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Signal enhancement in heteronuclear correlation spectra as well
as signal selection in *H experiments can be achieved through in-
verse, i.e., 1H, detection in the solid state under fast MAS conditions.
Using recoupled polarization transfer (REPT), a heteronuclear
'H-5N single-quantum correlation (HSQC) experiment is pre-
sented whose symmetrical design allows the frequency dimensions
to be easily interchanged. By observing the °N dimension indirectly
and detecting on *H, the sensitivity is experimentally found to be
increased by factors between 5 and 10 relative to conventional N
detection. In addition, the inverse *H-**N REPT-HSQC scheme
can be readily used as a filter for the *H signal. As an example, we
present the combination of such a heteronuclear filter with a subse-
quent *H-H DQ experiment, yielding two-dimensional **N-edited
'H-'H DQ MAS spectra. In this way, specific selection or suppres-
sion of *H resonances is possible in solid-state MAS experiments, by
use of which the resolution can be improved and information can
be unravelled in *H spectra. © 2001 Academic Press

Key Words: inverse detection; heteronuclear editing; double-
guantum MAS spectroscopy; heteronuclear correlation spectro-
scopy; recoupled polarization transfer.

1. INTRODUCTION

readily and routinely applicable to unmodified or as-synthesize
samples due to the high natural abundance and the high ma
netogyric ratio,, of *H nuclei. Although the wealth of infor-
mation obtainable fromH solid-state MAS spectra should in
general not be underestimated, there are certainly a number |
cases where simpféd spectra do not fully meet the selectivity
and specificity requirements because, for example, the signa
of interest can be neither fully resolved nor distinguished from
the ubiquitous and mostly intendel background. In contrast,
13C and*>N nuclei, while lacking high natural abundance and
requiring synthetically demanding isotopic enrichment proce-
dures in most cases, have the advantage of a large chemical st
range and, hence, a much better resolution of chemically distinc
sites is possible.

In order to combine the advantages'éf on the one hand
with those of'3C and**N on the other hand, various heteronu-
clear multidimensional correlation experiments have been intro
duced to solid-state NMR9¢14). These experiments basically
consist of a frequency dimension for each nucleus of interest
linked by heteronuclear polarization transfer steps, including
band-selective oned4), with *H nuclei serving as an initial
source of polarization. The analogy to established solution-stat

Solid-state NMR is increasingly being used for investigatiorf§chniques is obvious, but instead of thecoupling the het-

of the structure and dynamics of complex materials, where p&fonuclear dipolar interaction is commonly used for polarizatior
ticularly great demands on the sensitivity of the experiments @nsfer in the solid state (except for Ret0)). In addition
well as on the selectivity and specificity of the information ob© MAS, pulse sequences such as frequency-switched Lee
tainable from the spectra are made3). To achieve these goals, G0ldburg (5, 16 can be applied during théH dimension in
high magnetic fields of up to 17.6 T and higher as well as magi‘é'i_der to improve the homonuclear_ dipolar decouplmg and, ir
angle sample spinning (MAS) at frequencies in excess of 30 ki¥s way, narrow théH resonance linesd( 10). Alternatively, -
are applied. While the strength of the static magnetic field inff2€ experiments can be performed under very fast MAS, which
proves the sensitivity and the isotropic chemical-shift separatiBRWever, affects the heteronuclear dipolar couplings too, suc
of the resonance lines, fast MAS enhances the spectral resolufft#f dipolar recoupling becomes an obvious way to ensure eff
by averaging anisotropic interactions. The combination of highent polarization transfed(, 19.

fields and fast MAS has been shown to be of particular impor-A versatile technique in the context of heteronuclear cor-
tance fortH NMR spectroscopy in the solid sta@-g), which is relation experiments is inverse detection, which enhances th

signal intensity by finally detecting on the highaucleus'H,
170 whom correspondence should be addressed. Fax: +49 6131 379 ¥¥bile the heteronuclei are observed indirectly. In solution-state
E-mail: spiess@mpip-mainz.mpg.de. NMR, inverse detection is well established and routinely appliec
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(17-23). Although the idea was proposed at an early stage fpart of the dipolar interaction between the spirendS,
solid-state application24-29), it has not yet attracted a compa-

rable Qggree of attentiqn and has only recently been reexgmined wIIDS(t) —Dis- [} Sir? Bis COS(2ort + 2y1s)

by Ishii and Tycko 80) in the light of the latest technological 2

developments, in particular fast MAS. However, in contrast to 1

the dipolar recoupling technique presented below, the inverse — —= Sin 285 COS(uRrt + ¥ s)}, (2]
'H-15N experiment used in Ref3() is based on a sequential V2

'H — N — H adiabatic cross polarization. The reIuctanc&lhere”R is the MAS frequency, angs and y s denote the
in solid-state NMR with respect to the adoption of invetse azimuthal and polar angle, resp;ectively, of the vectgroon-

detection is predominantly due to the fact that in rigid systen cting the two nucleiD, s is the dipolar coupling constant (in
'H resonances are only poorly resolved under moderate MARits of angular frequency)

conditions and then require the application of additional decou-
pling pulse sequence,(10. Another problem appears to arise
from the assumed reliance of the inverse-detection techniques Dis=
on pulsed-field gradients (PFGS31(35), which are not rou-

tinely available in solid-state NMR probes. However, as will als\?/herey.
be demonstrated in the following, radiofrequency (RF) DUI:‘Z%

