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Sensitivity enhancement Bl inverse detectionis at the present proparation (H-]  TEDOR/RERT experiment (wN->1H ranser) withWwithout rotor-ancoding
time almost universally employed in heteronuclear multidimensional CP  dephasing L ping & ping | Taeprasrg)| [} catmction
NMR experiments for structure determination in solutions. For HEEE i i i e
solids, it was only recently demonstrated that theresolution I i P [l L"] A \}‘3«%‘
enhancement achievable by fast magic-angle spinning (MAS) sy |E'| o 'EHEI{&W‘TW IIIE
suffices to overcome the main limitation for inverse detection in ’ R
the solid state, namely the brodH lines? Substantial gains in G A 5 v

senSI_tl_VIty were reported for a varlety &N and™C sySt?mg' 4. Figure 1. Pulse sequence fotH-detected!®N—1H correlation NMR
Specific pulse sequences and detection schemes providingthigh spectroscopy under fast MAS in the solid state. Solid and open bars represent
resolution allowed for large sensitivity gains also in inverse-detected 90> and 180 pulses, respectively. Alternative ways to suppress sufplus
static?H and>N powder spectr&?® Inverse detection schemes bear magnetization are shown in red (PFGs) and blue (dephasing RF pulses).
particular challenges when low isotope concentrations are to be

observed, because the incomplete removal of a large overhead ofl-€- "H—""N—H) can be selected by a four-step phase cycle and,
uncoupledtH magnetization may lead to severe spectral artifacts. Including a final cleanup of the signal, by an overall phase cycle
In solution-state approaches, pulsed field gradients (PFGs) have®f 16 or 32 steps. While dephasing RF pulses are readily available
emerged as the standard procedure to destroy unwanted cohérence" Standard NMR hardware, PFGs require the installation of
For solids, it was shown that radio frequency (RF) pulses exploiting gradient coils at the bottom and the top of the MAS stator. Finally,

strong dipole-dipole couplings may serve the same purpose without the1®N signal is transfer_red back tel for de’_[ection using a cohe_rgnt
the need for specific spectrometer hardwére. TEDOR-typé&1°recoupling procedure, which allows the quantifica-
In this communication, we present two-dimensiofzl—1H tion of the *N—*H coupling.

correlation NMR experiments wittH inverse detection under fast Two independent spectral dimensions can be inserted into this
MAS conditions on natural-abundand&N systems. PFGs or, CP-TEDOR double-transfer scheme: a dipolar-decoupled {eND)

alternatively, RF pulses ensure suppression of unwategignal, plimensipn 1) between the two transfer bloqks, ant'aimension

and the acquisition of 2D spectra becomes feasible within experi- IN the middle of the TEDOR sequence. While the former generates
ment times of a few hours. It is shown for the first time that 15N chemical-shift information, the latter comprises a modulation
heteronuclealH—15N dipole—dipole couplings, thus bond lengths, of a dipolar-ordered state py the.recoupling. This “rotor-encoding”
can be faithfully extracted in natural abundance using spinning @PProach has been established in other homonticiaad hetero-

sideband patterns generated by a recently developed recouplindwc'ea? corr_elation experiments. The_information on the cogplings
technique® The large significance of high-precision bond length ¢an be retrieved from the'-modulation of the detected signal,
determination in solid-state NMR with respect to the characteriza- Which is converted into a sideband pattern by Fourier transforma-
tion of hydrogen bonds has recently been highligited. our tion. These_patterns se_nsmvely depend on the product of recoupling
15\—1H spectra, information on (i) chemical shifts and (ii) dipele  time and dipolar coupling constaht.

dipole couplings/bond lengths can be accessed either individually _Figure 2a shows #N—'H correlation NMR spectrum af-histi-
or in a combined way using a sptit-approach. dineHCI-H,0O obtained in a 2.5-mm rotor system at 30 kHz MAS.

The approach is based on the combination of two solid-state The sacrifice of signal associated with the use of small rotors, which,
NMR techniques providing incoherent and subsequently coherent When applied in natural abundance, limits the technique to smaller
transfer of polarization betweei andsN (see Figure 1). Initial molecules, is unfortunately unavoidable, since fast MAS is essential
1H polarization is incoherently transferred*l by a conventional o an efficient and quantifiable TEDOR transfeHowever, only
cross-polarization (CP) step. At this point, to prepare for the final 8192 transients of the pulse sequence depicted in Figure 1 were
(inverse) detection of the wedRN signal onH, strong remaining ne_eded to acquire the full 2D spectrum. To optaln a pure chemical-
14 polarization is efficiently removed by either a field gradient shift correlation spectrunt; was incremented in steps of full rotor

pulse (of 100us duration) or by two RF pulses (of 40 dura- periods ¢gr), while rotor-encoding was omitted; (= 0). In this
tion and fulfiling a rotary resonance recoupling conditién), ~Way natural-abundanc&N—*H correlation spectra can be recorded
while the 5N polarization is stored in a longitudinal state. Both within 4—10 h and thus become routinely applicable for solids.

dephasing techniques were found to perform almost identically. ;I’She comparison of inverse-detected CP-TEDOR and the analogous
Aided by this preselection, the desired coherence transfer pathway ' \-detected, regular 2D TEDOR experiment yielded a sensitivity
gair? of about 6-8, as detailed in the Supporting Information.

