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Supramolecular chemistry and noncovalent interactions are
of major importance in many biological systems, for example
in enzyme ± substrate binding or antigen ± antibody recogni-
tion, as well as in the design of new materials by molecular
self-assembly.[1] An example is receptor 1, which belongs to a
family of molecules termed ªmolecular tweezersº, due to their
concave ± convex topology and their propensity to selectively
form complexes with electron-deficient aromatic and aliphat-
ic compounds as well as with organic cations.[2] This high
selectivity has been correlated with a markedly negative
electrostatic potential, by using semiempirical and quantum-
chemical calculations, for the concave side of the molecular
tweezer.[3]

Hunter and Packer described a supramolecular structure
determination, based on the empirical calculation of complex-
ation-induced 1H NMR shifts in solution[4] employing the
empirical methods[5] developed for the prediction of 1H NMR
shifts of proteins. As further illustrated by, for example, the
study of the dimerization of formic acid in a matrix at 7 to
40 K using IR spectroscopy,[6] a quantitative elucidation of the
structure, dynamics, and electronic properties of such complex
systems requires the coupling of advanced techniques of
physical characterization and theoretical chemistry. The
results of such an endeavour, which we describe here, can
then provide guidelines for generating new structures.

Central to our approach are advances in high-resolution 1H
solid-state NMR based on fast magic-angle spinning (MAS).[7]

At rotation frequencies above 30 kHz, sufficient line narrow-
ing is achieved such that 1H resonances due to chemically
distinct protons can be distinguished.[8] Moreover, fast MAS
can be combined with double-quantum (DQ) spectroscopy[9]
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to provide access to structural and dynamic information
exploiting site-resolved dipolar couplings. This yields specific
proton ± proton proximity information and allows complex
dynamic processes to be quantified. In particular, key
elements of supramolecular organization, namely hydrogen
bonds and p ± p interactions can be clearly unravelled.[8]

Furthermore, the 1H chemical shifts resulting from supra-
molecular organization can be assigned quantitatively to
specific molecular packing arrangements by means of quan-
tum-chemical calculations.[10]

To date, molecular tweezer host ± guest complexes have
been investigated by 1H solution-state NMR exploiting the
large upfield shifts of the substrate resonances, caused by the
ring currents due to the aromatic host, upon complexation.
For the specific complex studied here, complex formation
and dissociation in CDCl3 at room temperature between
the napthalene-spaced tweezer 1 and 1,4-dicyanobenzene 2
is fast with respect to the NMR timescale, as evidenced

by a single-guest 1H resonance shifted by 4.35 ppm relative to
that observed for 2 alone. A solid-state investigation has the
advantage that the guest remains complexed on the timescale
of the NMR experiment and, thus, the structure and dynamics
of the host ± guest complex can be probed directly. An X-ray
single-crystal structure is available for 1@2 ;[2b] therefore, this
study offers the opportunity to check the reliability of our
approach and to demonstrate that additional complementary
insight can be provided.

Figure 1 a presents a rotor-synchronized 1H (700 MHz) DQ
MAS NMR spectrum of 1@2. In a 1H DQ MAS experiment,
the evolution of a DQ coherence due to a pair of dipolar-
coupled protons is correlated with that of the single-quantum
(SQ) coherences of the two individual protons, to allow an
unambiguous assignment of pairs of like and unlike protons.[8]

The 1H solid-state NMR peak assignment (Table 1) follows
from a 1H ± 13C heteronuclear correlation[11] spectrum of 1@2
(Figure 1 b), recorded using a recently developed recoupled
polarization-transfer (REPT) experiment,[12] which employs
rotational-echo double-resonance (REDOR) recoupling.[13]

Significant differences between the solid- and solution-state
1H chemical shifts are observed: In particular, the guest
protons, which are equivalent in solution, differ in the solid
state (Dd� 3.6). This splitting is a strong indication of ring-
current effects,[8b, 14] as discussed below.

Figure 1. a) Rotor-synchronized 1H(700.1 MHz) DQ MAS NMR spec-
trum, together with skyline projections, of 1@2, recorded under MAS at
30 kHz using one cycle of the BABA recoupling sequence for the excitation
and reconversion of DQCs. b) The aromatic region of a 1H (700.1 MHz) ±
13C REPT-HSQC NMR correlation spectrum, together with sum projec-
tions, of 1@2, recorded under MAS at 30 kHz. The recoupling time equaled
one rotor period, such that predominantly only one-bond correlations are
selected. The sample temperature equalled 321 K in both cases. The
notation 1ar and 1 al refers to host aromatic and alkyl protons, respectively,
while 2a and 2b refer to the two distinct guest aromatic protons.

