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Host–Guest Complexes of C-Ethyl-2-methylresorcinarene
and Aromatic N,N’-Dioxides
Rakesh Puttreddy,[a] Ngong Kodiah Beyeh,[b] Robin H. A. Ras,[b] and Kari Rissanen*[a]
The C-ethyl-2-methylresorcinarene (1) forms 1:1 in-cavity complexes with aromatic N,N’-dioxides, only if each of the aromatic
rings has an N@O group. The structurally different C-shaped
2,2’-bipyridine N,N’-dioxide (2,2’-BiPyNO) and the linear rodshaped 4,4’-bipyridine N,N’-dioxide (4,4’-BiPyNO) both form 1:1
in-cavity complexes with the host resorcinarene in C4v crown
and C2v conformations, respectively. In the solid state, the
host–guest interactions between the 1,3-bis(4-pyridyl)propane
N,N’-dioxide (BiPyPNO) and the host 1 stabilize the unfavorable
anti-gauche conformation. Contrary to the N,N’-dioxide guests,

the mono-N-oxide guest, 4-phenylpyridine N-oxide (4PhPyNO),
does not form an in-cavity complex in the solid state. The
host–guest complexation and the relative guest affinities were
studied through 1H NMR competition experiments in methanol. Single-crystal X-ray crystallography of the 1:1 complexes
supports the proposed solution-state structures, also revealing
strong hydrogen bonds between the host and the guests, not
observed in solution owing to hydrogen/deuterium (H/D) exchange processes in methanol.

1. Introduction
In host–guest chemistry, resorcinarenes[1] are a key host macrocyclic compound in the contemporary area of supramolecular
chemistry with applications in biology, material science, and
molecular recognition processes.[1a–c, 2, 3] The electron-rich interior cavity is the hallmark component that binds versatile guests
by selective affinity by using non-covalent interactions.[1a–c] In
the C4v conformation, host–guest chemistry leading to open inclusion, macro, and nano capsular self-assemblies with broad
range of guests are well reported.[1a–c, 2] In supramolecular
host–guest chemistry, for selective guest encapsulation, either
host or guest molecules, and at times both, require significant
chemical modifications.[3] As a result, a large number of reports
on how to tailor the cavity fit, ranging from discrete molecules
to ions, with resorcinarenes are studied in spontaneous processes.[1, 4] Usually, the in-cavity molecular recognition results
from p–p, cation···p, and C@H···p interactions. The majority of
reported cation···p interactions with resorcinarenes in the C4v

conformation are observed with quaternary ammonium and
phosphonium cations,[2, 5] although some p–p and C@H···p interactions occur with differences in electron delocalization of
the aromatic planar guest molecules.[4, 6] In addition, the alkyl
chains of the lower rim can also be functionalized to self-assemble either directly on metal surfaces or metal-supported ligands for potential sensing applications.[7] In addition, the hydroxyl groups of the upper ring can participate in hydrogen
bonding with guest molecules, leading to a variety of selfassembled structures.[1, 5, 6]
A flexible guest with a rigid host enables size and structural
complexity, and such guests manifest more conformational
freedom outside the resorcinarene cavity, thus limiting their
ability to form inclusion complexes. Bipyridines are an important class of biaryl compounds with C@C bond rotational properties, which usually change with the chemical environment
such as electronic, substituents, and steric factors.[8] The high
affinity of N@O groups in pyridine N-oxides for solvent molecules and hydrogen-bond (HB) interactions provides an opportunity for the organic parts to undergo molecular recognition
with electron-deficient or -rich host molecules. In our earlier
work, we studied the host–guest chemistry of C-ethyl-2-methylresorcinarene and pyridine mono-N-oxides resulting in dimeric capsular complexes.[6] This observed host–guest inclusion
complexes was mainly due to p–p and C@H···p interactions between the p-rich host and the p-deficient N-oxide guests.[6]
Later, these interactions prompted us to utilize C-ethyl-2-methylresorcinarene as a reaction vessel to construct a specific coordination sphere of copper(II) in the multicomponent reactions
of pyridine N-oxide copper(II) complexes.[9]
In this contribution, the host–guest complexation with four
aromatic N-oxides, namely, 2,2’-bipyridine N,N’-dioxide (2,2’BiPyNO), 4,4’-bipyridine N,N’-dioxide (4,4’-BiPyNO), 1,3-bis(4-
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pyridyl)propane N,N’-dioxide (BiPyPNO), and 4-phenylpyridine
N-oxide (4PhPyNO) as guests, and C-ethyl-2-methylresorcinarene 1 as the host (Figure 1) is studied. In protic solvents, high
solvation of the components and strong hydrogen bonding

Figure 1. C-Ethyl-2-methylresorcinarene as host 1, 2,2’-bipyridine N,N’-dioxide (2,2’-BiPyNO), 4,4’-bipyridine N,N’-dioxide (4,4’-BiPyNO), 4-phenylpyridine
N-oxide (4PhPyNO), and 1,3-bis(4-pyridyl)propane N,N’-dioxide (BiPyPNO) as
guests.

with the MeOH solvent molecules can mask significant host–
guest characteristic features. Herein, guest binding was analyzed through a series of competition experiments by 1H NMR
spectroscopy in highly competitive and protic methanol solvent. In the solid state through single-crystal X-ray diffraction
studies, the inclusion complexes mainly through C@H···p and
strong HB interactions were validated.

