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A new approach for high-resolution solid-state heteronuclear
multiple-quantum MAS NMR spectroscopy of dipolar-coupled
spin-3 nuclei is introduced. The method is a heteronuclear chem-
ical shift correlation technique of abundant spins, like *H with rare
spins, like *C in natural abundance. High resolution is provided
by ultra-fast MAS and high magnetic fields, high sensitivity being
ensured by a direct polarization transfer from the abundant pro-
tons to C. In a rotor-synchronized variant, the method can be
used to probe heteronuclear through-space proximities, while the
heteronuclear dipolar coupling constant can quantitatively be de-
termined by measuring multiple-quantum spinning-sideband pat-
terns. By means of recoupling, even weak heteronuclear dipolar
interactions are accessible. The capabilities of the technique are
demonstrated by measurements on crystalline L-tyrosine hydro-
chloride salt.  © 1999 Academic Press

Key Words: multiple-quantum spectroscopy; heteronuclear di-
polar correlation; recoupling methods; spinning-sideband pat-
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coupling constants in a quantitative manner by measurir
multiple-quantum spinning sideband patterns. Furthermor
spectral editing can be accomplished by measuring one-dime
sional HMQ-filtered spectra. Thus, the advantages of higt
speed spinning can be exploited iC NMR.

Heteronuclear correlation (HETCOR) techniques are amor
the most important methods for advanced structural elucid
tion. In the solid state, such techniques have proven useful
achieve'H wideline separation (WISE-NMR7]) to study the
dynamics in complex polymer systems, in spectral editin
(8,9, and for obtaining distance constrainig)). We present
here a method which combines the advantages of multipl
quantum NMR and the wealth of information obtainable fromn
HETCOR experiments. Previous work has concentrated on tl
quasistatic excitation of heteronuclear double-quantum cohe
ences §) which were excited using sychronous irradiation or
both channels. However, since this method is limited to exc
tation times of half a rotor period and thus to strongly dipolar

ortanal o
The use of two-spin modes such as homonuclear doubf@uPled spins like directly boundH-C pairs at moderate

quantum coherences has been shown to be a versatile apprég
in solid-state NMR spectroscopy for the determination of mé?
lecular parameters such as internuclear distantear(d tor-
sion anglesZ, 3). Even the structural elucidation of complexd
hydrogen-bonded systems has become possiblédpowever,

in the case of abundant proton systems, homonucidatH

upning frequencies, it is obviously desirable to extend th
nethod so that it is applicable to weaker couplings at very hig
MAS frequencies—the latter being necessary to simplify th
ipolar coupling amongst the abundant spih$)(leading to
optimum resolution in the MQ dimension and hence spectr:
simplification.

double-quantum techniques are limited by a lack of spectral1© this end, a robust recoupling method for the selectiv

resolution, even at the highest magic-angle spinning (MAS
speeds available. By taking advantage of the larger spread®
chemical shifts of rare spins, such &%, the amount o

j(Citation of heteronuclear MQ coherences has been dev
ped. The pulse scheme for our experiment is depicted in Fi

¢ 1. Considering only the five 90° pulses following the saturatiol

information which can be harnessed from double- and mulft/S€ comb on thé& spin channel and the refocusingpulse

ple-quantum (MQ) spectra is greatly increasbdg.

in t,, the pulse sequence corresponds to an HMQC experime

In this paper, we introduce a novel high-resolution solidnvolving a polarization transfer from protons to carbons. Thi

state NMR technique employing heteronuclear multiple-qua
tum coherences to abundant spins. The experiment is ternf?é‘;oS
recoupled polarization transfer—heteronuclear multiple-qual
tum correlation (REPT-HMQC) and employs heteronucle
dipolar couplings to excite multiple-quantum coherences. T
pulse sequence can be used either to corrélateéH chemical

shifts in a two-dimensional experiment or to evaluate dipol

' To whom correspondence should be addressed.
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polarization transfer renders the sequence applicable to sa
naturally abundant ifiC, since one benefits from the high
pitial polarization and the shofft, relaxation time of protons.

