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Recent progress in solid-state (SS)NMR spectroscopic meth-
ods based on fast magic angle spinning (MAS)[1] has enabled
new opportunities for the structural study of small quantities
(< 5 mg) of natural abundance samples. Utilizing through-
space and through-bond polarization transfer, indirect detec-
tion of low-g nuclei, and suitable homo- and heteronuclear
decoupling, one- and two-dimensional (1D and 2D) spectra of
such samples can be measured with excellent sensitivity and
resolution.[2] However, determination of the short-range
intermolecular order often remains elusive. Such analyses
can be well-served by studying heteronuclear correlations
that take advantage of the large chemical shift range of most
low-g nuclei (for example, 13C or 15N). Indeed, heteronuclear
correlation (HETCOR) NMR spectroscopy and measure-
ments of internuclear distances, often in concert with
theoretical calculations, have provided structural details of
complex hydrogen-bonded systems in chemistry and biology,
blended materials, and host–guest pairs.[3] Still, intermolecular
polarization transfers to low-g nuclei are often hampered by
low sensitivity. A promising solution to this challenge is
offered by homonuclear 1H–1H 2D correlation methods, such
as double-quantum (DQ)MAS[4] or spin-diffusion (NOESY-

like) experiments,[5] provided that sufficient resolution is
achieved in both dimensions. One of the possible approaches
is the use of 1H CRAMPS decoupling in concert with fast
MAS to boost resolution in these experiments.[6] The recent
development of ultrafast MAS (at 100 kHz and more[7])
provides access to appropriate 1H resolution without RF
decoupling.

Herein, we report the first application of 1H 2D SSNMR
measurements under MAS at 100 kHz, which are used in
combination with indirectly detected 1H{13C} and 1H{15N}
HETCOR experiments and theoretical calculations to scru-
tinize the interactions within a host–guest (HG) system
consisting of 5,10,15-tris(pentafluorophenyl)corrole 1, and
toluene (Scheme 1).

Corroles are aromatic macrocycles composed of four
pyrrolic rings connected by three meso carbons and bearing
one direct pyrrole–pyrrole link. The first synthesis of these
materials was a multi-step process with low overall yield.[8] As
synthetic methods have improved, there has been increased
interest in potential applications of corroles in catalysis,
sensors, imaging, and medicinal chemistry.[9] The coordination
chemistry of corroles has attracted particular attention, and
new metal–corrole systems possessing intriguing properties
are being continuously reported.[10] Studies of solid-state
structures of corroles and their interactions with other
aromatic compounds pose challenges for diffraction and
spectroscopic methods. Owing to the difficulties involved in
growing X-ray quality crystals of the corroles, which tend to
form disordered host(corrole)–guest(solvent) systems, only
a few X-ray structures of unsubstituted metal-free corrole
have been published to date, including that of corrole 1.[11]

Herein, we present the results of 1H{13C} and 1H{15N}
HETCOR experiments, the full interpretation of which could

Scheme 1. Structures of 5,10,15-tris(pentafluorophenyl)corrole and tol-
uene, with some of the notations used for peak assignments.
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be made only with the help of theoretical calculations. The
resulting 1H chemical shift information is then used to analyze
the highly resolved 1H–1H correlations, which provide the
ultimate validation of the corrole–toluene HG structure.

We introduce the following notations (Scheme 1): nitro-
gen atoms in A–D rings are labeled as NA–D; protons bonded
to nitrogen atoms in A, C, and D rings are referred to as HNA,
HNC, and HND; protonated carbons in 1 are denoted as C2, C3,
and so on; methyl protons (carbons) in toluene are denoted as
Hm (Cm); and aromatic protons (carbons) in positions para-,
meta-, and ortho- are denoted as p-Har (p-Car), o-Har (o-Car),
and m-Har (m-Car), respectively.

The static 1H NMR spectrum (not shown) demonstrated
that our HG system (including the toluene molecule) is rigid
on the NMR timescale at about 300 K. The indirectly
detected through-bond 1H{13C} HETCOR spectrum with
polarization transfer via refocused INEPT (INEPTR-HET-
COR)[2e] of the natural abundance HG system is shown in
Figure 1A. The dominant cross-peak at dH��3.2 ppm and dC

� 14 ppm is ascribed to correlation between Hm and Cm, [Hm,
Cm]. Owing to host–guest interactions, both chemical shift
values correspond to an increased shielding effect with
respect to the solution NMR spectrum, where they would
be present at around 2.2 ppm and 24 ppm, respectively
(details are discussed later). A similar effect is observed in
the aromatic ring of toluene. Because three Har resonances at
dH� 1.4, 0.8, and 0.1 ppm were easily resolved in 2D spectra
taken at nR = 100 kHz (Figure 2), we were able to assign the
Har–Car correlations in Figure 1 A based on the build-up
curves of the Hm–Har correlation signal (Supporting Informa-

tion, Figure S2), to para-, meta-, and ortho-C�H pairs. The
remaining cross-peaks are assigned to H–C correlations in
1 based on the computed 13C chemical shifts as follows: a : H7–
C7, H8–C8, b : H3–C3, H12–C12, H13–C13, and c : H2–C2,
H17–C17, and H18–C18 (Supporting Information, Table S1).
The 1H{13C} spectrum based on cross-polarization (CP-
HETCOR) was consistent with these assignments (not
shown).