Figure 2. 1H NMR spectra (CD3OD, 298 K) of 30 mm solution of a) 1, b) 2,2’BiPyNO, and c) equimolar mixture of 1 and 2,2’-BiPyNO. d, e) Energy-minimized structures[10] for 2,2’-BiPyNO@1. Representation: d) host in ball and
stick; guest and methanol molecules in capped-stick models. e) Host in ball
and stick; guest and methanol molecules in CPK models. Black broken lines
are HB and C@H···p(centroid) interactions.

2. Results and Discussion
2.1. Solution Studies
Pyridine N-oxides (PyNO) were recently shown as suitable
guests for p-rich host 1,[6] stabilized by in-cavity p···p and C@
H···p interactions, and HBs between the oxygen of N-oxides
and the hydroxyl groups of the host 1. The aromatic ring of
the PyNOs located deep in the cavity with the N@O group
pointing upwards was the most favorable host–guest complexation, as all the possible host–guest interactions would be
maximized.[6, 9]
For the 1H NMR studies, the structures of the 1:1 in-cavity
complexes were done by molecular modelling for all the four
complexes [Spartan, MM level calculations][10] so that the guest
N@O groups were first solvated with the methanol molecules
and then the 1:1 complexes with the host were minimized.
The modelled structures clearly suggest that the inclusion
complexes occur through C@H···p interactions whereas N@O
groups interact with methanol molecules through HBs
(Figure 2, also see the Supporting Information, Figures S7–S10
with excluded solvent molecules).
A series of 1H NMR experiments in highly competitive methanol (CD3OD, 298 K) were done between the host 1 and the
guests (2,2’-BiPyNO, 4,4’-BiPyNO, 4PhPyNO, and BiPyPNO) to
probe their host–guest complexes in solution. Despite the
strong solvating power of methanol, it was used as the solvent
owing to the limited solubility of the guest molecules in nonprotic solvents. In addition to both solvation and competition
of the bulk solvent, the hydrogen/deuterium (H/D)[11] exchange
processes will affect all exchangeable protons such as the @OH
ChemistryOpen 2017, 6, 417 – 423
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groups and therefore the potential HB interactions between
the host 1 and the guests could not be observed. In the NMR
experiments, equimolar mixtures (30 mm) of the host 1 and
guests were prepared and the 1H NMR spectra recorded. In the
experiment with 2,2’-BiPyNO, a significant up-field shift of
0.75 ppm for the protons b–d (including the para-protons) of
the guest was observed (Figure 2 a–c), which was clearly larger
than the up-field shift of 0.62 ppm for the para-protons of regular pyridine mono-N-oxide with host 1 under similar experimental conditions.[6] Smaller up-field shifts of the ortho-protons
a (0.23 ppm) were observed. The larger up-field shift results
from the larger shielding of the para-protons of the guest
upon complexation with the host 1. This indicates a tighter fit
of the 2,2’-BiPyNO guest into the cavity compared with the
regular PyNO[6] and is indicative for the cis-configuration[12]
(Figure 2 d,e) of 2,2’-BiPyNO. The para-protons are thus located
deep in the cavity of the host and therefore heavily shielded.
The formation of cis-2,2’-BiPyNO@1 in-cavity complex is due
to the rotation of the bipyridinic C@C bond. The above knowledge directed us to investigate the linear BiPyNO isomer,
namely 4,4’-BiPyNO as guest, which has para-oriented[12] N@O
groups (Figure 3 b). The 1H NMR results show very small upfield shifts of 0.03–0.05 ppm for the 4,4’-BiPyNO protons
(Figure 4). Taking into consideration the fast exchange process
in solution, the size and linearity of the 4,4’-BiPyNO, it is difficult to conclude that these small changes result from either
the formation of an in-cavity host–guest complex or an exo assembly. The modelled structure of 4,4’-BiPyNO@1 shown in
Figure 4 d,e, where the heavily solvated 4,4’-BiPyNO resides
over the host 1 cavity, not inside as in 2,2’-BiPyNO@1, displayT 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

BiPyNO@1, and are in line with the observed small up-field
shifts of the proton signals.
The linear 4,4’-BiPyNO@1 and 4PhPyNO@1 complexes indicate that the host–guest interactions will be enhanced if the
guest can adopt a conformation where the guest maximizes
the interactions between the electron-deficient parts of the
guest with the electron-rich cavity of the host, “driving” the
guest deeper into the cavity of the host. To test this hypothesis, a guest, 1,3-bis(4-pyridyl)propane N,N’-dioxide, BiPyPNO,
with a very flexible central part between two pyridine N-oxide
moieties was used. The ligand is well known to be stable in
the anti-anti conformation[13] (Figure 5).

