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Residual dipolar coupling (RDC) is the magnetically induced
dipolar coupling of spin-active nuclei, which can be observed by
NMR when molecules are anisotropically oriented in solution.1

Since the RDC is a function of the angle defined by the vectors of
the coupled nuclear dipoles and applied magnetic field, RDC values
contain 3D structural information for the measured molecule. This
modern NMR technique is increasingly important for elucidating
the 3D structures of biomolecules but seldom applied to small
molecules.2

π-Conjugated molecules are, in principle, magnetically oriented
and RDC active because there is a faint energy difference between
parallel and perpendicular conformations with respect to the applied
magnetic field.3 However, this energy difference is extremely small
and the RDC is detectable only for large aromatic molecules with
extensive π-systems. Liquid crystals,4 bicelles,1b,5 and filamentous
viruses6 have been developed as polymeric alignment media to
enhance the magnetic orientation of biomolecules but are not well-
suited for small organic molecules due to weak interactions. We
predict that, if an RDC silent molecule is tightly encapsulated in
an oriented molecular host with multiple parallel-aligned π-systems,
the target molecule will also be oriented within the host and become
RDC active. And we now report that organic pillared cage 1 and
interlocked cage 2 (Figure 1) composed of parallel, large aromatic
ligands are RDC active and induce clearly detectable RDC for
pyrene 3, an RDC silent aromatic. We think of cages 1 and 2 as
“magnetic aligners” and envision their application for the RDC
structural analysis of small organic molecules.

RDC values are obtained by measuring the observed 1H-13C 1J
couplings at different magnetic field strengths: in the present study,
300 to 920 MHz NMR spectrometers, corresponding to 6.99 to
21.6 T, were used. The observed 1H-13C couplings are the sum of
the invariable coupling constant (1JCH) and RDC value (1DCH). The
relationship between 1DCH and magnetic field strength, B, is given
in eq 1, and magnetic orientation is thus indicated by a linear
relationship between the observed coupling values and the square
of the field strength, B2.7

Coordination host 19 consists of two parallel-aligned large
aromatic panels (2,4,6-tri-4-pyridyltriazine) and three pyrazine

pillars. For all 1H-13C pairs, a, b, and c (Figure 1), the observed
splitting values were obtained from the F2 axis in the 13C-coupled
1H-13C HSQC spectra (Figure 2). The 1JCH + 1DCH values
decreased with increasing field strengths, and natural 1JCH values
were determined by extrapolation to 0 T (Table 1). 1DCH values
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Figure 1. Structures of 1-3. Positions of 1H and 13C nuclei (a-c, 1-3,
and 1′-3′) used for the RDC analysis are labeled.

Figure 2. 13C-coupled 1H-13C HSQC spectrum of 1 (920 MHz, D2O).
1H-13C pairs a-c are indicated in Figure 1.

Table 1. Observed Couplings (Hz) for Host 1 and Extrapolated
1JCH Constants (Hz)a

observed coupling (Hz)

entry
300 MHz
(6.99 T)b

500 MHz
(11.7 T)c

600 MHz
(14.1 T)b

920 MHz
(21.6 T)c

1JCH

(Hz)

Ha-Ca 188.4 188.1 187.8 187.1 188.5
Hb-Cb 174.3 173.9 173.7 172.8 174.4
Hc-Cc 198.2 198.2 198.0 197.8 198.2

a Extrapolated to 0 T. b Experimental error was 0.1 Hz.
c Experimental error was 0.2 Hz.
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showed good linear relationships with B2, within the experimental
error,10 and clearly indicated that host 1 was magnetically orientated
(Figure 3).

As eq 1 indicates, the magnetic susceptibility anisotropy (∆�)
that represents the degree of magnetic orientation can be evaluated
from the slope of the linear fitting. Assuming that the molecular
axis z is perpendicular to the largest aromatic plane,6a θ ) 90° for
the in-plane Ha-Ca and Hb-Cb pairs. Thus the slopes of DCH vs
B2 plots of both the a and b H-C pairs are nearly identical and
gave ∆� ≈ -9 × 10-28 cm3 ·mol-1.

After demonstrating that cage 1 is oriented in a magnetic field
and exhibits observable RDC, we examined the induced magnetic
alignment of an encapsulated guest using pyrene 3. The inclusion
complex 1•3 was easily prepared by suspending powdered 3 in the
aqueous solution of 1. Within host 1 pyrene 3 was held in alignment
with the magnetic field and RDCs were observed and showed good
linear relationships with B2. In host-guest complex 1•3, guest 3 is
held parallel to the plane of the triazine panels in host 1, and all
the θ values for H1-C1, H2-C2, and H3-C3 pairs of 3 are also
90°; the 1DCH values for these pairs were accordingly identical
(within experimental error) (Figure 4, green line). In contrast, the
RDC for free pyrene (3) was negligible (Figure 4, red line). Thus,
host 1 acted as a “magnetic aligner” for a small molecule.

The RDC of 3 was further enhanced upon encapsulation into
interlocked cage 2, with a greater number of parallel aromatic rings.
The self-assembly of this multistack host-guest complex (2•(3)4)
has been previously reported.11 The slope of the 1DCH vs B2 plot
for 3 in 2•(3)4 (Figure 4, blue line) is significantly larger than that
in 1•3. The inner and outer pyrene guests in the 2•(3)4 complex
are inequivalent, and the six H-C pairs are labeled as 1-3 and
1′-3′ (See Figure 1). The six pairs show identical 1DCH values

(within experimental error) and are consistent with a parallel
arrangement of the four molecules of 3 in the interspaces of host
2.

In summary, we utilized discrete, self-assembled hosts with
parallel aligned aromatic stacks as “magnetic aligners” to orient a
small organic molecule in a magnetic field. Induced RDC was
observed for the included guest molecule and promises that this
new methodology of magnetic alignment with synthetic hosts can
be further applied to the 3D structure determination of more
complex guest molecules. This class of self-assembled coordination
hosts is highly modular and well suited for the development of a
new class of molecular magnetic aligners. Therefore, the reported
methodology will serves as a structural determination tool for small
molecules.2
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Figure 3. RDC (1DCH) values plotted vs B2 for host 1.

Figure 4. Observed 1DCH vs B2 plot for 3 in dichloromethane (red) and in
host•guest complexes 1•3 (green) and 2•(3)4 (blue). Average values for three
(free 3, 1•3) and six H-C pairs (2•(3)4) are plotted.
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