dihe experiment was first applied in solution-state NMR an

lates back to the first publication of the HMQC idéa)( The
HMQC experiment, as popularized by Bax in the early 1980

443), was designed to yield information on heteronuclear cot

relations in solution-state NMR and utilized the scalar J cou
pling between protons and rare spin species sucfCasr *°N.
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An extension of this technique to perform high resolution TABLE 1
HETCOR experiments through couplings in solids has re- Proposed Phase Cycle for the REPT-HMQC Pulse Sequence
cently been reported9), the method being termed MAS-J-

HMQC by the authors. il addinld
Before discussing the application to solid-state NMR, we ¢§ i%x

shall in short outline the basic stages of the experiment. The ba RRJYXRKYY

proton transverse magnetization created by the first 90° pulse ¢s YYXRYYRXYYRXYY XX

evolves into antiphase magnetizatii®, under the action of Preca XXPYXRYY XYY XX

heteronucleardipolar or scalar couplings. The second 90° , - .

. LS For the caser,, = 1 7, y andy have to be interchanged.
pulse converts the antiphase magnetization into a term propor-
tional to

| spins, the resultingS spin antiphase magnetizationS,
LS =13(1,S, —1.8) +3(1,S - 1.S,), [1] evolves into observab®spin transverse magnetization, which
is then subjected to afilter (last pair of 90° pulses on th®
which constitutes a mixture of 2-spin zero- and double-quagpins) of durationry in order to suppress unwanted signal
tum coherences. This coherence state then evolves duringontributions.
under the chemical shift interaction of the two nuclei involved Under fast MAS, all dipolar couplings are significantly
and (dipolar) couplings to additional spins. Thepulse in the reduced and pair correlations prevdlill). Recoupling of the
middle of thet, evolution period refocuses all heteronucledneteronuclear dipolar interaction can be achieved by applyir
couplings of theS spin and its isotropic chemical shift, leavinga simpler-pulse train with half rotor periods spacings on eithe!
the proton chemical shift as the defining interactiontjn one of the two involved spin species. This method is terme
Additionally, the-pulse interchanges zero- and double-quanmetational-echo double-resonance (REDOR) and has alrea
tum coherences; thus the refocused sequence is only capablieeiid a great variety of applicationd4-19. The m-pulse
detecting the above mixture of both types of coherence. Dipwain not only recouples the dipolar interaction, but also refo
lar couplings of the involved two spins to other spins lead teuses the sample orientation independent heteronuclear sc:
line broadening irF, and deviations from the expected spineouplings; this interaction is thus neglected in the analytice
ning sideband patterns. After applying another 90° pulse to thieatment of the pulse sequence presented below. Also,
isotropic chemical shifts are refocused by thepulses, and
during reconversion the sing&spin m-pulse even corrects for

Excitation | Evolution| Reconversion Detection ~ @ny contribution ofS spin chemical shift anisotropy (CSA),
- - leaving the dipolar coupling under MAS as the only interactiot
“ P S to be considered during the recoupling periods of the exper

XXt X -

ho L, L (B 6 o
j i ment. It should be noted that a similar pulse sequence has be
H used previously to excite HMQ coherences between rare spi

in an experiment to determine torsion angles’®, "N doubly

%

s “l H H t1/2ﬂt1/2 H B Atg labeled amino acidsl1{). There, the orientation-dependent
IINt] dipolar couplings of thé’C—"N HMQ coherences téH were
n ' ‘ ST evaluated in a separated local field experiment.
L r-wa— > The average dipolar Hamiltonian under MAS for a REDOF

m-pulse train in the secular approximation equdls) (

FIG. 1. Pulse sequence for the two-dimensional REPT-HMQC experi-
ment. Narrow black bars correspond to 90° pulses and open bars represent _ _
180° pulses. In order to avoid interference from directly excif@lsignals, a HD,IS =21,Sd Is(t), [2]
saturation pulse train is applied to tBespin channel prior to the experiment.
The MQ excitation and recoupling periods are made up of RECERIIse