Figure 3. Steric effects causing a) cis- and trans-modes[12] in 2,2’-BiPyNO, and
b) non-coplanar aromatic rings in 4,4’-BiPyNO.

Figure 5. Possible conformations of BiPyPNO.[13]

The 1H NMR experiments in CD3OD show significant up-field
shifts for all the guest protons with the aliphatic protons showing the largest shifts (Figure 6). The up-field shifts for the a,a’
and b protons were exactly the same (0.85/0.85 ppm), which
supports the anti-gauche conformation. The up-field shifts of

Figure 4. 1H NMR spectra (CD3OD, 298 K) of 30 mm solution of a) 1, b) 4,4’BiPyNO, and c) equimolar mixture of 1 and 4,4’-BiPyNO. d, e) Energy-minimized structures for 4,4’-BiPyNO@1. Representation: d) host in ball and stick;
guest and methanol molecules in capped-stick models. e) Host in ball and
stick; guest and methanol molecules in CPK models. Black broken lines are
HB and C@H···p(centroid) interactions.

ing only very weak C@H···p interactions at distances of approximately 3.66 and 3.62 a between the host and the guest, supporting the small up-field shifts of the 4,4’-BiPyNO protons.
To probe the importance of the di-N@O moiety in 4,4’BiPyNO, a mono-N@O guest, 4PhPyNO, was studied. 1H NMR
studies between the host 1 and 4PhPyNO were performed to
probe the effect of the lack of the second N@O group in the
guest molecule. The 1H NMR experiments reveal small up-field
shifts of 0.09/0.01 ppm for guest 4PhPyNO protons attributed
to the weak host–guest interactions between the host 1 and
the guest 4PhPyNO in a fast exchange process (Figure S1 in
the Supporting Information). Again, it is difficult to confirm if
the host–guest forms endo- or exo-complexation from such
small shift changes. The NMR data was compared with the
energy minimized structure (Figure S9 in the Supporting Information). The structure of the modelled host–guest complex
and the observed weak C@H···p interactions with distances of
approximately 3.55 and 3.66 a are similar to those of 4,4’ChemistryOpen 2017, 6, 417 – 423
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Figure 6. 1H NMR spectra (CD3OD, 298 K) of 30 mm solution of a) 1, b) BiPyPNO, and c) equimolar mixture of 1 and BiPyPNO. d, e) Energy-minimized
structures for 4,4’-BiPyNO@1. Representation: d) host in ball and stick; guest
and methanol molecules in capped-stick models. e) Host in ball and stick;
guest and methanol molecules in CPK models. Black broken lines are HB
and C@H···p(centroid) interactions.
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the methylene hydrogens of BiPyPNO were the largest observed, also indicating that these protons are deeply located in
the cavity of the host 1. The changes in the host 1 protons signals support the flexibility of the host 1, which is capable of
modulating its conformation to accommodate the guests. The
modelled structure of the 1:1 complex (Figure 6 d,e), shows
that the guest undergoes significant conformational change to
the anti-gauche conformation to maximize the hots–guest interactions without disturbing the C4v conformation.
The NMR results confirm that all guests interact with the
host, yet the possible endo-host–guest complex guests 4,4’BiPyNO and 4PhPyNO could not be overruled owing to the
small up-field shifts upon complexation. The binding priority
of the host 1 towards the four used guests was studied in solution through qualitative guest displacement experiments. It
is known that, for macrocyclic hosts, the shielding of the guest
protons is not proportional to the binding strength. In the
binding priority experiments, 1H NMR spectroscopy of a 1:1
mixture of one guest and the host is recorded. One equivalent
of a second guest is then added to this mixture and the
1
H NMR spectrum is recorded. The chemical shift changes of
the guest protons are then compared with the chemical shift
changes when the second guest is not present.
Taking the binding priority experiment between 2,2’-BiPyNO
and BiPyPNO and as an example (Figure 7) revealed that 2,2’BiPyNO@1 (75 %) is three times more favored than BiPyPNO@1
(25 %). Experiments were performed accordingly with different
equimolar mixtures of each of the two guests and the host
1 and a clear ranking of the guest priority was observed (Fig-

