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Multiple carbon—nitrogen distances can be measured in natural
abundant solids using Rotary Resonance Echo Saturation
Pulse Double Resonance (R-RESPDOR) solid state NMR
experiment.

The capability of measuring internuclear distances makes solid-
state NMR a powerful method for structural characterization in
both ordered and disordered states. The heteronuclear distance
measurement was demonstrated in the early days by spin-echo
double resonance which measures weak dipolar couplings
selectively in the presence of other large spin interactions.' The
principle has been extended to rotational echo double resonance
(REDOR) under magic-angle spinning (MAS).> Enhanced
sensitivity and resolution of MAS has made REDOR a robust
method widely used for structural determination of complex
systems such as protein, amyloid fiber, cell wall, glass, zeolite ezc.
The REDOR distance measurement has also been extended to
quadrupolar spin systems with TRAPDOR,> REAPDOR.*
DEAR,’ and RIDER.®

This Communication presents a robust solid state NMR
method for simultaneously measuring multiple '*C/"*N distances
in natural abundant solids. '*N is a highly abundant (99.6%)
spin-1 quadrupolar nucleus. Its distances with surrounding
carbons provide useful information for molecular structure and
spectral assignment. At ~1% '*C natural abundance, many
BC/™N pairs can be treated as isolated spin systems allowing
simultaneous measurement of multiple *C/**N distances without
complications from '*C homonuclear dipolar coupling that often
occur in uniformly '*C-labelled molecules. The rotary resonance
echo saturation pulse double resonance (R-RESPDOR) method
described in this Communication introduces two important
changes to the rotational echo adiabatic passage double resonance
(REAPDOR) previously developed for measuring distances
between a spin-1/2 and a quadrupolar spin.* First, REAPDOR
applies a multiple-pulse recoupling sequence to the observed *C
spin and it requires an extremely stable MAS frequency
(~0.1 Hz).*® R-RESPDOR uses the rotary resonance for dipolar
recoupling, an analog of the rotary resonance recoupling”'® by
switching the recoupling rf to the observed *C spin.'""'> The cw
recoupling scheme is susceptible to spinning frequency fluctuation
therefore applicable with most commercial NMR  spectro-
meters. Second, R-RESPDOR uses *N saturation instead of
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1 Electronic supplementary information (ESI) available: notes on rotary
resonance. See DOI: 10.1039/b611447d

adiabatic-passage pulse for measuring '*C/"*N dipolar dephasing.
A typical "N adiabatic-passage pulse is restricted to about 7,/3 and
requires a large adiabaticity parameter o = v2/(vp,) > 0.25 for
efficient dipolar dephasing and data interpretation using a semi-
empirical universal curve.*'*!* This adiabatic condition may not
be met under fast MAS with large "*N quadrupolar couplings and
insufficient rf field for the low-y nucleus. In contrast, 4N
saturation can be implemented easily with long enough pulses.
The saturation not only achieves efficient dipolar dephasing but
also smooths out the orientation and other parameter dependen-
cies allowing simple data interpretation with a universal function.

Fig. 1a shows the R-RESPDOR pulse sequence for measuring
BC/N dipolar coupling D = yCyNh/4n2réN under MAS. The
BC/MN dipolar interaction is recoupled when the cw rf field
matches the MAS frequency w; = w,.!' The w; = 2w, rotary
resonance also can be used but it has a smaller recoupling effect.
Isotropic chemical shift, J and *C/**N residual dipolar couplings
are averaged by the rf. The rotary resonance also recovers the
chemical shift anisotropy (CSA) of the observed '*C spin. The
CSA is refocused by the middle m-pulse in the pulse sequence
forming a rotary resonance echo.'> A change of the '*N spin state
by the saturation pulse interrupts the refocusing of the '*C/MN
dipolar interaction causing modulations of the rotary resonance
echo. The dipolar dephasing can be measured by two experiments,
one with (S) and the other without (Sp) the "N pulse. The signal
fraction AS/Sy = (Sp — S)/Sy is compared with the simulation for
the determination of the dipolar coupling constant (Fig. 1b).