Mo viysh
4 rf’s

: 3]

andys denote the magnetogyric ratios of thandS
ins, and s is the distance between the two coupled nuclei. Tc

schemes coupled with the performance of modern digital pul count for the averaging effect of MAS, in general the averag

phase shifters allow a satisfactory suppression of unwéied H

signal in inversely detected spectra even without the help O?\mntoman
PFGs. t

The experimental methods introduced in this paper are based HIS(t, tp) = 1 / HIS(t) dt [4]
on heteronuclear correlation spectroscopy employing the re- -1t ;

coupled polarization transfer (REPT) technique developed by

_Saakl)\;\a'clr(\teret al.(;.:-l.—l?), Whi|Ch iSCIUdﬁS REDOR—typ;]e ,bu“d'bmust be considered). Note that the integral of the heteronu-
ing blocks B6) and is also related to the TEDOR technique byjo ¢ ginolar interaction, Egs. [1] and [2], vanishes for a full
Hlng et al. (37, 38. .In contrast to convent!onal cross po'larlza—Otor periodt, — t, = tw. For polarization transfer betwedn
tion, REPT is a dedicated heteronuclear dipolar recoupling pu dS, the dipolar interaction can be recoupled by inverting the

sequence and, hence, allows efficient polarization transfer un E{n of the spin part,;S;, every other half rotor period. This
fast MAS conditions, with the latter enhancing the spectral can be easily accomplished by the application giulses at in-

resolution. In addition, the design of the REPT approach, Whi?@rvals ofrr/2 on either thd or theSspins @6, 43). In addition,
inherently consists ofwo dipolar recoupling periods, readilyt en-pulses refocus chemical shift and resonance offset effect:
enables the signal to be detected either conventionally on LH% recoupled average Hamiltonian is then given by
heteronucleus or in the inverse fashion'éh Since the inverse

version effectively does not include a polarization transfer from
H to the heteronucleus, it bears some analogy to the dipolar het-
eronuclear single-quantum correlation (DIP-HSQC) experiment. . :
discussed in Refl@). Finally, inversely detected REPT correla-Wlth the integrated spatial part

tions can also be used as a filter for subseqtidrxperiments, D

such as'H-'H double-quantum (DQ) experiment, 39, 40, Q53(0,Nr) = N - —152V/2sin B ssinys, [6]
which selectH resonances based on the presence of heteronu- “R

clear dipolar couplings and, in this way, enables heteronucl
editing of'H spectra.

H(0. NR) = —25%(0, Ntg) - | 7Sz (5]

&ereN denotes the number of rotor cycles, during which the
train of -pulses recouples the dipolar interaction. In a REPT-
HSQC experiment, whose pulse sequence is depicted in Fig. 1
the dipolar recoupling periods are responsible for the polariza
tion transfer froml to S. (The experiment is described in detail
in Refs. (L2) and (3), and for the reader’s convenience its main

The heteronuclear correlations explored here are basedfeatures are summarized here.) After the initizR-pulse onl
dipole—dipole couplings between two types of spingndS.  (with phasex), the transverse magnetizationly, is subject to
Under MAS conditions, the respective Hamiltonian reads ~ H[5° for a periodN =g, resulting in a state

2. METHODS

2.1. REPT-HSQC Spectra

HIS@) = —wlS(t) - 21 4S5 1 HEONw)
o(t) wp(t) - 21 Sz [1] _|YD—R> —ly - cos53(0, Ntg)

The time-dependent factas,>(t) is the rotor-modulated spatial +1xSyz - sinQ>(0, NR). [7]
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FIG.1. Schematic representations of the pulse sequences used for the two-dimensional MAS NMR experiments presented here: (a) REPT-HSQC exp
(b) inversely detected REPT-HSQC, (c) heteronuclear REPT-HSQC filtetetH DQ experiment. Radiofrequenay/2- andr-pulses are denoted by black and
gray boxes, respectively. Thepulses in the recoupling periods are separated by half rotor periods, and the bracketed ones are applied either once or thre
to achieve heteronuclear dipolar recoupling for duratiepg, of either two or four rotor periods, respectively. The initial traimg2-pulses or§is applied for
saturation purposes.

The residual transverdemagnetization is removed by phase cythrough az-filter. This filter reduces residual transverse magneti-
cling from the signal and is therefore neglected. The mixed staration by dephasing and, more importantly, enables symmetric:
xSz, experience$ chemical-shift evolution duringg accord- coherence transfer pathways and, hence, ensures pure amplitt
ingtoH{s = wig - | z, in the course of which a superpositiormodulation of the signal. Thus, the signal compone8tsand

of I xSz andlyS; is created: Sy, of the HSQC spectrum are given by2§
|XSZ st (O N‘CR) S((S) X (Cos(wéstl) SInQD (0 N‘L'R) st (tl, 1 + N‘L’R)>
wcslz | . | [98.]
—— (I1xSz - cos(wggh) + 1vSz - sin(wegt1))
-sinQ!S(0, N7R). g and

in(w; Q5 (0,N Q5 N
A 7/2-pulse of phase or y and ax/2-pulse of phasg are S1(8) ox {sin(westy) - SiNQp>(0.N1r) - SN2’ (1.t + N1g).

then applied td andS, respectively, converting the state to a [9b]
superposition of ,Sx with « = X, y, z. Only the longitudinal

I -component, i.e., the statg Sy, will finally contribute to the The brackets - -) indicate the orientational averaging procedure
signal, such that the phase of thg2-pulse applied td aftert; which must be carried out for powdered samples.

can be used to ensure phase-sensitive detecttgrfan example In the correlation experiments discussed heretittdmen-

by means of TPPI42). During the second period of heteronusion is incremented in a “rotor-synchronized” fashion, i.e., in
clear dipolar recoupling, the mixed stdtgSy is converted to intervals of full rotor periods. In this way, the generation of
transverses-magnetizationSy, which is detected after passingMAS sidebands in the indirect dimension as a consequence of
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t; phase shift between the two dipolar recoupling periods is prabundance or, more frequently, in isotopic enrichment. Hence
vented. The use of fingg-increments leads to MAS sidebandshe magnetogyric ratig; , of thel -spinsis higher by afactor of 4
due to the rotor encoding of the recoupled Hamiltoni&n30, or even 10, which in principle leads to an increase in sensitivity
43) which can serve as a precise measure for the strength of btyea factor ¢, /ys)¥? for the signal detection. Before turning
underlying couplings§, 11, 12, 44, 4% In rotor-synchronized to the discussion of the sensitivity enhancement which can b