ures S2–S6, Table S1 in the Supporting Information). The host
affinity towards the guests decreases in the following order:
2,2’-BiPyNO > BiPyPNO > 4,4’-BiPyNO + 4PhPyNO. The C@H
activation by N@O groups and degree of flexibility of the guest
molecules are all responsible for the guest affinity.
2.2. Solid-State Structures of the Complexes
The solid-state structures of the host–guest complexes were
analyzed through single-crystal X-ray diffraction studies. All the
single crystals were grown from methanol. To our surprise,
three out of four solid-state complex structures bear remarkable resemblance to the modelled 1:1 in-cavity complexes reported in the solution study above (Figures 2, 4, and 6).
The X-ray analysis of host 1 with 2,2’-BiPyNO reveals a 1:1 inclusion complex, 2,2’-BiPyNO@1. The asymmetric unit contains
an in-cavity 2,2’-BiPyNO and an exo-cavity methanol molecule,
as shown in Figure 8 a. Owing to C@C bond rotation, the pyri-

Figure 8. a) Asymmetric unit of complex 2,2’-BiPyNO@1. The in-cavity 2,2’BiPyNO is shown in CPK model. b) Section of 3D crystal packing of 2,2’BiPyNO@1 to show HB interactions around N@O groups. Color representation: hosts in orange, guests in green and methanol in red. Black broken
lines represent HB and C@H···p(centroid) interactions.

dine rings of 2,2’-BiPyNO have a twist angle of 67.3(8)8 between the pyridine rings. As a result of this twisting, and despite the fact that the N@O groups show very strong HBs to
the adjacent host and methanol hydroxyl groups (Figure 8 b),
one of the pyridine N-oxide ring resides deep in the cavity at
a position of approximately 2.65 a from the centroid of the
lower rim carbon atoms (Figure S11 b, see the Supporting Information for detailed HB interactions). The deeply embedded
guest aromatic para- and meta-hydrogen atoms show

Figure 7. 1H NMR spectra (CD3OD, 298 K) of 30 mm solution of (a) 1, (b) 2,2’BiPyNO, (c) BiPyPNO, and (d) equimolar mixture of 1, 2,2’-BiPyNO, and BiPyPNO.

ChemistryOpen 2017, 6, 417 – 423
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C@H···p(centroid) interactions with host 1 at distances of approximately 2.44, 2.65, and 2.81 a (Figure 8 a and Figure S11 in
the Supporting Information). These distances are shorter compared with the reported 1:1 host–guest complex, pyridine Noxide@1.[6] The deep inclusion of the guest into the cavity of
1 with short C@H···p(centroid) distances supports the large upfield chemical shifts observed for 2,2’-BiPyNO protons in solution by 1H NMR spectroscopy.
In 4,4’-BiPyNO@1, the host 1 adopts a C2v conformation with
aromatic rings at centroid-to-centroid distances of approximately 7.90/5.56 a, deviating from the ideal crown C4v conformation where these distances are approximately 6.96 a.[1, 4c]
The host 1 in C2v conformation is eventually able to accommodate the “rod-shaped” 4,4’-BiPyNO at a position of approximately 3.94 a from the centroid of the lower rim carbon atoms
(see Figure S13 in the Supporting Information). As a result, the
two of the acidic ortho-hydrogen atoms (to the N@O groups)
in 4,4’-BiPyNO and host 1 aromatic rings have C@H···p(centroid)
contacts at distances of 2.47 a and 2.48 a, as shown in Figure 9 a. In crystal engineering, the 4,4’-BiPyNO guest is well
known to act as a HB acceptor for up to six HB donors and to
exhibit various twist angle values depending on the chemical
environment.[14] In the X-ray crystal structure of 4,4’-BiPyNO@1,
the complexity of the HB interactions between the N@O
groups and the adjacent host hydroxyl groups and methanol
molecules (Figure 9 b), that is, N@O···(H@O)CH3 OH ···(H@O)host and
N@O···(H@O)H2 O ···(H@O)host, N@O···OCH3 OH and N@O···OH2 O , supports the better host–guest fit in C2v rather than in C4v confor-

mation. Furthermore, the twist angle of 21.58 observed in the
solid state for 4,4’-BiPyNO positioned deep in the cavity shows
that the guest adopts a near planar conformation to maximize
the interactions with the electron-rich C2v host. If directly transferred into the solution state, this host–guest complex should
result in large chemical shift changes in the NMR spectrum.
However, the small chemical shift changes observed by
1
H NMR spectroscopy rather supports the modelled 1:1 host–
guest complex between the host 1 in C4v conformation and
4,4’-BiPyNO with a twist angle of 63.78 positioned at approximately 5.23 a from the centroid of the lower rim carbon atoms
(Figure 4 d,e and Figure S8 c in the Supporting Information).
The C@C bond rotation in 2,2’-BiPyNO and 4,4’-BiPyNO
seems crucial for the in-cavity complexation with host 1 by
maximizing the C@H···p interactions based on the following
observations:
i)