Rotor-synchronization and MAS frequency stability are impor-
tant for the echo and recoupling experiments. In REAPDOR, the
CSA interaction is recovered under the REDOR multiple-pulse
recoupling sequence and it depends on the timing of rotor position
with respect to the n-pulses. The whole evolution and refocusing
periods need be rotor-synchronized for a complete refocusing of
the CSA occurring at the very end. Small MAS frequency
fluctuations can accumulate timing errors over the long periods
making the experiment extremely sensitive to MAS frequency
control.*® Rotary resonance uses cw recoupling and the CSA
refocusing requires only the middle spin-echo segment rotor-
synchronized. Therefore, R-RESPDOR is much less sensitive to
spinning frequency fluctuations.'?

Dipolar modulation to the rotary resonance echo is the result of
N spin state change induced by the "N pulse. For a spin-1, the
transitions can be of zero, single, or double quantum. The double-
quantum 1 <> —1 transition has a dipolar evolution twice as fast as
the single-quantum, and no contribution takes place for the zero
quantum part. Saturation of the three-level system implies 3:4:2 in
probabilities for zero, single, and double-quantum transitions,
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Fig. 1 (a) “C/"*N R-RESPDOR pulse sequence, (b) AS/S, signal
fractions and simulations using the listed dipolar coupling frequencies,
and (c) MAS spectrum showing aromatic fragment and peak assignment
of natural abundant L-tryptophan. The '*C rf phase was kept constant
through the pulse sequence and the carrier frequency was placed at
124 ppm. The multiple peak structures in the MAS spectrum are from
crystallographically non-equivalent molecules in a unit cell. (14.1 T By,
600 MHz Bruker-DRX console, 10 kHz MAS with 4 mm triple-resonance
wide-bore probe, 512 scans with 4 s recycle delay for each spectrum,
150 ps "N pulse with ~40 kHz v;, k = 1, SPINAL64'® '"H decoupling
with ~90 kHz v,).

respectively, leading to the following dipolar dephasing curve for
the R-RESPDOR experiment.

AS/Sy= g [1—51, (%Dr)] +§ [1—Sd<§m>} )

Here 1-S,,is the universal REDOR function for spin-1/2.>® The
n/4 factor accounts for the scaling factor of the dipolar
Hamiltonian between rotary resonance and REDOR recoupling
under an assumption that the *C/"*N dipolar coupling is smaller
than the '*C CSA.!"” The signal fraction AS/S, is a function of the
dimensionless parameter D-t arising from zero and flattening out
at ASISy — 2/3 with Dt > 1.

Fig. 1b shows the R-RESPDOR measurement of eight aromatic
carbons in natural abundant L-tryptophan with a single rotary
resonance experiment. The measurements for the CO, C,, Cj sites
(not shown) require separate experiments due to the chemical shift

offsets for the rotary resonance. The two carbons next to indole
N (a and h) show dipolar oscillations from the one-bond '*C/"*N
coupling before reaching the equilibrium value about 0.45. This
value differs from AS/S, — 2/3 expected for ideal situations. The
difference mainly comes from a constant component that is always
observed in CSA and dipolar rotary resonance experiment.” %!
The constant component implies that a fraction of the signal does
not contribute towards the dipolar evolution consequently low-
ering the equilibrium value. Incomplete '*N saturation also
contributes towards the difference because of higher probabilities
for the non-contributing zero-quantum part in eqn (1). To account
for these effects, a factor of 0.45/0.67, estimated from the AS/S,
curves of one-bond distance (a and h), is multiplied with eqn (1)
for all carbon sites. After this correction, Fig. 1b shows good
agreements between the R-RESPDOR simulations and the AS/S,
results for all sites. The dipolar coupling frequencies used in the
simulations were obtained from a separate '*C/'>N REDOR
measurement of a selectively '*N-labeled sample.!” The dipolar
coupling frequencies D = ycyNh/4n2r3CN can be used to extract
carbon-nitrogen distances for one and two bond '*C/'"*N pairs.
For C/™N pairs with three bonds and beyond (e, d, f), the
determination of the distances must take the intermolecular
contributions and the effect from the other "N spin (NH3) into
accounts. These contributions are evident from the faster
dephasing curves than the two-spin simulations using the distances
from '*C/">N REDOR measurement.