spectra, the signal simplifies to expected to be gained by inverse detection in practice, we she
briefly address the experimental complications which arise fron
Sx(S) o {cogwegh) - SR (0,NR)) [10a] a marked difference in abundance betwéeandS-spins.
Usually, the basic experimental problem of inverse detectior
and is that a large amount df-spin signal does not stem frohs-

correlations, but from uncoupleldspins, and therefore needs
to be subtracted or, better still, to be suppressed during the d
tection. An elegant and well established way to suppress suc
unwanted -spin signal efficiently is the application of PFGs for
selective dephasing and rephasing of polarization, which is rot
tinely used in solution or liquid-state NMRB{-35). Such PFGs,
2.2. Inversely Detected REPT-HSQC Spectra however, are often not available in solid-state NMR probes (a
examples for solid-state PFGs, see Re6-48)) and, more-
Due to its design, the regular REPT-HSQC experiment dgyer, difficulties would arise from the fact that the transverse
scribed above can in principle be easily changed to an invegggaxation times are usually considerably shorter in solids, ir
type of experiment, where th&spins are indirectly observed particular for!H, than in solutions or liquids, thereby limiting
duringty, while thel -spins are detected duritg The firstmod-  the time window for PFGs in solid-state experiments.
ification is the insertion of twar/2-pulses applied tb andSat  \wjthout PFGs, the signal selection relies on phase cycles cau
the start of the; dimension. After the first recoupling period,ing sign inversions of theS-correlations such that the unwanted
these pulses interchange the transverse and longitudinal comp@pin signal is subtracted in every other transient. Although th
nents in the mixed state frohxS; (see Eq. [7]) td zSx, such  recejver must then be adjusted to the intense oversiiin sig-
that the chemical-shift evolution occurs on tBespins during na| and cannot accomodate the relatively weak signal which he

Sv(S) o (sin(wggla) - Sin? @5°(0,NtR)), [10b]

such that the chemical shifts d¢f and S are correlated, and
the signal intensity is weighted by thé& heteronuclear dipolar
coupling.

b passed throughS-correlations, the precision of modern digital
phase shifters and receivers allows a satisfactory signal subtra
1 2Sx - sinQp°(0,N 1) tion. Additional purification of the signal can be achieved by
03:Ss introducing fourr /2-pulses into the-filter before the final de-
—— (1 2Sx - cogw&gt1) + 1 7Sy - sin(wgt)) tection period (see Fig. 1b). One of the purposes oftfiker is
sinQLS(0, N1r). [11] the suppression of residual transvédgoolarization by dephas-

ing. However, the duration of the filter and, hence, its dephasin

After t,. the i iment ds identicallv to t efficiency is limited by the time scale on whitH-*H spin diffu-
erti, Ine Inverse experiment proceeds identica’ly 1o h5‘3onsetsin.Thefourpulses help with the suppression in that the

regular one except thatandSare interchanged, i.e., thadfilter are applied with phases (x, y, y) and &, —X, y, —y) in sub-

as well as the flnalidete.cuon takes place on itepins. Thus, equent transients, while the receiver phase remains unchang
na rotor-synchrp nized mversel){ detected HSQC spectrum, Cthis way, longitudinal magnetization is unaffected, wherea:
signal also consists of the following components: components of transverse polarization experience a sign inve
sion every other transient such that their signal contribution:
cancel.
Certainly the major goal targeted on by inverse detectior
schemes is sensitivity enhancement, which has recently bec
Se(l) x (sin(wgstl) . sir? Q'DS(O,NTR)), [12b] addressed in detail by Ishii and Tycko for the casetlaf-
15N in the solid state30). Apart from the obvious advantage
Comparing Egs. [10a, 10b] and [12a, 12b], it is clear thaff the high'H magnetogyric ratio, the dependence of the re-
inverse and regular detection lead to the same two-dimensiosalting experimental sensitivity is rather complex and involves
correlation spectrum except for an interchange of the frequeraidgo theQ-factors of the probe at thke and S-resonance fre-
axes. From an experimental point of view, however, there gsiencies as well as the experimenitapin, i.e.,*H, linewidth.
more than a simple change of axes, because usually the While theH linewidth can be significantly narrowed by fast
types of nuclei differ considerably in their magnetogyric ratioBlAS, as has already been demonstrated extensig8ey 8), the
and their abundance. In practice, thepins are commonl§H, Q-factors depend on the individual designs and performance
while the S-spins are, for examplé3C or 1°N either in natural of the probes, which are, for standard solid-state application:

Sx(1) o (co(w@gt) - Sir? 25°(0,NR)) [12a]

and
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usually not optimized fofH detection. Furthermore, with re-tion of such coherences implies the existence of a sufficien
spect to two-dimensional correlation spectra, the comparis@ipole—dipole coupling between the respective nuclei. In the
between regular and inverse detection must take into acco@@ge of a dipolar-coupletll ’-spin pair, the DQ signal inten-
the number of data points to be recorded for th@nd S-spin  Sity, which is excited and reconverted during dipolar recoupling
FIDs, and the effect on the experiment time, when the direct apériods of duratiorM zr, is given by

indirect dimensions are interchanged. In comparisot@or

15N, the overall width of-H spectra is less and, even under fast 2ol ~ (ol 2

MAS, H lines are invariably broader in the solid state. Con- Sooll) e <Sm2 o (O’MTR» ((QD (O’MIR)) )
sequently, the number of data points required #drFIDs is for Q1 (O,Mtr) < 1, [14]
usually significantly smaller than fé#C or'°N FIDs. In this re-

spect, théH signal should preferably be observed duringtthe where the approximation is again valid for short recoupling times

dimension, because the experiment time increases linearly Withd/or weak dipolar couplings. The integrated spatial part of th
the number of data pOintS recorded in the indirep)ttﬂimen- homonuclear dipo|e_dip0|e Coup”ng reads

sion, while the number of data points recorded in the dirgkt (
dimension has practically no effect. Hence, if the FID of the het- / D, 3 _ _

eronucleus requires times more data points than thi FID, Qp O.Mg) = —-N- —- §~/§ sin28y, sinyy. [19]
and the total experiment time shall be kept constant, the number “R

of scans must be reduced tgriLfor inverse, i.elH, detection

compared to regular detection of the heteronucleus. Note the analogy between homonuclear DQ and heteronucle:

correlation signal intensities in Egs. [14] and [12a, 12b], which
. is due to the fact that both signals arise from recoupled dipola
2.3. REPT-HSQC Editeti—H DQ Spectra interactions (see Egs. [15] and [6], respectively).