The cis-orientation of the N@O groups in 2,2’-BiPyNO
favors in-cavity complexes with C4v conformational host 1.
ii) The 4,4’-BiPyNO minimizes the C@C twist angle bond to
afford a nearly planar “rod-shape” structure to maximize
C@H···p interactions with C2v host 1.
iii) In both 2,2’-BiPyNO@1 and 4,4’-BiPyNO@1, the guests contain symmetrically positioned N@O groups in both aromatic rings making the ortho-hydrogen atoms more acidic.
In the case of the mono-N@O group containing 4PhPyNO,
the methanol molecules reside in the cavity of 1 forming the
complex, (MeOH@1)·4PhPyNO, as shown in Figure 10. The Xray crystal structure (Figure 10) is markedly different to the
modelled structure for 4PhPyNO@1 (Figure S9 in the Supporting Information), except for supporting the N@O group to act
as a HB acceptor for three methanol molecules. Although, the
conformation of the host 1 is C2v in both 4,4’-BiPyNO@1 (see
above) and (MeOH@1)·4PhPyNO with similar centroid-to-cent-

Figure 10. Section of 3D crystal packing of complex (MeOH@1)·4PhPyNO to
show host–guest interactions. Color representation: hosts in orange and
blue, guests in green, and solvents in red. The in-cavity methanols are
shown in CPK, and black broken lines represent HB and p···p interactions.
The schematic representation depicts self-inclusion of host 1 molecules with
cornered in-cavity methanol molecules.

Figure 9. a) Asymmetric unit of complex 4,4’-BiPyNO@1. The in-cavity 4,4’BiPyNO is shown in CPK model. b) Section of 3D crystal packing of 4,4’BiPyNO@1 to show HB interactions around N@O groups. Color representation: hosts in orange, guests in green, methanol in red, and water in blue.
Black broken lines represent HB and C@H···p(centroid) interactions.
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roid distances (Figures S13 a and S15 a in the Supporting Information), the less acidic ortho-protons to the N@O group in
4PhPyNO disfavors the in-cavity complex with host 1. Therefore, the self-inclusion of the methyl group in the 2-position
and the methanol molecule fill in the cavity, leaving the
4PhPyNO to interact through HB interactions with the exocavity methanol molecules and adjacent hosts. The 4PhPyNO is
thus situated between the host 1 molecules with closest C···C
guest–host contact distance of approximately 3.42 a (Figure 10
and Figure S16 in the Supporting Information).
As shown in Figure 11 a,b, the BiPyPNO guest forms an incavity 1:1 complex, BiPyPNO@1, where it is in anti-gauche conformation. In BiPyPNO@1, the host 1 is in a distorted C4v crown

atom of the in-cavity guest molecule appear in the order 2,2’BiPyNO (2.65 a) > BiPyPNO (3.15 a) > 4,4’-BiPyNO (3.94 a). Remarkably, a very similar trend, yet with longer interaction distances, is observed from the simple MM-level molecular modelling for the structures of the 1:1 host–guest complexes: 2,2’BiPyNO (3.15 a) > BiPyPNO (3.84 a) > 4,4’-BiPyNO (5.23 a). Although, the above in-cavity position of the guest follows the
same order, it is important to note that the solid-state packing
will enhance the host–guest interactions in a highly HB competitive environment. Therefore, for example, in 4,4’BiPyNO@1, the disagreement of X-ray structure with 1H NMR
solution data is evident, whereas the gas-phase modelled
structures support the chemical shift changes obtained from
1
H NMR experiments.

3. Conclusions
The four aromatic N-oxides (2,2’-bipyridine N,N’-dioxide, 4,4’-bipyridine N,N’-dioxide, 1,3-bis(4-pyridyl)propane N,N’-dioxide,
and 4-phenylpyridine N-oxide) show definite host–guest complexation with the C-ethyl-2-methylresorcinarene host. The
host–guest complexation in solution was investigated in the
highly competitive solvent methanol by 1H NMR spectroscopy.
Large chemical shift changes for the protons of 2,2’-bipyridine
N,N’-dioxide and 1,3-bis(4-pyridyl)propane N,N’-dioxide clearly
indicate that the guests reside deep in the cavity of the host
1 in solution. A series of competition experiments in solution
resulted in a clear order in the binding preferences of the
guests, supported by molecular modelling in the gas phase
and X-ray crystal structure in the solid state. Although only
C@H···p interactions can be observed in solution owing to H/D
exchange processes in CD3OD, both C@H···p and hydrogenbond interactions were observed in the solid state. In the solid
state, the in-cavity complexes are observed only if the N@O
group is present in both aromatic rings. The C@C twist angle in
2,2’-bipyridine N,N’-dioxide and 4,4’-bipyridine N,N’-dioxide C4v
and C2v conformational changes were found critical for the
complexation. The 4-phenylpyridine N-oxide, which is structurally similar to 4,4’-bipyridine N,N’-dioxide, however, it lacks
a N@O group in one of the aromatic rings and does not form
an in-cavity 1:1 complex. On the other hand, the 1,3-bis(4-pyridyl)propane N,N’-dioxide, which is capable of showing multiple
conformations, adopts an anti-gauche conformation instead of
the more stable anti-anti conformation when complexed inside
the cavity of the host.

