In
addition, two water molecules were assigned based on the re-
sidual electron density map. O19 was modeled as fully occu-
pied. O20 could not be fully occupied because it was 2.0 Å
from O11A; thus the occupancy was fixed to the same value
as O11B (i.e. 0.498(6)). The hydrogen atoms on the water
molecules could not be located from the residual electron
density map and were not included in the model. A cluster
of electron density at the inversion center relating the half-
crown ether was modeled as a disordered acetone molecule,
with the relative occupancies of the two conformations con-
strained to 0.5 by symmetry. The final refinement model
involved anisotropic displacement parameters for non-
hydrogen atoms and a riding model for all hydrogen atoms.

4.1.5. Crystal data of 2a$3-TFA. Plate, yellow, 0.143�
0.132�0.034 mm3, C46H58F6N2O17, FW 1024.94, mono-
clinic, space group Pn, a¼11.2302(13), b¼9.7297(11),
c¼21.768(2) Å, b¼97.322(9)�, V¼2359.1(5) Å3, Z¼2,
Dc¼1.443 g cm�3, T¼100 K, m¼1.24 cm�1, 10,773 mea-
sured reflections, 4176 independent reflections [R(int)¼
0.0391], 650 parameters, F(000)¼1076, R1¼0.0684, wR2¼
0.0906 (all data), R1¼0.0503, wR2¼0.0829 [I>2s(I)],
max. residual density 0.0312 eÅ�3, and goodness-of-fit
(F2)¼1.053. The asymmetric unit of the structure comprises
one host–guest complex and a water molecule. The final
refinement model involved anisotropic displacement para-
meters for all non-hydrogen atoms and a riding model for
all hydrogen atoms, except those of the water. The hydrogen
atoms of the water molecule were located in the residual
electron density map and restrained to 0.84 Å.
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