As well as being used fdH detection, inversely detected het- Two-dimensional DQ spectrad( 39, 40 correlate a DQ
eronuclear correlation experiments can also serve as a buildgfgctral dimensiont{) with a SQ dimension, with the latter
block in'H experiments, which allows the selection of specifibeing used for signal detection. In the DQ dimension, eact
'H resonances for subsequent homonucleaNMR methods. observed resonance frequenayg, corresponds to the sum
By omitting thet; evolution period, i.et; = 0, the inversely de- frequency of the two nuclei, A and B, involved in the coher-
tected REPT-HSQC experiment is effectively changed to a filteRceiwag = wa + ws. In this way, the signal pattern 6H—H
for the signals ofl -spins which are involved in a dipolag- DQ spectra provides detailed information about proximities be-
correlation. According to Egs. [12a, 12b], such a REPT-HSQ@een spectrally resolved protons. In this context, even unde
filter leads to an effectivé-spin magnetization of fast MAS, a reduction or, preferably, a specific selection of DQ

signals would be useful in some cases. The pulse sequence f

5 1S o 1{elS 2 a REPT-HSQC filtered two-dimensioriéd—*H DQ experiment
M(1) ox (sir 25°(0.NT)) ~ {(25(0.N7))’) is depicted in Fig. 1c (the four pulses applied duringzfiiter

for Q53(0,Nwr) <1, [13] in Fig. 1b can be omitted, because the following DQ pulse se

guence ensures sufficient suppression of unwanted transver

which can then serve as the initial state for a subsequent exp&}-Magnetization). In the filtered version, the DQ experiment
iment on thel -spins. The approximation is valid in the limit€ectively starts with the magnetization of only those protons
of short recoupling times and/or weak dipolar couplingsd, which are .strongly Q|polar—coupled to the respective heFeronu
and it shows that the filtered magnetization is weighted by yfieus. Duringy, the signal is then detected on protons which are

heteronuclear coupling constant accordingd® and, hence, mvolvgd in a DQC yvith the previously selecteq ones. In a first
by the internuclear distance accordingr{g. In addition, an @PProximation, the intensity of a REPT-HSQC filtered homonu-

orientational weighting factor of sinfs siny;s is introduced c/€ar DQ signal is given by the combination of Egs. [13] and
(see Eq. [6]). While the latter can only be exploited for sampl&‘”:
with uniformly oriented molecules, the former results in an ef-
ficient selection ofl -spins which exhibit a close proximity to  Spqit (I, 1") o« (| (25°(0, NrR))2 +(2p3(0, NrR))ZJ
S-spins, i.e., in particular for chemically bondEgipairs. 0 >

Such a REPT-HSQC filter can, for example, be coupled with (2 (OMw))7). [16]
a two-dimensionatH-*H DQ MAS experiment. The versati-
lity of the latter has recently been demonstrated for a varieljote that the DQC can involve either two protons or only one
of applications 8, 5, 8, 49, 5). The basic principle underlying selected through REPT-HSQC. In both cases, DQ signals are o
homonuclear dipolar DQ MAS approaches is the exploitatiaerved, but in the latter situation the initial magnetization stem:
of homonuclear dipole—dipole couplings for the generation &fom only one of the two protons, such that the signal intensity
double-quantum coherences (DQCs). Conversely the obsergaisually significantly reduced.
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3. SAMPLES AND EXPERIMENTS The NMR experiments were performed using a Bruker DRX
spectrometer with a 2.5-mm double-resonance MAS probe
To demonstrate the feasibility of inverse detection and hefperating at'H and °N Larmor frequencies of 700.1 and
eronuclear editing fotH-"*N HSQC and'H-'H DQ experi- 70.9 MHz, respectively. THEN CPMAS spectra were recorded
ments in the solid state, samples fbutylaminocarbonyl-6- under MAS at 3.2 kHz, while for all other experiments fast MAS
tridecyl isocytosine were chosen. The molecules are capables@B0 kHz was used. The RF pulses were applied Bi-feld
dimerizing through the formation of a directed quadruple hgtrength of 83.3 kHz, corresponding to a pulse width pJor
drogen bond and have been successfully used as linking ufi¥®-pulses, while théH-5N cross polarization was performed
for supramolecular polymer$8, 54. Therefore, the molecu- ysing weaker RF fields of approximately 70 kHz with a ramp or
lar unit has recently attracted considerable interest in the fiék\, followed by'H TPPM-decoupling%6) at 62.5 kHz. Under
of supramolecular chemistry, where noncovalentinteractions #56t MAS, 1°N detection was also carried out under TPPM-
increasingly being used to enable the assembling of well-definggtoupling at 62.5 kHz, whiltH detection was not found to be
structures, following the concept of self-assembly of synthetigproved by!>N CW- or TPPM-decoupling, which was there-
molecules by the molecular recognition of complementary comyre omitted. The indirect dimensioris, of the two-dimensional
ponents $1). In biology, the same principle of structure deterexperiments were incremented in steps of full rotor periods, suc
mination through noncovalent interactions is, for example, rénat the generation of MAS sidebands is avoided in this fre:
flected in the hydrogen-bonded base pairs of DNA. quency dimension. The recycle times were &8 &rs for the keto
Inaddition,N-butylaminocarbonyl-6-tridecyl isocytosine carand the enol compounds, respectively.
adopt two tautomeric structures;'#]-pyrimidinone (keto) and  In the REPT periods of the experiments, the heteronuclee
pyrimidin-4-ol (enol), both of which dimerize through a quadrutH-'°N dipolar interaction is recoupled for a duration of either
ple hydrogenbond (see Fig. 8%-55). The synthesis was startedtwo or four rotor periods, i.e., 66.6 or 1333, respectively,
using ®N;-guanidine, C(NH)(NH>),, such that in the result- which corresponds to the application of each of the brackete
ing molecules one of the three nitrogens belonging to the ise-pulses in Figs. 1a and 1b either once or three times. For filtr
cytosine unit is>N, and the isotopic enrichment is equallytion purposes (Fig. 1c), only short recoupling periods of &6
distributed over the three positions in the sample. The keto aae used. In th8H-*H DQ experiments, the homonucléat—H
enol form of the dimers was obtained by recrystallizing the madipolar interaction is recoupled using the BaBa pulse sequenc
terial from CHCk and DMF, respectively. From the NMR point(4, 57) for one rotor period, i.e., 33.3s. In the!>N-detecting
of view, the tridecyl substituents (gH,7) give rise to intense REPT-HSQC experiments (schematically shown Fig. 1a), th
methylene!H signals, which are to be suppressed bytHe signal is selected through a phase alternatiai ¢f the first
15N REPT-HSQC filter, thereby allowing the demonstration dfH 7z /2-pulse, followed by a corresponding phase alternation o
its experimental selection efficiency. Moreover,NH- - -N and the receiver. To achieve phase-sensitive detection of the indire
N---H---O hydrogen bonds have been shown to be well suitelimension by means of a TPPI procedutg)( the phase of the
to 'H solid-state investigations employing fast MAS a&ht-'H  second'H 7 /2-pulse is incremented in steps of%multane-