*To whom correspondence should be addressed. E-mail: kays@makro. In the spectrum shown in Figure 2a, all three expected NH

uni-freiburg.de. : R 1 :
 Max-Planck-Institut fa Polymerforschung. correlation signals are observed.when ¢—1H interactions are
*Institut fior Makromolekulare Chemie, Universit&reiburg. recoupled for a duration of 2 6z in the TEDOR step. For shorter
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Figure 2. () 1®™N—1H correlation spectrum af-histidineHCI-H,O, measured

at 30 kHz MAS in a 16.4 T magnet (700 MHZarmor frequency) using

a recoupling time of 26rg and accumulating the signal of 8192 transients of the pulse sequence depicted in Figure 1 (with RF dephagirg®@n(b)
Same as in (a), but with PFG dephasing and dipolar spinning sideband pattern$ tlieension, obtained by incrementitgandt;’ simultaneously in
steps ofrr andzr/30, respectively. (c) Slices from (b) taken along tfé dimension at the respectivel positions. (d) Pure rotor-encoded sideband patterns

obtained by incrementing only’, while keepingt; = 0 (using RF dephasing).

Calculated patterns are displayed in color above the experimental ones. The

N—H dipole—dipole couplings and NH distances determined from the patterns are given in Table 1.

Table 1. N—H Dipole—Dipole Couplings (Dnn) and Distances (fiun)
Measured from the NMR Sideband Patterns Shown in Figure 2 c,d

this work NMR diffraction
*H signal Dw2 [kHzZl  nyslpm]  r [pm] s [pm]
N (c) 9.4+09 109+ 4
13 ppm €2) 1! 09105 107+o 1055 102.6+04
N (c) 82+09 114+ 4
18ppm6) () ggsros 111+2 1095 107.0+04

aData from previous solid-state NMR and neutron diffraction studies
of L-histidineHCI-H,O are given for comparisoht?

recoupling times €2x4tg) the signal from the rapidly rotating
NHz* group is suppressed due to its weaker couplings. A precise
quantification of the couplings is possible from spinning sideband
patterns, which are introduced into the spectra by incremeftiing

in steps oftr/N simultaneously witht; (split-t; approach). The
integer numbeN determines the separation of the (odd-order only)
sidebands in the spectra according\to = 2vg/N, wherevy is the
MAS frequency; the spectrum shown in Figure 2b was obtained
with N = 30. In the TEDOR step, dipolar recoupling was again
applied for % 6tr. From the resulting sideband patterns (Figure
2¢), N —H couplings can be estimated in the rang®qf/2r >

2 kHz, corresponding to NH distances of up to 180 pm. Since
the signal is distributed over a pattern in the spliéxperiment, it
requires 5 to 10 times more signal accumulations than the pure
chemical-shift correlation experiment.

When the!>N chemical-shift information is not required, the
dimension can be skipped, and a purely rotor-encoded signal is
recorded in theé;' dimension. Figure 2d shows the sideband patterns
observed fod;-NH ande,-NH at ~18 ppm and~13 ppm in the
1H spectrum, respectively. For signal acquisition, 20480 transients
(2.5 times more than for the spectrum in Figure 2a) were used in
total. The N—H distances extracted from these patterns reproduce
well the results from previous investigatioh¥,as can be inferred
from Table 1. Apart from the usual overestimation of distances in
NMR,® a further systematic error is always expected from the
influence of couplings of thé>N to further protons. Nonetheless,
distances can reliably be extracted even when the perturbing
coupling is as strong as30% of the dominant couplingNote
that in a system with multiple protons coupled to a sintid
nucleus, the technique only provides access to the dominant
coupling. Two or more couplings of similar magnitude lead to
destructive interference during recoupling and signal $d3s.

In conclusion, we envision a wide applicability of this and
related-® H inverse detection techniques, which provide dipolar-
coupling and chemical-shift information in systems withl in

natural abundance or in low isotopic concentration. In par-
ticular, the technique is valuable for investigations of MNr+N

and N—H---O hydrogen bonds. With respect to biomolecules, the
gain in15N sensitivity, combined with the information dAN—1H
dipolar couplings, may help to improve NMR experiments for
structure determination of peptide backbones in the solid state.
Further technical development, in particular the optimization of the
IH RF circuit for detection, are expected to enhance the possible
gain in signal sensitivity further and to promote the significance of
1H-detected solid-state NMR experiments.
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