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Solid-state NMR has identified itself as a valuable probe of local
molecular structure, in particular because of its ability to accurately
determine distances or identify close proximities between specific
nuclei. Most solid-state NMR techniques that exploit dipolar
couplings in this way probe rare spins such & and '>N.
However, the potential of techniques that directly prébe-'H Figure 1. Pulse sequence for thel DQ CRAMPS experiment. The pulse
dipolar couplings is being increasingly recogniZetiindeed, two- sequence is available from our websfe.
dimensional (2D}H—H double-quantum (DQ) magic-angle spin-  pyMBO-1 sequence was adjusted to suppress zero frequency peaks
ning (MAS) experiments have become a method of choice for i, £, |y addition, prepulsed, were inserted before and after each
probing protor-proton proximities and, as such, have provided ggtection window to minimize quadrature images in the direct
much insight into the solid-state structures adopted by various gimensjon. POST-C7 was chosen for the excitation and reconver-
materials: o _ sion of DQ coherences because of its inherent offset compensation

For organic solids containing networks of many dipolar-coupled 4 itsy-encoding property® This latter gives an enhanced overall
protons, a key consideration in multiple-quantékh solid-state sensitivity and yields DQ spectra free of rotor-encoded spinning
NMR is resolution, since the strong proteproton dipolar cou-  gjgepandd! As no synchronization is required between the MAS
plings usually obscure detailed chemical shift information. Employ- 4 thet, increment (which has to correspond to an integral number
ing fast MAS alone (typically 30 kHz) has been shown to yield, in - 4t the decoupling cycle), interference conditions between the MAS
many cases, resolution sufficient to resolve specific DQ peaks. The 54 the homonuclear decoupling scheme can easily be avoided.
proton—proton proximities identified in this way have allowed, for Experiments were performed on a Bruker Avance 500 MHz
example, the identification of intramolecular hydrogen bonds or spectrometer using a single-channel 2.5 mm CRAMPS probe. The

s—ax packing arrangements in a variety of organic matefiflare dipeptide 8-AspAla was obtained from Bachem (Bubendorf,
MAS is, however, often insufficient to achieve resolution in the Switzerland) and used without further purification.

crowded regions ofH DQ MAS spectra. Enhanced resolution of A H DQ CRAMPS spectrum (recorded in 170 min) of the
1H spectra can be obtained by combining the rotation of the Sampledipeptide (10 mg) obtained atk = 12.5 kHz using the pulse
with the application of carefully synchronized multiple-pulse sequence of Figure 1 is shown in Figure 2a. For comparison, a
sequences in the so-called CRAMPS approeichAlong these rotor-synchronized'H DQ MAS spectrum obtained using the
lines, Schnell et al.and more recently Vega and co-workehnave BABA3 recoupling sequence ak = 30 kHz is shown in Figure
reported, by employing windowless and windowed homonuclear 5y, The pQ CRAMPS experiment delivers a resolution enhance-
decoupling in the indirectt{) and direct ¢) dimensions, respec-  ment of at least a factor of 5 in both the single- and double-quantum
tively, an improvement in resolution of proton DQ spectra. gimensions. This drastic improvement in resolution is especially
Howeyer, a major problem in such spectra was so far the presencesiple in the aliphatic region of the spectra. Thus, thesCiHe
of artlfgcts as compared to the fast MAS approach. ) two diastereotopic Ckland the two CH resonances are clearly
In this communication, we show that by a careful design of the ago|ved in the horizontal projection of Figure 2a, whereas there
NMR experiment and by the appllcatl_on of optlmlzed ho_mo_nuclear are only two resolved peaks in the alkyl region of Egrojection
decoupling sequences, high-resolution and hlgh-sen_smvny (_:Igan of Figure 2b. Note that proton line widths of less than 0.5 ppm
DQ spectra can be recorded. These spectra provide sufficient,yere measured for the aliphatic correlations in the DQ dimension
resolution to observall expected inter- and intramolecular short- 54 that these line widths are sometimes much less than twice the
range correlationsin particular in the alkyl region, of a model SQ widths (which are themselves all under 0.3 ppm).
dipeptide. ) A close inspection of théH—H proximities extracted from the
Figure 1 presents the pulse sequence forth&®Q CRAMPS known crystal structure of the dipeptigeAspAla reveals that we
experiment employed in this work. Two phase-modulated homo- jpcerve all the correlations corresponding to clos8.§ A)