DQ methodsk). ously to the incrementation ¢f.
keto enol
Crater ‘013H2?
HL d c 1 d
|C|) ““Na \J’ s \//\\_[Tl/HNBC_:\\ [”H
oo WL W o )\\ P /|\ )\ FO N
- s rTI rllc Hb O,, x.,lic Nh »?
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FIG.2. Molecular structures of the samples investigated here: two tautomeric types of quadruply hydrogen-bonded Nishatglaminocarbonyl-6-tridecyl
isocytosine. In each molecule, one of the nitrogens in the isocytosine unit (shad@d)liabeled, such that over the whole sample, the three different position
are®N-enriched to the same extent.
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In the'H-detecting REPT-HSQC experiments (schematicalulse spectra recorded under MAS at 30 kHz, five resonance
shown in Fig. 1b), the signal is selected through a nested phase clearly resolved (Figs. 3a and 3b): the three protons involve
alternation of the firstH and5N 7 /2-pulses. In addition, the in hydrogen bonds (denotec?H®, and H), the vinyl or aro-
suppression of residual transverse polarisation during-ftier - matic proton (H), and the aliphatic protons ¢#"). The assign-
is supported by four /2-pulses, the effect of which has alreadynent of the protons # H°, and H (see molecular structures
been described in Section 2.2. In the REPT-filtefide!H DQ in Fig. 2) is aided by previous solution-state NMR investiga-
experiments, these four pulses can be omitted (see above), é@is G4) and will be confirmed by théH-H DQ spectra dis-
the 1H/15N phase alternations are combined with two nest@dissed in Section 4.3. THEN CPMAS spectra (Figs. 3¢ and
four-step phase cycles which select #iie coherence transfer 3d) show three resonances, corresponding to the three nitre
pathway 0— +2 — 0 — —1 during the DQ experiment. gen positions of the isocytosine unit witAN isotope enrich-

In order to compare the experimental performance oftNe ment. The chemical shift position&8) as well as the width
and'H-detected REPT-HSQC versions, the overall number 6f the MAS sideband patterns permit a clear distinction be-
signal accumulations, i.e., the experiment time, was kept cdieen the two types ofN nuclei. The resonance lines around
stant, while the number of data points recorded dutingnd —250 ppm with a narrow sideband pattern are characteristi
t, was adjusted according to the lengths of #i and'H for secondary amides of the form NHR®vhile the (isotropic)
FIDs. For the’®N-detected REPT-HSQC spectra, the(*H) resonances aroundl70ppm with a broad sideband pattern,
dimension consisted of 32 increments with 432 transients beiifiglicating a large chemical shift anisotropy, are typical for ter-
accumulated. In théH-detected version, thg (*°N) dimen- tiary amides where the nitrogen atom is part ofa\Cdouble
sion was extended to 108 increments, while averaging over ohignd.

128 transients. Hence, the total experiment time was about 7.5°0mparing the spectra of the keto (Figs. 3a and 3c) and th

and 19 h for the keto and enol compounds, respectively. enol forms (Figs. 3b and 3d), obvious differences are observet
In the 'H spectra, the resonance positions of the protons form

ing hydrogen bonds are more separated for the enol tautome
4. RESULTS AND DISCUSSION Upon going from the keto to the enol form, tHeéchemical shifts
changes are 13 — 13.6 ppm (H), 118 — 11.0 ppm (H), and
4.1.HMAS and"N CPMAS Spectra 10.3 — 9.0 ppm (H), which can be attributed to modifica-
In order to provide a first characterization of the two tautions in the hydrogen bonds associated with the structural dif
tomeric compounds investigated in the followidg, MAS and ferences between the two tautomeric forms of the dimers. Fur
15N CPMAS spectra are displayed in Fig. 3. In thé one- thermore, the aliphatic resonance line of the enol is significantly

a) Hag"ﬂh C) P Nal
: @
e, l

b
N NII

.hlll 1 1L

T T T
-200 -300 -400 ppm

] ; ; ; :
16 14 12 10 8 6 4 2 0 -2 ppm 0 =100

FIG.3. H one-pulse MAS (a and b, spinning at 30 kHz) AN CPMAS (c and d, spinning at 3.2 kHz) spectra of the keto (a, c) and enol (b, d) forms of th
hydrogen-bonded dimers shown in Fig. 2. In Hiespectra, the three protons involved in hydrogen bondsi?, and H), the vinyl or aromatic proton (8, and
the aliphatic protons (#P") are resolved. Th&N CPMAS spectra show three resonances, corresponding to the three nitrogen positions of the isocytosine
with 13N isotope enrichment. The assignment of the resonances is discussed in the text.
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FIG. 4. H-1N REPT-HSQC spectra of the keto (a and c) and the enol (b and d) compounds, recorded under MAS at 30 kHz using heteronuclear |
recoupling periods of 66.6s (=2 tr). The experiments are performed witN-detection (a and b) and, inversely, witH-detection (c and d). The insets show
regions of correlation spectra obtained for recoupling periods of 13834 tR).