trains. The scheme depicted here represents fully offset— artéfahemical where

shift anisotropy compensated—recoupling periods of duratieR. Zor just

one rotor period of recoupling, twe-pulses in each period (dotted brackets) D's

and the corresponding delays are omitted. For higher recoupling times, a's(t) = — o (Z\E sin 28 sin(wgt + v)), [3]

m-pulses on the proton channel have to be repeated with0spacings and
may be cycled according to the XY-4 phase cycling sche2gtp render the

pulse train insensitive to spectral offsets. The phases of the REDOR pulses ar, . A
kept constant during the whole experiment, with the phases of the five HMéﬁYiﬁq wg denoting the angular spinning frequency. The angles

pulses being listed in Table 1. To achieve sign-sensitive detection the aNd y correspond to _the an9|e_0_f_the internuclear axis Witf
TPPI method 27) can be implemented by incrementing the phase of tH€Spect to the rotor axis and the initial rotor phase, respectivel
reconversion pulseé; by 90° for subsequent slices n. The dipolar coupling constant is given by
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woht vivs been explained by both the larger chemical shift frequenc
= 4n s (4] dispersion of protons in higher field and a more effective
truncation of the strong dipolar couplings among the proton

. . . . by the increased Zeeman interaction. Proton linewidths on tt
Using the average dipolar Hamiltonian (Eq. [2]) for both th%?/der of 1 ppm for abundantH systems have only been

excitation and the recoupling periods of the experiment a%%served before at high spinning frequencies (about 15 kHz)