The indirectly detected 1H{15N} CP-HETCOR spectrum
of 15N-enriched 1 is shown in Figure 1 B, with the assignments
based on the theoretically predicted 15N chemical shifts
(�233, �147, �264, and �259 ppm for NA, NB, NC, and ND,
respectively, see Scheme 1 and Supporting Information for
details). The well resolved 1H–15N cross-peaks demonstrate
that no exchange among HN protons (tautomerization) occurs
in this system, at least at rates exceeding 1 kHz. The peak
positions are similar to those observed in the close-to-freezing

Figure 2. A), B) 1H–1H spin-diffusion and DQMAS spectra of corrole
1 with toluene, obtained at 14.1 T with nR = 100 kHz,
nRF(

1H)= 403 kHz, tRD = 1.6 s. Other experimental parameters:
A) mixing time= 200 ms, 512 rows, 8 scans/row, Dt1 = 10 ms,
AT = 3.6 h; B) excitation and reconversion times = 0.1 ms, 512 rows, 32
scans/row, Dt1 = 10 ms, AT = 14.5 h.

Figure 1. 2D indirectly detected 1H{13C} through-bond (A) and 1H{15N}
through-space (B) HETCOR spectra of corrole 1 with toluene obtained
at 14.1 T. A) nR = 40 kHz, nRF(

1H)= 110 kHz during short pulses,
nRF(

1H)= 60 kHz during tangent ramp CP, nRF(
1H) = 150 kHz during

homonuclear decoupling,[2e] nRF(
1H) =20 kHz during tRR,

nRF(
13C) = 100 kHz during short pulses and CP, nRF(

13C) =10 kHz
during SPINAL-64 decoupling, t1 =1.2 ms, t2 = 1.3 ms, tCP = 1 ms,
tRR = 40 ms, 256 rows, 64 scans/row, Dt1 =25 ms, tRD = 1.5 s,
AT = 14.4 h. B) nR = 60 kHz, nRF(

1H) = 100 kHz during short pulses,
nRF(

1H)= 54 kHz during ramp CP, nRF(
1H)= 30 kHz during tRR,

nRF(
15N) = 114 kHz during short pulses and CP, nRF(

15N) =10 kHz
during SWFTPPM decoupling, tCP =3 ms, tRR = 80 ms, 256 rows,
16 scans/row, Dt1 = 66.68 ms, tRD = 3 s, AT =3.5 h. The symbols and
further experimental details are explained in Supporting Information.
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(195 K) solution state (toluene) by Gross et al. ,[11b] although
our assignments for NA and NC are different. In the same
study, the preferred tautomer was no longer observed at room
temperature. In the HG system studied herein, the asym-
metrically oriented pentafluorophenyl rings[11c] were immo-
bilized on the NMR timescale (see the 19F–19F DQMAS
spectrum in Supporting Information), which restricted tauto-
merization. The presence of guest molecules may have further
inhibited the proton exchange.

Although the HETCOR experiments did not identify the
HG intermolecular interactions directly, the obtained 1H
chemical shift information proved essential for the interpre-
tation of the 2D 1H–1H spin-diffusion and DQMAS spectra
acquired at nR = 100 kHz without RF homonuclear decou-
pling (Figure 2). The spin-diffusion experiment yields diago-
nal peaks dominated by the non-exchanged magnetization
and off-diagonal peaks associated with diffusive magnetiza-
tion transfer within dipolar coupled networks of 1H spins.[5]

The 1H–1H DQMAS experiments reintroduce the MAS-
averaged dipolar interactions. Signals representing pairs of
coupled nuclei appear at the sum of their resonance
frequencies in the indirect dimension, whereas autocorrela-
tions from the non-coupled nuclei are removed by the DQ
filter.[4]