We further performed quantum-chemical calculations to
determine the structure and NMR chemical shifts of 1@2. For
the structure determination, we employed newly developed

Table 1. Experimental and ab initio 1H chemical shifts for 1@2.

Solution-state Solid-state Ab initio Ab initio
NMR NMR (monomer) (dimer)

Ha (guest) 3.5 5.6 5.5 5.2
Hb (guest) 3.5 2.0 2.5 2.1
H2,3,14,15 6.4 4.9 6.6 5.5 ± 5.6
Harom (host) 7.0 ± 7.2 7.1 ± 7.2 7.2 ± 8.0 6.9 ± 7.7
Hbridgehead 4.1 3.8[a] 3.9 ± 4.2 3.3 ± 4.0
H25,28[b] 2.4 2.0 ± 3.8[a] 2.2 2.1
H26,27[b] 2.5 0.6 ± 2.3[a] 2.0 ± 2.1 0.4 ± 1.0

[a] These 1H chemical shifts were determined from the alkyl region of the
1H ± 13C correlation spectrum (not shown). [b] Note that the two protons in
each CH2 group are inequivalent.
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linear-scaling methods,[15] at the Hartree ± Fock (HF) level.
NMR chemical shifts were calculated using the GIAO method
(gauge including atomic orbitals)[16] at the HF level. In this
way, we calculate the electronic structure and chemical shifts
explicitly, which differs from the (empirical) approach of
calculating ring currents.[17] Table 1 also presents 1H chemical
shifts obtained by the quantum-chemical calculations for a
single 1@2 complex and a pair of 1@2 complexes in the
arrangement shown in Figure 2 a (denoted as monomer and
dimer, respectively). The good agreement between the

monomer calculation and the experimental solid-state guest
1H chemical shifts reveals that these values are largely
determined by intracomplex effects. We also note that the
average deviation in guest-to-host aromatic carbon ± carbon
distances is less than 5 % when comparing the ab initio
monomer and X-ray structures. In contrast, the marked
difference between the solid- and solution-state 1H chemical
shifts of host aromatic protons (H2,3,14,15) on the ªtweezer
tipº can only be explained by considering a dimer. Intercom-
plex effects are apparent from Figure 2 a, which shows that
these pairs of aromatic protons are directed towards the
naphthalene unit of the next host. Additional effects of
neighbouring monomer units are expected to only be
important for the most exposed protons of the tweezer,
namely, the CH2 groups.

Quantum-chemical calculations are able to elucidate the
role of different chemical units within a molecule. Therefore,
we also calculated the 1H chemical shifts of the guest protons
due to the three host aromatic moieties, namely the central
napthalene unit, and the inner and outer benzene rings
(Figure 2 b ± d). These results will be discussed in detail

elsewhere but we note the main conclusions here. Firstly,
the guest 1H chemical shifts, derived by summing the changes
due to the separate aromatic moieties, are in good agreement
with the values calculated for the whole system. It can thus be
concluded that the only influence of the linking norborna-
diene units is to determine the positioning of the host
aromatic moieties. Secondly, the difference between the guest
1H chemical shifts is mainly due to the arrangement of the
guest with respect to the inner benzene ring (Figure 2 c). Thus,
our combined experimental and theoretical approach is able

to identify specific intermolecular interac-
tions, which will be particularly useful for
the structural elucidation of systems, for
which X-ray single crystal structures are
not available.

A unique strength of solid-state NMR is
its ability to probe molecular dynamics
with site selectivity.[18] Figure 3 presents
slices taken from 1H DQ MAS spectra
(each slice at dDQ� 7.6) recorded at differ-
ent temperatures. The peaks due to the
guest protons Ha (d� 5.6) and Hb (d� 2.0)
disappear upon heating, to indicate dy-
namic processes (see Figure 3), in which
the two types of guest protons are ex-
changed by either a) a 1808 flip about the
long axis of the guest or b) a 608 rotation
between two equivalent sites in the com-
plex. A quantitative analysis is hampered
by the peak at d� 3.9 due to host alkyl
protonsÐthe fast exchange peak would be
expected to appear at exactly this position.
We note, though, that no peak was ob-
served in a slice corresponding to the guest
13C CH resonance in a 1H ± 13C correlation
spectrum recorded at 410 K (spectrum not
shown). Thus, we conclude that, at this
temperature, the exchange process is in the

intermediate regime, namely coalescence. From the differ-
ence in the chemical shifts of the guest protons Ha and Hb