broader than for the keto form, indicating stronger dipolat.2. H-N REPT-HSQC Spectra with and without
interactions among the aliphatic protons and, hence, less momnverse Detection

bility and a closer packing of the alkyl chains in the enol

compound. Thé®N spectra clearly reflect the presence of two Since the intensities dH->N REPT-HSQC signals exhibit
secondary-amide resonances for the keto form, while for the“N*,ﬁ—dependence on the NH distancgy, the correlations
enol form only one secondary amide is present, but here twbchemically bonded NH pairs are expected to be by far the
15N are involved in GN double bonds. These features agregtrongest peaks in the spectra recorded for short recouplir
with the structure of the isocytosine unit in the two tautometsnes. Consider first the spectra obtained with regdbii-
and allow the assignment of the’ldnd N resonances for the detection for the two tautomeric structures (Figs. 4a and 4b)
keto and enol form, respectively. In order to unambiguouskor the keto form, two strong correlationg-N? and H-N¢ are
assign N and N in the keto spectrum (Fig. 3c) as well abserved, while for the enol form, the spectrum shows only on
N2 and N in the enol spectrum (Fig. 3d), additional informastrong H-N° correlation. In both cases, the number of strong
tion is required, which can be obtained fratd—°N correla- correlations corresponds to the chemically bonded NH pairs ¢
tion spectra in combination wittH-*H DQ spectra, as shown the isocytosine units, namely two in the keto and one in the enc
below. form (see Fig. 2), which indicates that the chemical NH bond:
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presentin the single molecules still exist despite of the formatigpin, respectively, is selected via a state of transverse magne
of hydrogen-bonded dimers. Thus, based ortkhassignment, zation. Hence, in thtH-detecting REPT-HSQC experiment, the
which is known from*H-'H DQ spectra (see section 4.3), arheteronuclear correlations are more strongly subject to homont
unambiguous assignment of thRN resonances is possible. Inclear*H couplings. The resulting relaxation effect can lead to
addition to the intense peaks, there is evidence for weak Niistortions of the signal intensities of the strong correlations and
correlations in the spectra, which reflect the second shortest Rtdreover, explains the absence of weak signals indicating longe
distances in the material, i.e. the NH hydrogen bonds. For distance NH correlations. To overcome this relaxation prob-
longer recoupling times, these weak signals become clearetam, the inversely detected experiment could be designed suc
the spectra (as shown in the insets of Figs. 4a and 4b) and taat thel S-states pass through a transveBstate instead of
directly be assigned to the hydrogen bonds in the keto and eadiransversd -state during the second recoupling period, but
dimers, respectively (see Fig. 2). then the suppression of unwantdd magnetization was found
The inversely detected REPT-HSQC spectra (Figs. 4c and 4dpe much less efficient.
are basically identical to tHéN-detected ones discussed above, Unquestionably, the major goal of employing inverse
exhibiting the same characteristic NH correlations. Only a fedetection on*H is the improvement of the signal quality. To
minor differences to the spectra obtained withl-detection demonstrate the effect of inverse detection on the experiment:
can be noticed, such as the presence of traces of signal atdigmal-to-noise ratio§/N), Fig. 5 shows™N slices taken from
aliphatic'H resonance (see Fig. 4c) as well as slightly reduceide two-dimensional REPT-HSQC spectra in Fig. 4 at tile H
H linewidths and distorted signal intensities. The former ol§13.2 ppm) and FI(11.0 ppm) resonance for the keto and enol
servation can be attributed to minor experimental imperfectionempounds, respectively. The signal improvement achievabl
which allow unwantedH magnetization to sneak through, whileby *H detection is obvious, with th&/N being enhanced by
the latter effects appear to arise from different relaxation profactors of 6 and 10, respectively. This enhancement effect ha
erties of thelS-spin states for the two detection methods. Withlready been discussed in detail by Ishii and TycR6) (for
respect to the linewidths, it should be noted that in 1P  solid-state'>N spectra obtained under fast MAS conditions,
detecting HSQC experiment tH&l resonances are observedilthough the comparison of a straigtt—>N CPMAS with a
during t; through the correlated statg vSz, which appears double-CP experiment yielded slightly smaller enhancemen
to be a little more sensitive to line broadening effects thdn factors between 2 to 3.2. This lower sensitivity gain is probably
transverse magnetization, such that theresonance lines are caused by the additional second CP step which is required fc
slightly narrower whertH detection is used. Concerning thehe inverse detection scheme used in Raf),(while the REPT-
distortion of signal intensities, it should be taken into considetSQC approach presented here is almost perfectly symmetric
ation that during the second recoupling period, according to thth respect td°N- and*H-detection. However, as a side effect,
experimental schemes shown in Figs. 1a and 1b, the detedteshould again be noted that the signals of the weaker NF

a) c)
S/N =30 S/N =180
b) d)
SIN=8
S/N =80
460 -180 -200 -220 -240 -260 -280 ppm 460 -180 -200 -220 240 260 -280 ppm