neglecting contributions fror spin CSA duringt,, straight- HETCOR experiments using elaborate line narrowing tect
forward.product operator alggbraa) Iea(_:ls tp the f_ollowmg nigues in the proton dimension, such as frequency switche
expressions f_or th:Sdetected time domain signalstinfor an Lee—Goldburg (FSLG) decoupling,(20 or in homonuclear
isolatedIS spin pair, single- and double-quantum spectra, using multiple-pulse irr:
diation @1, 29. It should be emphasized that all these tech
S5(ty) (3 sin (N7zd'S(0)) sin (N7d'S(ty)) cos(wcgty)) niques are very sensitive to effects of Bhomogeneity and
are strongly dependent on very precise settings of pulse dui
_ _ [5] tions and phases and on an exact rotor synchronization. T
S)(ty) (3 sin (N7gd'%(0)) sin (N7ed'(ty)) sin(wcgity)),  REPT-HMQC sequence in turn is rather robust, requiring n
[6] elaborate setup of the spectrometer or exact matching con
tions, and only the approximate pulse lengths on both channe
where( .. . .) denotes the powder average to be taken over alhve to be determined. Spinning speed variations as large
orientations B, ). The two-dimensional experiment can bet15 Hz at 30kHz MAS can be tolerated.
performed in two ways: Since the time-dependent dipolar The assignment of proton and carbon signals-tgrosine:
coupling elemend's(t) (Eq. [3]) is periodic with respect to one HCI has also been discussed before in great de2d)l. (The
rotor period, 7 = 27/ wg, it is obvious from the above correlations visible for Xy recoupling time (Fig. 2, spectrum
equations that incrementing in steps of full rotor cycles Il) are one-bond correlations only; the information conten
leaves only the modulation of the signal with respect to the compares well to that obtained from MAS-J-HMQC spectra
isotropic chemical shiftocs, of the | spins. Thus a HETCOR For 2 7 recoupling time, couplings of protons to quaternary
spectrum is recorded in which the intensity of the crosspeakserbons become visible. This is similar to the situation in th
determined by the heteronuclear dipolar coupling and the nuRSLG decoupled CP/WISE spectra, where even at short C
ber of recoupling cycled. The first slice of the 2D data setcontact times of 10Qus these correlations are already visible
after one Fourier transformation far, = O represents a Here, visible correlations correspond to localized 2-spi
HMQ-filtered S spin spectrum. Incrementint, in smaller modes, with perturbing effects like spin diffusion being ex
steps gives a full MQ spinning sideband pattern in the cluded. Hence, each crosspeak corresponds to a well-defir
dimension. The origin of these MQ spinning sidebands hdgolar-coupled'H—*C pair. As in the CP/WISE correlation
been found to be the rotor encoding of the orientation-depespectra, even intermolecular couplings (e.g., the one,abC
dent dipolar Hamiltonian during the reconversion periothe COOH proton, see arrow in spectrum V) can be identifiec
(1, 19. From these spinning sidebands, the dipolar couplign alternative explanation of these long-range crosspeaks
constant and thus the internuclear distance can be derived. Térens of relayed coherence transfer is unlikely for a sample |
spinning sideband pattern for the case of an isolaBdpin natural abundance and, in particular, when the substanti
pair consists only of odd order sidebands; via the dependenoeduction of the homonuclear dipolar couplings by the very fa
in Egs. [5], [6], the overall pattern is also dependent on thdAS is considered.
number of recoupling cycledl. In the case of very weak A very interesting feature visible in such highly resolvec
couplings and low values dfl, only first order sidebands areHETCOR spectra of-tyrosine has obviously not yet been
visible, and the buildup of MQ intensity can be studied bgiscussed: The chemical shift of the protons associated with (
increasing the recoupling time. and G (and with G and G alike) is different by about 2 ppm,
We demonstrate here the capabilities of the technique at #ilthough as to their magnetic properties both positions shou
highest MAS rotor frequencies currently available by showinge equivalent on a molecular level. Clearly, a packing effect |
measurements of crystallinetyrosine hydrochloride salt on observed here. We attribute the significant upfield shift on th
different spectrometers with proton resonance frequenciespobton at G (and G) to the influence of the phenyl ring current
300 and 700 MHz. In Fig. 2, spectra recorded withy, = 7z in adjacent molecules in the crystal. Just recently in our grou
and 7., = 271 at 30 kHz MAS are compared for the twosimilar effects have been observed in substituted hexaben:
different magnetic field strengths. Clearly, the resolution in treoronene samples, disk-shaped molecules which are known
proton (MQ) dimension is significantly increased at the highéorm columnar stacks in the solid phas8), To our knowl-
magnetic field. The effect of higher magnetic fields on thedge, such effects have not been reported before to be pres
proton resolution has been observed before in CP/WISE higt-solid-state'H NMR spectra.
eronuclear correlation spectractyrosine: HCI (10) and has A limitation of the technique is obvious from the disappear:

DIS



474 SAALWACHTER, GRAF, AND SPIESS

o, /21 = 300 MHz “ “ ®,/2n =700 MHz I h |

[ ppm ppm
I -0 II -0
L2 | L2
L |1
g ‘I || g
L5 L 8
10 CooH  5__s¢ 10
- 12 H—?C:z—SCHrA@g—OH L 12
" NH;ClT 78 .
1 5 8 2
[T ljl “ | ppm l Sl) ljfhf N J 3 ppm
III -0 v L0
L, L 2
L 4 ' l ’ ' - 4
b | I| | 6
- 8 L 8
- 10 | L 10
L 40 ' |/ | L 12
B i 14
200 180 160 140 120 100 80 60 40 20 ppm 200 1I80 1;50 1-110 1I20 160 8‘0 6I0 4I0 2I0 ppm

FIG. 2. REPT-HMQC spectra of-tyrosine- HCI at 30 kHz MAS and magnetic field strengths corresponding to proton Larmor frequencies of 300 (I,
and 700 MHz (I1,1V), rotor-synchronized in. The MQ recoupling times were 4 for spectra | and Il, and 2 for spectra Ill and IV, respectively. For each
spectrum, skyline projections along both the M@ ) and the*C dimensions are shown. TH& spectral assignments, denoted in 1V, are according to Lesac
et al. (9). The 300 MHz spectra were measured on a Bruker DSC 300 spectrometer equipped with a 2.5 mm MAS double-resonance probe using |
abundant.-tyrosine- HCI, acquiring 32 slices in;, with 512 transients each (acquisition time approx. 5 h). The spectra at 700 MHz were measured on an
recently developed Bruker DRX 700 spectrometer using a narrow-bore magnet with 2.5 mm MAS equipment under the same conditions. The 90° pulst

were 2us on both channels; TPPM dipolar decoupli2)(with a proton B field of 125 kHz was applied during acquisition. Contour levels start at about 20
of the maximum signal.