(Dd� 3.6), the rate constant for the exchange process at 410 K
can be estimated to be 5600 sÿ1 corresponding to a Gibbs free
enthalpy of activation DG= of 72 kJ molÿ1.[19]

To conclude, for the host ± guest complex 1@2, a combined
experimental and theoretical approach provides structural
information, namely the importance of both intra- and
intercomplex interactions as well as the role of the separate
aromatic moieties, whereas temperature-dependent solid-
state NMR spectra probe the guest dynamics. All experiments
were performed on only 10 mg of a powdered sample, without
isotopic labeling. Therefore, it is envisaged that solid-state
NMR combined with quantum chemistry can become as
valuable to the chemist as solution-state NMR is today.
The approach described here exploits the sensitivity of
1H chemical shifts to aromatic ring currents and can be
applied to both crystalline and amorphous systems alike. As
these effects occur over quite a long range (more than
700 pm),[10b] we expect such effects to be of general impor-
tance in all aromatic systems. It is only now, however,

Figure 2. The solid-state packing arrangement of 1@2, as determined by an X-ray single-crystal
investigation.[2b] Large white, large black, and small white circles represent nitrogen, carbon, and
hydrogen atoms, respectively. In b) ± d), views through the naphthalene unit (b), and inner (c) and
outer (d) benzene rings, respectively, are shown. The distance from Hb to the center of the inner
benzene ring is 260 pm, as opposed to 404 pm to the middle of the naphthalene unit and 314 pm to
the center of the outer benzene ring (distances are given for the ab initio structure). Specific carbon
and hydrogen atoms are labeled according to the above chemical structure; the notation xa refers to
the quaternary carbon between carbons x and x� 1.
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Figure 3. The effect of temperature T on slices (dDQ� 7.6) taken from 1H
(700.1 MHz) DQ MAS NMR spectra of 1@2. At the bottom, the dynamic
processes consistent with the observed NMR results are shown. The two
processes (A) and (B) cannot be distinguished by current experiments.

that solid-state NMR and quantum chemistry have developed
sufficiently to allow the routine experimental observation of
the 1H chemical shifts and the quantitative analysis of
intermolecular ring-current effects in relatively large systems,
respectively.

Experimental Section

The synthesis of 1 is described in ref. [2b]. The complex with 2 is formed by
dissolving the host and guest in a 1:1 molar ratio mixture of methanol/
dichloromethane (1/1), followed by evaporation of the solvent at room
temperature to yield colorless crystals.

Solid-state NMR experiments were performed on a Bruker DRX 700
narrow-bore spectrometer operating at 1H and 13C Larmor frequencies of
700.1 and 176.1 MHz, respectively, with a double-resonance 2.5 mm MAS
probe, 908 pulse lengths of 2.0 ms on both channels, and a recycle delay of
1 s. In all spectra, the increment in t1 was set equal to one rotor period. For
the DQ MAS [REPT-HSQC] experiment, for each of the 64 [24]
increments, 16 [1024] transients were averaged. In the contour plots
(Figure 1a, b), solid and dashed lines represent positive and negative
contours, respectively; the bottom contour corresponds to 2.0 and 8.0% of
the maximum intensity (in Figure 2 a, b) and subsequent contours corre-
sponding to a multiplicative increment of 1.4 and 1.2.

Quantum-chemical calculations[10] were performed with the packages
Q-Chem and TURBOMOLE.[20] The structure of 1@2 was optimized at

the Hartree ± Fock (HF) level employing a 6-31G* basis.[21] 1H chemical
shifts were calculated using the GIAO method at the HF level, and are
given relative to tetramethylsilane (TMS). For the monomer calculation, a
(triple-z polarization (TZP) basis was used.[22] The dimer was constructed
by arranging two 1@2 complexes (with the optimized quantum-chemical
structure) at a separation given by the single-crystal structure.[2b] Dimer
correction values were obtained as the difference between the dimer and
monomer 1H chemical shifts at the GIAO-HF/SVP[22] level; these values
were added to the monomer values calculated at the GIAO-HF/TZP level.
The dimer 1H chemical shifts are given in Table 1. The 1H absolute
shieldings for TMS (calculated at HF/6-31*) are d� 32.4 (GIAO-HF/TZP)
and 32.3 (GIAO-HF/SVP).

The solution-state NMR assignments, as well as additional details
concerning the experimental solid-state NMR and quantum-chemical
calculations, are provided as Supporting Information.
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