FIG.5. 15N-Slices from the two-dimensionaH-1°N REPT-HSQC spectra shown in Fig. 4. For the keto (a and c) and the enol (b and d) compounds,
slices are taken at the?§13.2 ppm) and FI(11.0 ppm) resonances, respectively. The spectra allow the comparison of the signal-to-nois8/idioistained by
15N-detection (a and b) antH-detection (c and d). The enol spectra exhibit a lo§#, because the spin-lattice relaxation time is significantly longer for the
enol- than for the keto-dimers.
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correlations due to N -H hydrogen bonds appear to benefit lesgarticularly useful for the investigation of hydrogen-bonded
from 1H detection. However, by applying longer recouplingtructures §, 50. In some cases, however, an additiofl
times the weaker correlations are clearly observed (not showsijnal selection procedure may be helpful in order to remowv
unwanted intense peaks and /or to unravel superimposed pec
4.3. H-*N REPT-HSQC FilteretH—H DQ Spectra in the two-dimensional DQ spectrum. In fact, the—H DQ
ectra of the hydrogen-bonded dimers investigated here a

. S
The Inverse REPT’.HSQC approach can not only be used.s%ﬁciently resolved under fast MAS conditions and allow an
an alternative detection method for heteronuclear correlation

specira, as shown above, but also as a filter selebirggnals unambiguous assignment of &H resonances except for the dis-
for subsequerfiH experiments, according to Eq. [13]. In Fig. 6t|nct|on of methylene and methyl positions in the alkyl chains.

. . Hence, these spectra are well suited to demonstrating the fe
_15 - )
the performance of th&H signal selection byH-°N REPT. ures oftN-editedH—*H DQ spectroscopy.

HSQC is demonstrated for the keto and enol compound. T First consider theH-H DQ spectra obtained for the keto and

1 . .
H MAS spectra are recorded using the pulse sequence deplcetﬁgl compound without any furthé signal selection (Figs. 7a

in Fig. 1b witht; = 0. Applying a short recoupling period of . : : <
two rotor periods, the signals of the protons with the short((a%nd 8a, respectively). Both DQ spectra are dominated by inten:

distances to nitrogen atoms, i.e., the protons chemically bon ﬁEé)hatic signals which are irrelevant and rather disturbing fol
. investigation of the arr f hydrogen bonds. With r
to nitrogens, are selected2ldnd H for the keto and only H estigation of the arrays of hydrogen bonds. With respec

o o the latter, the DQ signals involving only the amide protons
for the enol compound (see structures in Fig. 2). Converse? Q sig g ony P

a HP, H are the most interesting part of the spectrum. In
: . . 0 e o , H°,
the aliphatic*H signal is reduced te<3% of its intensity in a Fig. 7a, the strong M-H? and H—-HE DQ signals provide evi-

IH MAS one-pulse experiment and is observed with ill-define nce for close P-HP and H—HS proximities, which are con-

pT,ase' Due to thf S.tat'St'CS of th\ enrichment, H and/or sistent with the quadruple hydrogen bond formed by the ket
H" are bondeq to N n only one ofthreemolicule;, suph that compound (see Fig. 2) and, conversely, enable the unique a
unwantedH signal is effectively reduced ta1% ofits original signment of these two resonances. Considering the signals

intensity. : ; ; liph
Such a REPT-HSQC filter can, for example, be combinel%lQCS between amide and aliphatic protons, strofgtH

with aH-H DQ experiment. Under fast MASH-'H DQ ex- ahd HF-HPE" coherences, but only a very weaR-HH®P" co-

eriments have been proved to provide important and deta'lheﬁfence are observed, becausahtl ¥ are close to the f5Ha;
peri V prov provide Imp TN GHo chains, respectively, whereas the twdiRthe center

information about proton—proton proximities, which have bee& the quadruple hydrogen bond are further away from the alky
protons. A noteworthy feature is the appearance dteHd peak
indicating arintermolecular rather than antramolecular prox-

H HH imity between two vinyl protons # since the -H distance
within a single hydrogen-bonded dimer is far too large. Thus
a) this peak is highly valuable as an indication of the packing of

PG P the molecules in the keto form.
. The *H-'H DQ spectrum of the enol compound (Fig. 8a)
% y0.05 Showsintense M-H* and H-H® DQCs, but no evidence for a
HP—H° DQ signal. This indicates that in the enol-dimef&igino
longer close to ¥ but to H, while the H—HP proximity remains
W unchanged. Considering the DQ peaks between the amide a
aliphatic protons, the M4-H2P" signal is still the weakest. These
features of théH-*H DQ spectrum agree with the quadruple
hydrogen bond formed by the enol tautomer and again allov
the resonances to be unambiguously assigned. In comparis
to Fig. 7a, a clear distinction of the two dimers is easily pos-
x 0.1 sible. Moreover, a different packing behavior of the two com-
pounds can be concluded from the presence and the absence
the H—H DQ peak in Figs. 7a and 8a, respectively. It should
MM\/W be pointed out that for amide-aliphatic DQCs no correspondin
- DQ peaks are observed at the aliphatitresonance in either
18 16 14 12 10 8 6 4 2 0 -2 -4 ppm  gpectrum. These signals are obscured by the presehcaate
1, 15 . and baseline distortions (the negative intensity, due to which, i
FIG. 6. H-'15N REPT-HSQC filteredH MAS spectra of the keto (a) and

the enol dimers (b). The selection efficiency of the heteronuclear filter is demcm-)t shown in the spectra) associated with the intense signal «

strated by the comparison with the reglIMAS spectra of the two compounds PUrely aliphatic DQCs. Thi-noise arises as a consequence of
(dotted lines). the mobility of the GsH»7 chains.
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FIG. 7. Two-dimensionalH-'H DQ spectrum of the keto dimer, recorded under MAS at 30 kHz applying homondt¢le&H dipolar recoupling for a
duration of one rotor period for the excitation and reconversidiHefH DQCs: (a) RegulatH-'H DQ experiment. (bfH-H DQ experiment carried out orH
magnetization which has passed a precediiig>N REPT-HSQC filter selecting thetand H resonances by means'#1-°N dipolar couplings. Consequently,
only strong DQCs involving Plor H® can be observed, while the other DQ signals are removed.