Figure 11. a) Asymmetric unit of BiPyPNO@1 with omitted solvent molecules. Host 1 is shown in capped-stick mode and anti-gauche conformational
BiPyPNO in ball and stick model. b) Side view of BiPyPNO@1, host in ball
and stick and guest in CPK models. c) Section of 3D crystal packing to show
HB near N@O groups. Color representation: hosts in orange, guests in green,
and methanols in red. Black broken lines represent HB and C@H···p(centroid)
interactions.

conformation with aromatic centroid-to-centroid distances of
7.10/6.66 a (Figure S17 in the Supporting Information). As
shown in Figure 11 a, the methylene hydrogen atoms of the
propane chain and the centroids of host 1 benzene rings have
short C@H···p(centroid) contacts at distances of approximately
2.90 a, 2.96 a, and 2.93 a. The two N@O groups of the antigauche guest acts as a HB acceptor for three hosts and a methanol hydroxyl group as shown in Figure 11 b. As the N@O
group tends to maximize the HB interactions with the hydroxyl
groups of the adjacent host and solvent molecules, the propane chain of the guest undergoes a conformational change
to better fit inside the C4v host, which also supports the large
up-field shifts observed in solution.
From the X-ray crystal structures, the depth of the inclusion
into the cavity can be evaluated. The distances from the centroid of the lower rim carbons of host 1 to the closest carbon
ChemistryOpen 2017, 6, 417 – 423
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Experimental Section
The C-ethyl-2-methylresorcinarene 1 and 1,3-bis(4-pyridyl)propane
N,N’-dioxide (BiPyPNO) were synthesized according to reported
procedures.[1c, 13b] The guests 2,2’-bipyridine N,N’-dioxide (2,2’-BiPyPNO), 4,4’-bipridine N,N’-dioxide (4,4’-BiPyPNO), and 4-phenylpyridine N-oxide (4PhPyNO) were purchased from Sigma–Aldrich. The
1
H NMR spectra were recorded with a Bruker Avance DRX 400 MHz
spectrometer. Formation of the host–guest complexes, X-ray crystal
structure experiments and refinement details, and 1H NMR measurements are presented in the Supporting Information. The
CCDC CCDC 1529901–1529904 contains the supplementary crystal-

422

T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lographic data. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre.