The R-RESPDOR method compliments with REAPDOR in
cases of large CSA, fast MAS, and high magnetic fields. All three
factors make REAPDOR experiments more difficult on MAS
control, rf field requirement, and adiabatic-passage conditions. In
contrast, these factors work favorably for R-RESPDOR. Large
CSA and fast MAS drive the rotary resonance. The presence of a
larger CSA makes the rotary resonance condition for hetero-
nuclear recoupling wider and less dependent on rf field
homogeneity. Furthermore, rotary resonance uses weak “C tf,
therefore the interference with proton decoupling is less of a
problem especially for protonated carbons sites (at the expense of
reduced bandwidth for chemical shift). On the "N aspect, the
saturation pulse length is not restricted by the spinning frequency
and rapid quadrupolar frequency modulation helps to accelerate
N saturation by a pulse over several rotor periods.

It has been shown that the rotary resonance and "N saturation
scheme make the R-RESPDOR a robust method for measuring
BC/™N distances in solids. The method can be applied to other
quadrupolar nuclei. The capability of measuring multiple *C/**N
distances simultaneously at natural abundance makes
R-RESPDOR a potential useful tool for spectral assignment and
structural analysis of small to medium size molecules without the
need of isotope labeling.

This work has been supported by the National High Magnetic
Field Laboratory through Cooperative Agreement (DMR-
0084173) with the National Science Foundation and the State of
Florida.

Notes and references

1 M. Emshwiller, E. L. Hahn and D. Kaplan, Phys. Rev., 1960, 118,
414-424.

2 T. Gullion and J. Schaefer, J. Magn. Reson., 1989, 81, 196-200.

3 C. P. Grey and W. S. Veeman, Chem. Phys. Lett., 1992, 192, 379-385.

This journal is © The Royal Society of Chemistry 2006

Chem. Commun., 2006, 4712-4714 | 4713



T. Gullion, Chem. Phys. Lett., 1995, 246, 325-330.

J. R. Sachleben, V. Frydman and L. Frydman, J. Am. Chem. Soc., 1996,

188, 9786-9787.

6 K. Saalwachter and K. Schmidt-Rohr, J. Magn. Reson., 200, 145,

161-172.

J. R. Garbow and T. Gullion, Chem. Phys. Lett., 1992, 192, 71-76.

T. Gullion and A. Vega, Prog. Nucl. Magn. Reson. Spectrosc., 2005, 47,

123-136.

9 T. G. Oas, R. G. Griffin and M. H. Levitt, J. Chem. Phys., 1988, 89,
692-695.

10 M. H. Levitt, T. G. Oas and R. G. Griffin, Isr. J. Chem., 1988, 28,

271-282.

(DN N

o

‘l wish the

others were as
easy to use!

‘ReSourCe is
the best online
submission system
of any publisher!

RSCPublishing

08030626

11 Z. Gan and D. M Grant, Chem. Phys. Lett., 1990, 168,
304-308.

12 Z. Gan, D. M. Grant and R. R. Ernst, Chem. Phys. Lett., 1996, 254,
349-357.

13 Y. Ba, H. M. Kao, C. P. Grey, L. Chopin and T. Gullion, J. Magn.
Reson., 1998, 133, 104-114.

14 A.J. Vega, J. Magn. Reson., 1992, 96, 50-68.

15 E. Hughes, T. Gullion, A. Goldbourt, S. Vega and A. J. Vega, J. Magn.
Reson., 2002, 156, 230-241.

16 B. M. Fung, A. K. Khitrin and K. Ermolaev, J. Magn. Reson., 2000,
142, 97-101.

17 Z. Gan, J. Magn. Reson., 2006, DOI: 10.1016/j.jmr.2006.08.014.

Comments received from just a few of the thousands

of satisfied RSC authors and referees who have used
ReSourCe - the online portal helping you through every
step of the publication process.

authors benefit from a user-friendly electronic submission
process, manuscript tracking facilities, online proof collection,
free pdf reprints, and can review all aspects of their publishing
history

referees can download articles, submit reports, monitor the
outcome of reviewed manuscripts, and check and update their
personal profile

NEW!! We have added a number of enhancements to
ReSourCe, to improve your publishing experience even
further.

New features include:

® the facility for authors to save manuscript submissions at
key stages in the process (handy for those juggling a hectic
research schedule)

® checklists and support notes (with useful hints, tips and
reminders)

® and a fresh new look (so that you can more easily see what
you have done and need to do next)

Go online today and find out more.

www.rsc.org/resource

4714 | Chem. Commun., 2006, 4712-4714

This journal is © The Royal Society of Chemistry 2006