The resolution in 2D spectra measured at nR = 100 kHz is
remarkable and proved essential in solving the structure of
our HG system. In particular, the resonances ascribed to p-,
m-, and o-Har were unresolved at nR = 40 kHz (Figure 3A,B).
We also acquired a spectrum at nR = 40 kHz using PMLG
decoupling in both dimensions with windowed acquisition
during t2, yet both the resolution and the sensitivity proved
inferior to 100 kHz MAS. A detailed account of this effort is
given in Supporting Information. Note that the projections of
2D spectra in Figure 2 are broad in both dimensions with
resolution similar to that observed in 1D MAS spectra taken
at 40 kHz (Figure 3C), showing that the line broadening is
mainly inhomogeneous. The fact that the cross-peaks formed
narrow ridges (especially in the DQMAS spectrum of Fig-
ure 2B, which yields only short-range correlations) implies
that the distributions of chemical shifts of interacting sites are
correlated within crystallites with short-range order. The
cross-peaks are extended along the diagonal (SQ-SQ in spin-
diffusion or SQ-DQ in DQMAS), owing to constant chemical
shift difference within each interacting pair, which suggests
that the distributions may result from local anisotropic
magnetic susceptibilities (not averaged by MAS[12]) rather
than structural disorder or p–p stacking. In the latter
scenarios, changes in local environments would be less
dependent of each other, leading to round or “bent”
correlation peaks, as observed in disordered organic sol-
ids.[12a, 13] It is known that homogeneous 1H–1H dipolar
broadening scales down linearly with increasing nR. The
cross-sections in Figure 3C (slices I–III) show that MAS at
100 kHz reduced it to less than 0.2 ppm (see also insets in
Figure 2B; note that the exact measure of homogeneous
broadening is given by the line width along the antidiagonal).
The increased width of cross-peaks in Figure 3A is due to 1H
spin diffusion, which transports magnetization between
crystallites with different local fields.

The spectra of Figure 2 show numerous intra- and
intermolecular correlations. The intramolecular assignments
are not marked, except for those associated with Hm, which
are shown using square brackets ([, ]) to illustrate the
outstanding resolution achieved under MAS at 100 kHz.
The remaining cross-peaks denote correlations between 1H
nuclei previously assigned to the host (a, b, c, and HND) and
the guest (Hm, o-Har, m-Har, and p-Har). In the spin-diffusion
spectrum, the strongest HG correlations include (a, Hm), (a,
m-Har), (a, p-Har), (c, Hm), (c, o-Har), (c, m-Har), (HND, o-Har),
and (HND, Hm). The DQMAS spectrum in Figure 2B features
a subset of these cross-peaks corresponding to short-range
dipolar coupled pairs: (a, Hm), (a, m-Har), (a, p-Har), (c, Hm),
and (c, o-Har). Only faint cross-peaks between b and protons
of toluene were observed in the two spectra.

Based on the observed intensities of NMR cross-peaks, an
HG structure emerges whereby toluene is intercalated
between the corroles such that the methyl group points
toward the D ring, while the p-Har is close to the B ring. This
result is in agreement with the structure of the HG complex
optimized by DFT calculations, in which the aromatic ring of
toluene is sandwiched between two tetrapyrrolic rings in
almost parallel fashion with about 3.5 � of separation (see

Figure 3. A), B) 1H–1H spin-diffusion and DQMAS spectra of corrole
1 with toluene, obtained at 14.1 T with nR = 40 kHz, nRF(

1H) = 125 kHz
and tRD = 1.6 s. Other experimental parameters: A) mixing
time = 100 ms, 128 rows, 8 scans/row, Dt1 = 50 ms, AT = 0.9 h; B) exci-
tation and reconversion times = 0.1 ms, 128 rows, 16 scans/row,
Dt1 = 25 ms, AT = 1.8 h. C) 1D 1H MAS spectra at nR = 40 kHz (bottom)
versus 100 kHz (top), and slices of spin-diffusion and DQMAS spectra
from Figure 2 taken at the positions indicated by gray lines.
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Figure 4 and Supporting Information). Most likely, the
toluene molecule is encapsulated through p–p interactions
in the host matrix[14] and the large upfield shifts result from
a strong ring current effect that is due to the delocalized p-
electrons on the corrole macrocycle. A similar HG system has
been previously observed in a bis(porphyrin)–pyrene
system,[15] in which the pyrene was sandwiched between
porphyrin rings through p–p interactions and the pyrene
protons were shifted to the upfield region by the ring current
effect. Other corroles containing more electron-rich substitu-
ents may form similar aggregates, possibly with larger
aromatic guests.

In summary, MAS at 100 kHz and theoretical calculations
provided decisive information about the host–guest interac-
tions between electron-deficient corrole and toluene, includ-
ing the specific molecular orientation. This kind of approach
adds another method for studying intermolecular interactions
in increasingly complex structures (“NMR crystallography”),
especially in cases where diffraction methods are impeded by
the lack of long-range order or difficulty in obtaining crystals
of sufficient quality. In a more general sense, MAS at 100 kHz
and more will provide new opportunities to increase reso-
lution in 2D homo- and heteronuclear spectra of a variety of
systems in biology,[7b] chemistry, and materials science.
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