[7] a) K. Jie, Y. Zhou, Y. Yao, F. Huang, Chem. Soc. Rev. 2015, 44, 3568 – 3587;
b) L. Pirondini, E. Dalcanale, Chem. Soc. Rev. 2007, 36, 695 – 706; c) L. R.
MacGillivray, P. R. Diamente, J. L. Reid, J. A. Ripmeester, Chem. Commun.
2000, 359 – 360; d) G. Ferguson, C. Glidewell, A. J. Lough, G. D. McManus, P. R. Meehan, J. Mater. Chem. 1998, 8, 2339 – 2345; e) P. Thu8ry, M.
Nierlich, Z. Asfari, J. Vicens, O. Morikawa, H. Konishi, Supramol. Chem.
2001, 13, 521 – 527; f) C. L. Raston, G. W. V. Cave, Chem. Eur. J. 2004, 10,
279 – 282; g) P. O. Brown, G. D. Enright, J. A. Ripmeester, CrystEngComm
2006, 8, 381 – 383.
[8] a) J.-P. Zhang, X.-C. Huang, X.-M. Chen, Chem. Soc. Rev. 2009, 38, 2385 –
2396; b) I. Cacelli, A. Ferretti, M. Girlanda, M. Macucci, Chem. Phys. 2006,
320, 84 – 94; c) A. Moissette, I. Gener, C. Br8mard, J. Phys. Chem. B 2001,
105, 5647 – 5656; d) M. Zhang, P. Lu, Y. Ma, J. Shen, J. Phys. Chem. B
2003, 107, 6535 – 6538; e) A. M. Costero, S. Gil, M. Parra, N. Huguet, Z.
Allouni, R. Lakhmiri, A. Atlamsani, Eur. J. Org. Chem. 2008, 1079 – 1084;
f) M. Elhabiri, A.-M. Albrecht-Gary, Coord. Chem. Rev. 2008, 252, 1079 –
1092.
[9] N. K. Beyeh, R. Puttreddy, Dalton Trans. 2015, 44, 9881 – 9886.
[10] Spartan “14, Wavefunction Inc., Irvine, 2014, using the B3LYP density
functional with 6-31G* basis set.
[11] a) H. A. Cox, R. R. Julian, S. W. Lee, J. L. Beauchamp, J. Am. Chem. Soc.
2004, 126, 6485 – 6490; b) D. P. Weimann, H. D. F. Winkler, J. A. Falenski,
B. Koksch, C. A. Schalley, Nat. Chem. 2009, 1, 573 – 577; c) H. D. F. Winkler, E. V. Dzyuba, J. A. W. Sklorz, N. K. Beyeh, K. Rissanen, C. A. Schalley,
Chem. Sci. 2011, 2, 615 – 624; d) E. Kalenius, N. K. Beyeh, J. J-nis, K. Rissanen, Chem. Commun. 2011, 47, 2649 – 2651.
[12] a) A. Albini, Heterocyclic N-Oxides, Taylor & Francis, New York, 1991;
b) A. R. Katritzky, J. M. Lagowski, Chemistry of the Heterocyclic N-Oxides,
Academic Press, San Diego, 1971; c) P. W. Baures, A. Wiznycia, A. M.
Beatty, Bioorg. Med. Chem. 2000, 8, 1599 – 1605; d) J. O’Leary, J. D.
Wallis, CrystEngComm 2007, 9, 941 – 950; e) S. Noro, J. Mizutani, Y. Hijikata, R. Matsuda, H. Sato, S. Kitagawa, K. Sugimoto, Y. Inubushi, K. Kubo, T.
Nakamura, Nat. Commun. 2015, 6, 5851.
[13] a) M.-C. Suen, H.-A. Tsai, J.-C. Wang, J. Chin. Chem. Soc. 2006, 53, 305 –
312; b) X.-L. Zhao, L.-P. Zhang, T. C. W. Mak, Dalton Trans. 2006, 3141 –
3146; c) L.-P. Zhang, W.-J. Lu, T. C. W. Mak, Chem. Commun. 2003, 2830 –
2831.
[14] a) B. Verdejo, G. Gil-Ram&rez, P. Ballester, J. Am. Chem. Soc. 2009, 131,
3178 – 3179; b) K. Xiong, F. Jiang, M. Wu, Y. Gai, Q. Chen, S. Zhang, J.
Ma, D. Han, M. Hong, J. Solid State Chem. 2012, 192, 215 – 220; c) X.-L.
Zhao, L.-P. Zhang, T. C. W. Mak, Dalton Trans. 2006, 2, 3141 – 3146; d) P.
Baran, M. Koman, D. Valigura, J. Mrozinski, J. Chem. Soc. Dalton Trans.
1991, 1385 – 1390; e) Z. Hnatejko, S. Lis, Z. Stryła, P. Starynowicz, Polyhedron 2010, 29, 2081 – 2086; f) A. Gal#n, E. C. Escudero-Ad#n, A. Frontera, P. Ballester, J. Org. Chem. 2014, 79, 5545 – 5557; g) C. Kaes, A. Katz,
M. W. Hosseini, Chem. Rev. 2000, 100, 3553 – 3590; h) D.-L. Long, A. J.
Blake, N. R. Champness, M. Schroder, Chem. Commun. 2000, 2273 –
2274; i) D.-L. Long, R. J. Hill, A. J. Blake, N. R. Champness, P. Hubberstey,
D. M. Proserpio, C. Wilson, M. Schrçder, Angew. Chem. Int. Ed. 2004, 43,
1851 – 1854; Angew. Chem. 2004, 116, 1887 – 1890; j) R. J. Hill, D.-L. Long,
N. R. Champness, P. Hubberstey, M. Schrçder, Acc. Chem. Res. 2005, 38,
335 – 348; k) X. Lin, A. J. Blake, C. Wilson, X. Z. Sun, N. R. Champness,
M. W. George, P. Hubberstey, R. Mokaya, M. Schrçder, J. Am. Chem. Soc.
2006, 128, 10745 – 10753; l) J. Jia, P. Hubberstey, N. Champness, M.
Schrçder, in Molecular Networks, Springer, Berlin, 2009, pp. 135 – 161;
m) N. Leblanc, M. Allain, N. Mercier, E. Cariati, Cryst. Growth Des. 2011,
11, 5200 – 5205; n) V. Chandrasekhar, P. Singh, Cryst. Growth Des. 2010,
10, 3077 – 3093; o) H. W. Roesky, M. Andruh, Coord. Chem. Rev. 2003,
236, 91 – 119; p) K. K. Arora, M. S. Talwelkar, V. R. Pedireddi, New J. Chem.
2009, 33, 57 – 63.

Acknowledgments
The authors gratefully acknowledge financial support from the
Academy of Finland (R.P. grant no. 298817, K.R.: grant nos.
265328, 263256, and 292746; N.K.B.: grant no. 258653, R.H.A.R.:
grant no. 272579), the University of Jyvaskyla, and Aalto University. This work was supported by the Academy of Finland through
its Centres of Excellence Programme (HYBER 2014–2019).