nuclear decoupling schemes, carefully designed to provide optimal proton—proton proximities. This allows the complete assignment
proton resolution in. strongly coupled systems, the \{vindowless of the H spectrum (detailed in Supporting Information). In
eDUMBO-1;* and windowed-DUMBO-£,were applied in the, particular, the high-resolution DQ spectrum provides a clear
andt, dimensions, respectively. The length, together with the phasesassignment of the two diastereotopic Cprotons and two CH
(relative to that of the eDUMBO scheme) of the prepulggsvas resonances. This is illustrated from the traces of Figure 3, which
carefully calibrated to minimize axial peaks and quadrature images displays traces parallel %, extracted from the 2D DQ CRAMPS
in F1. In the same way, the orientation of the effective field of the spectrum at (a) 2.2, (b) 2.7, (c) 4.1, and (d) 5.0 ppm. For the traces
t University of Warwick. a and b corresponding to the two gHrotons, the strongest DQ
* Ecole Normale Sujpeeure de Lyon. peak is that involving the two Ciprotons themselves (at 4.9 ppm).
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Figure 2. (a) Two-dimensionalH DQ CRAMPS spectrum of the dipeptide
[-AspAla recorded using the pulse sequence of Figure 1 witkr 12.5
kHz. The length for the excitation and reconversion periods was /8.6
(corresponding to 3 basic POST-C7 elements). For each ot3&es,

16 scans were recorded with a recycle delay of 2 s. The proton RF field
was set tovy = 87 kHz during the POST-C7 blocks and to 100 kHz for
decoupling during; andt,. In t;, one complex data point was acquired in
each acquisition windows (Bs length). The DUMBO-1 blocks were 96
us long (corresponding to three basic DUMBO-1 cycles). Including the
prepulses, the effective dwell time i, was 102.8us, (maximumt; =
16.4 ms). The; increment was set to 9%s (corresponding to three basic
e-DUMBO-1; cycles). The6: and 6, pulses were 1.5 and 0.2s,
respectively. The scaling factors for eDUMBGQ®:1(during t;) and w-
DUMBO-1 (duringty) were determined experimentally as 0.58 and 0.50,
respectively. (b) Two-dimension&H DQ MAS spectrum of the dipeptide
[-AspAla with w, = 30 kHz using the BABA pulse scheme to excite and
reconvert the DQ coherences (one rotor period). For each of diges,

16 transients were coadded. The recycle delay was 1.5'6l A2 pulse
length of 2.5us was used for all pulses. Thgincrement was set to 33.3
us, corresponding to a rotor-synchronizedspectral width.

The other DQ peak in Figure 3b at 2t78.0= 10.7 ppm indicates
that the 2.7 ppm Chproton is pointing toward the NH of the amide
linkage, while the DQ peaks in Figure 3a at 2:24.1= 6.3 ppm
and 2.2+ 7.5= 9.7 ppm indicate that the 2.2 ppm gHroton is
pointing toward the Asp CH and Nfprotons. In traces ¢ and d

corresponding to the two CH resonances, the most intense DQ peaks (7)

are with the NH (at 11.6 ppm) and the CH(at 5.9 ppm)

resonances, such that they correspond to the Asp and Ala CH

protons, respectively.
In conclusion, we have shown on a model medium-sized
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Figure 3. Traces parallel td-; extracted from the 2BDH DQ CRAMPS
spectrum in Figure 2a &, = 2.2 (a), 2.7 (b), 4.1 (c), and 5.0 ppm (d).
Note that the peaks at 3.1 and 17.0 ppm in traces a and ¢ correspond to
intermolecularCH,2—CHs; and CHSP~OH proximities, respectively.

the short-range inter- and intramolecular contacts expected from
the crystal structure. The dramatic improvement in resolution opens
new perspectives for the structural investigation of more complex
systems in supramolecular chemistry and materials. Additionally,
extensions of this technique to a thitéC or 15N chemical shift
dimension would be practicable and allow the determination of
multiple structural constraints in the form &fi—H proximities

for larger labeled biosystems such as membrane proteins.
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