ance of the methylene ¢Csignal at longer recoupling timesnuclear coupling to be measured. This becomes even clea
(Fig. 2, spectra lll and 1V). An effect common to all MQwhen MQ spinning sidebands are recorded.

methods is the relaxation of the MQ coherences during theFigure 3 shows REPT-HMQC spectra recorded on the DS
excitation and reconversion intervals. It is here due to tl890 spectrometer using naturally abundatyrosine- HCI, the
influence of remote protons on the 2-spin coherences. Thasic difference to the spectra | and Il in Fig. 2 only being tha
effect is most pronounced for moieties like methylene groupiset, increment is not set to a full rotor period but rather to ¢
where, first, still a rather large perturbing homonuclear cosmall value, such that the full spinning sideband patterns a
pling among the two protons exists (which is only partiallyecorded. Spectrum I, which was acquired withsIrecoupling
averaged out even at ultrafast MAS rates) and, second, thee, is dominated by first order spinning sidebands, the mo
perturbing heteronuclear dipolar interaction of the additionaltense signals being those of the carbons directly bound
proton on the carbon is just as large as the one-bond hetgrostons. Spectrum Il shows the corresponding MQ spinnin
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FIG. 3. REPT-HMQC spectra af-tyrosine- HCI at 25 kHz MAS and a proton frequency of 300 MHz. MQ recoupling times wergfbr spectrum 1 and
2 7 for spectrum Ill. Due to a shott increment of 2 0.5us (corresponding to a spectral width of 500 kHz) the spectra exhibit spinning sideband pattern
the multiple-quantum dimension. Here, the projections shown on top of the spectra are the Fourier transforms of the first slices of the 2D dzgpedjrmprr
to HMQ-filtered spectra. Due to a weaker proton decoupling field of 83.3 kHz as compared to the spectra in Fig. 1, the aliphatic carbon signalg are
broadened. Spectra Il and IV represent sum projections along the direct dimensions of the methylene and the aartadic §gnals, respectively, along with
numerical density matrix simulations (dotted traces) for three spins assuming C—H distances of 1.14 A. Finite pulse lengths were taken inforabeount
methylene groupr,,; = 1.8 A, and for the case of the aromatig-El group, the closest remote protons{®l) with r,,, = 2.6 A, using the appropriate
geometry, was included in the simulation. The simulated spectra in Il are plotted on the same vertical scale, contour levels in spectra | ahdbibst&%a
of the maximum signal.

sideband pattern of the methylene group. Here, strong centexplaining the disappearance of the methylene signal in spe
band and even order sideband intensity is observed, whichm Ill. It should be mentioned that this restriction does no
cannot be explained from theory considering only a simple sppply to methyl groups, since these are usually rapidly rotatin
pair (Egs. [5], [6]). As noted above, the methylene group is hus behaving inhomogeneously like a 2-spin system.

some way a “pathological” case, in the sense that the strongAs expected, the spinning sideband patterns of the C-
perturbations (homo- and heteronuclear) imposed by the sewieties in the molecule look alike because the C—H bon
ond proton lead to a considerable dephasing of the hetelengths are similar for all C—H groups. As an example, spec
nuclear 2-spin mode during excitation and reconversion afteam IV in Fig. 3 shows the pattern for the aromatigc&arbon,
only 2 t¢. This is clearly demonstrated by the numericalong with a numerical simulation taking the closest remot
simulations of the methylene group signals for 1 ang,,2hus proton into account. Again, weak centerband and even ord



476 SAALWACHTER, GRAF, AND SPIESS
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