Conflict of Interest
The authors declare no conflict of interest.
Keywords: conformation · N,N’-dioxides · resorcinarenes ·
supramolecular chemistry · weak interactions
[1] a) W. Sliwa, C. Kozlowski, Calixarenes and Resorcinarenes, Wiley, Hoboken, 2009; b) J. Vicens, V. Bçhmer, Calixarenes: A Versatile Class of Macrocyclic Compounds, Topics in Inclusion Science, Vol. 3, Springer, Berlin,
1990; c) P. Timmerman, W. Verboom, D. N. Reinhoudt, Tetrahedron
1996, 52, 2663 – 2704; d) A. Jasat, J. C. Sherman, Chem. Rev. 1999, 99,
931 – 968.
[2] a) L. R. MacGillivray, J. L. Atwood, Nature 1997, 389, 469 – 472; b) V. S. K.
Balagurusamy, G. Ungar, V. Percec, G. Johansson, J. Am. Chem. Soc.
1997, 119, 1539 – 1555; c) N. Khazanovich, J. R. Granja, D. E. McRee, R. A.
Milligan, M. R. Ghadiri, J. Am. Chem. Soc. 1994, 116, 6011 – 6012.
[3] a) N. Jayaraj, Y. Zhao, A. Parthasarathy, M. Porel, R. S. H. Liu, V. Ramamurthy, Langmuir 2009, 25, 10575 – 10586; b) D. Ajami, L. Liu, J. Rebek, Jr.,
Chem. Soc. Rev. 2015, 44, 490 – 499; c) J. Rebek, Acc. Chem. Res. 2009,
42, 1660 – 1668; d) J. D. Faull, V. K. Gupta, Langmuir 2002, 18, 6584 –
6592; e) S. Harthong, B. Dubessy, J. Vachon, C. Aronica, J.-C. Mulatier, J.P. Dutasta, J. Am. Chem. Soc. 2010, 132, 15637 – 15643; f) D. Ajami, J.
Rebek, Proc. Natl. Acad. Sci. USA 2007, 104, 16000 – 16003; g) D. Ajami,
J. Rebek, Angew. Chem. Int. Ed. 2007, 46, 9443 – 9446; Angew. Chem.
2007, 119, 9443 – 9446; h) J. Rebek, Jr., Chem. Commun. 2007, 2777 –
2789.
[4] a) M. Nissinen, E. Wegelius, D. Falabu, K. Rissanen, CrystEngComm 2000,
2, 151 – 153; b) M. Nissinen, K. Rissanen, Supramol. Chem. 2003, 15,
581 – 590; c) K. Salorinne, M. Nissinen, CrystEngComm 2009, 11, 1572 –
1578.
[5] a) N. K. Beyeh, D. P. Weimann, L. Kaufmann, C. A. Schalley, K. Rissanen,
Chem. Eur. J. 2012, 18, 5552 – 5557; b) H. Mansikkam-ki, M. Nissinen,
C. A. Schalley, K. Rissanen, New J. Chem. 2003, 27, 88 – 97; c) H. Mansikkam-ki, C. A. Schalley, M. Nissinen, K. Rissanen, New J. Chem. 2005, 29,
116 – 127; d) A. Shivanyuk, E. F. Paulus, K. Rissanen, E. Kolehmainen, V.
Bçhmer, Chem. Eur. J. 2001, 7, 1944 – 1951; e) L. R. MacGillivray, J. L.
Atwood, Nature 1997, 389, 469 – 472; f) N. K. Beyeh, M. Kogej, A.
ahman, K. Rissanen, C. A. Schalley, Angew. Chem. Int. Ed. 2006, 45,
5214 – 5218; Angew. Chem. 2006, 118, 5339 – 5342; g) H. Mansikkam-ki,
M. Nissinen, K. Rissanen, Angew. Chem. Int. Ed. 2004, 43, 1243 – 1246;
Angew. Chem. 2004, 116, 1263 – 1266; h) D. A. Fowler, J. Tian, C. Barnes,
S. J. Teat, J. L. Atwood, CrystEngComm 2011, 13, 1446 – 1449; i) N. K.
Beyeh, A. Valkonen, K. Rissanen, CrystEngComm 2014, 16, 3758 – 3764;
j) N. K. Beyeh, A. Valkonen, K. Rissanen, Supramol. Chem. 2009, 21, 142 –
148.
[6] a) N. K. Beyeh, R. Puttreddy, K. Rissanen, RSC Adv. 2015, 5, 30222 –
30226; b) R. Puttreddy, N. K. Beyeh, K. Rissanen, CrystEngComm 2016,
18, 4971 – 4976.

ChemistryOpen 2017, 6, 417 – 423

www.chemistryopen.org

Received: February 7, 2017
Revised manuscript received: March 10, 2017
Version of record online April 4, 2017

423

T 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