By applying a'H-'*N REPT-HSQC filter with short recou-  For the keto compound, the REPT-HSQC filter reduces the
pling periods prior to théH-'H DQ experiment, the initiastH  observed DQ signals to only the’+H and H-H° DQ signal
magnetization available for the generation of DQCs is restrict@attern as well as to the pair oHHP" DQ peaks (Fig. 7b).
to those protons which are chemically bonded, i.e., H Note that the B-H?""" DQ signal at the aliphatic resonance can
and H for the keto compound and only?Hor the enol com- be recovered by the removal of the intense aliphatic DQ signal
pound. Consequently, onAH—*H DQCs can be observed, inalthough the phase of the peak is still slightly distorted by weak
which one of the selected protons is involved, while all otheér-noise, which is now due to traces'®f magnetization passing
DQCs, such as the purely aliphatic ones, are suppressed. Treugh the REPT-HSQC filter. In contrast t8-HH2"P" no H—
simplifying effect on the resulting DQ spectra for the keto and?'P" DQ signals are observed, indicating that th-H?Ph
enol dimers is clearly demonstrated by comparing Figs. 7a atigolar couplings are too weak. The weakness of this coupling
8a with Figs. 7b and 8b, respectively. agrees with the structure of the dimer (Fig. 2) and is also reflecte
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FIG. 8. Two-dimensionalH-'H DQ spectrum of the enol dimer, recorded under MAS at 30 kHz applying homondtle&H dipolar recoupling for a
duration of one rotor period for the excitation and reconversidiHefH DQCs: (a) RegulatH-'H DQ experiment. (b§H-'H DQ experiment carried out orH
magnetization which has passed a precediig!>N REPT-HSQC filter selecting theHesonance by means 415N dipolar couplings. Consequently, only
strong DQCs involving B can be observed, while the other DQ signals are removed.
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in the unfilteredtH-'H DQ spectrum (Fig. 7a), where th&H by RF pulses and phase cycling schemes, but without the he
HaliPh DQ signals are the weakest of the amide-aliphatic DQCgf PFGs.
Note that the appearance of &HH'P" peak in Fig. 7a could be ~ This efficiency permits the REPT-HSQC technique to be read
aided by the presence of shoulders of the strongetHeiP" and  ily used as a filter selecting the signals of protons which are (ol
He—HiPh DQ peaks nearby. By applying the REPT- HSQC filtedlternatively, are not) dipolar-coupled N or another het-
to the enol compound, tHéi—1H DQ signals are reduced to theeronucleus. As an example, we have coupled sutH-a°N
HP—HP and H—HP DQ signals, because here the DQ experimeREPT-HSQC filter to @H-'H DQ experiment such that the
starts with F magnetization only and'Hs not involved in any initial *H magnetization available for the generation'ef-'H
further strong DQCs. Again, the’HH?P" dipolar coupling does DQCs is restricted to protons which are strongly coupleiditb
apparently not suffice to produce a DQ signal in the filtered DI this way, DQ signals can be selectively observed and perturt
spectrum. ing ones removed from the two-dimensional spectra. In a sens
In general, aH-'H DQ signal intensity depends on the prodthis REPT-HSQC filtration procedure is the inverse version o
uct of thetH-H dipolar coupling strength and the experimenta *H experiment, whose signal is transferred to a heteronuclet
recoupling time used for the generation of the DQ@silow- for detection, for example, by means of a conventional cross
ever, in the filtered versions of the DQ experiments, the sigrg@larization step following aH double- or multiple-quantum
intensities additionally rely on tH&i—15N dipolar couplings and experiment §9, 60. The latter approach may take advantage
the heteronuclear recoupling periods during the REPT-HS@Om the chemical-shift resolution properties of the heteronu
selection procedure, resulting in an approximate overall dep&#eus, but the application of a preceding filter, in return, is able
dence according to Eq. [16] for short recoupling times. For tfie preserve the significant sensitivity gain inherenttbde-
samples used here, a statistical factor needs to be taken tg@fion under fast MAS. Moreover, an additional heteronuclea
account in addition to the weighting factéx'S(0, Nzg), be- (€.g.,">C or **N) spectral dimension can readily be embeddec
cause the isocytosine nitrogens are, on average, only’38% in the REPT-HSQC filter such that the experiment yields three
enriched. Thus, the combined effects of signal filtration arlimensionat*C—H-H or *>N-*H-'H HSQC/DQ spectra.
isotopic enrichment scheme lead to a significant reduction of The inverse-detection technique presented here can pote
the DQ signal intensity in the REPT-HSQC filtered experimenttially be further improved by optimizing the NMR probes for
compared to the unfilteréti—H DQ spectra. In particular, only *H detection as well as by the application of pulsed field gradi
HP can form H-HP DQCs involvingtwo protons selected via ents for signal selection and/or suppression. In analogy to well
1H-15N REPT-HSQC, but even two-thirds of thé+H? DQCs established liquid-state NMR techniques and with little demand.
contain onlyoneselected M. All other DQCs observed in the on the homogeneity of the gradient field, the dephasing an
filtered spectra (i.e., H-H® and H-HaPh for the keto and B-H°  rephasing of transverse magnetization would allow the desire
for the enol dimer) involve onlgneselected proton. For a quan-coherences to be selected in a single transient of the experime
titative interpretation of the signal intensities, all of these faé-onsequently, the sensitivity of the receiver could be adjustedt
tors need to be taken into account, plus the effects of relaxatity amplitude of the incoming signal of interest, and the phas
during the pulse sequence due to residual homonuttédiH  cycling procedure involving the subtraction of relatively intense
dipolar couplings, etc. However, the signals observed in RERSIgnals from each other could be avoided. Further work alon
HSQC filtered'H-'H DQ spectra can be straightforwardly unthese lines is in progress.
derstood on a semi-quantitative basis, which thoroughly suffices
to demonstrate the capability of the experiment with respect to ACKNOWLEDGMENTS

H signal selection.
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