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Signal enhancement in heteronuclear correlation spectra as well
as signal selection in 1H 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
1H–15N single-quantum correlation (HSQC) experiment is pre-
sented whose symmetrical design allows the frequency dimensions
to be easily interchanged. By observing the 15N dimension indirectly
and detecting on 1H, the sensitivity is experimentally found to be
increased by factors between 5 and 10 relative to conventional 15N
detection. In addition, the inverse 1H–15N REPT-HSQC scheme
can be readily used as a filter for the 1H signal. As an example, we
present the combination of such a heteronuclear filter with a subse-
quent 1H–1H DQ experiment, yielding two-dimensional 15N-edited
1H–1H DQ MAS spectra. In this way, specific selection or suppres-
sion of 1H resonances is possible in solid-state MAS experiments, by
use of which the resolution can be improved and information can
be unravelled in 1H spectra. C© 2001 Academic Press

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

Solid-state NMR is increasingly being used for investigatio
of the structure and dynamics of complex materials, where
ticularly great demands on the sensitivity of the experiment
well as on the selectivity and specificity of the information o
tainable from the spectra are made (1, 2). To achieve these goals
high magnetic fields of up to 17.6 T and higher as well as ma
angle sample spinning (MAS) at frequencies in excess of 30
are applied. While the strength of the static magnetic field
proves the sensitivity and the isotropic chemical-shift separa
of the resonance lines, fast MAS enhances the spectral resol
by averaging anisotropic interactions. The combination of h
fields and fast MAS has been shown to be of particular imp
tance for1H NMR spectroscopy in the solid state (3–8), which is
1 To whom correspondence should be addressed. Fax: +49 6131 379
E-mail: spiess@mpip-mainz.mpg.de.
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readily and routinely applicable to unmodified or as-synthes
samples due to the high natural abundance and the high
netogyric ratio,γH, of 1H nuclei. Although the wealth of infor
mation obtainable from1H solid-state MAS spectra should
general not be underestimated, there are certainly a numb
cases where simple1H spectra do not fully meet the selectivi
and specificity requirements because, for example, the sig
of interest can be neither fully resolved nor distinguished fr
the ubiquitous and mostly intense1H background. In contras
13C and15N nuclei, while lacking high natural abundance a
requiring synthetically demanding isotopic enrichment pro
dures in most cases, have the advantage of a large chemica
range and, hence, a much better resolution of chemically dis
sites is possible.

In order to combine the advantages of1H on the one hand
with those of13C and15N on the other hand, various heteron
clear multidimensional correlation experiments have been in
duced to solid-state NMR (9–14). These experiments basical
consist of a frequency dimension for each nucleus of inte
linked by heteronuclear polarization transfer steps, includ
band-selective ones (14), with 1H nuclei serving as an initia
source of polarization. The analogy to established solution-
techniques is obvious, but instead of theJ-coupling the het-
eronuclear dipolar interaction is commonly used for polariza
transfer in the solid state (except for Ref. (10)). In addition
to MAS, pulse sequences such as frequency-switched
Goldburg (15, 16) can be applied during the1H dimension in
order to improve the homonuclear dipolar decoupling and
this way, narrow the1H resonance lines (9, 10). Alternatively,
the experiments can be performed under very fast MAS, wh
however, affects the heteronuclear dipolar couplings too, s
that dipolar recoupling becomes an obvious way to ensure
cient polarization transfer (11, 12).

A versatile technique in the context of heteronuclear c
relation experiments is inverse detection, which enhances
signal intensity by finally detecting on the high-γ nucleus1H,
while the heteronuclei are observed indirectly. In solution-s
NMR, inverse detection is well established and routinely app
1090-7807/01 $35.00
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(17–23). Although the idea was proposed at an early stage
solid-state applications (24–29), it has not yet attracted a comp
rable degree of attention and has only recently been reexam
by Ishii and Tycko (30) in the light of the latest technologica
developments, in particular fast MAS. However, in contras
the dipolar recoupling technique presented below, the inv
1H–15N experiment used in Ref. (30) is based on a sequenti
1H → 15N → 1H adiabatic cross polarization. The reluctan
in solid-state NMR with respect to the adoption of inverse1H
detection is predominantly due to the fact that in rigid syste
1H resonances are only poorly resolved under moderate M
conditions and then require the application of additional dec
pling pulse sequences (9, 10). Another problem appears to aris
from the assumed reliance of the inverse-detection techni
on pulsed-field gradients (PFGs) (31–35), which are not rou-
tinely available in solid-state NMR probes. However, as will a
be demonstrated in the following, radiofrequency (RF) pu
schemes coupled with the performance of modern digital pu
phase shifters allow a satisfactory suppression of unwante1H
signal in inversely detected spectra even without the help
PFGs.

The experimental methods introduced in this paper are b
on heteronuclear correlation spectroscopy employing the
coupled polarization transfer (REPT) technique developed
Saalwächteret al.(11–13), which includes REDOR-type build
ing blocks (36) and is also related to the TEDOR technique
Hing et al. (37, 38). In contrast to conventional cross polariz
tion, REPT is a dedicated heteronuclear dipolar recoupling p
sequence and, hence, allows efficient polarization transfer u
fast MAS conditions, with the latter enhancing the1H spectral
resolution. In addition, the design of the REPT approach, wh
inherently consists oftwo dipolar recoupling periods, readil
enables the signal to be detected either conventionally on
heteronucleus or in the inverse fashion on1H. Since the inverse
version effectively does not include a polarization transfer fr
1H to the heteronucleus, it bears some analogy to the dipolar
eronuclear single-quantum correlation (DIP-HSQC) experim
discussed in Ref. (13). Finally, inversely detected REPT correl
tions can also be used as a filter for subsequent1H experiments,
such as1H–1H double-quantum (DQ) experiments (4, 39, 40),
which select1H resonances based on the presence of heter
clear dipolar couplings and, in this way, enables heteronuc
editing of1H spectra.

2. METHODS

2.1. REPT-HSQC Spectra

The heteronuclear correlations explored here are base
dipole–dipole couplings between two types of spins,I and S.
Under MAS conditions, the respective Hamiltonian reads

I S I S
HD (t) = −ωD (t) · 2IZ SZ . [1]

The time-dependent factorω I S
D (t) is the rotor-modulated spatia
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part of the dipolar interaction between the spinsI andS,

ω I S
D (t) = DI S ·

[
1

2
sin2 βI S cos(2ωRt + 2γI S)

− 1√
2

sin 2βI S cos(ωRt + γI S)

]
, [2]

whereωR is the MAS frequency, andβI S andγI S denote the
azimuthal and polar angle, respectively, of the vector rI S con-
necting the two nuclei.DI S is the dipolar coupling constant (in
units of angular frequency),

DI S = µ0

4π
· γI γS hÃ

r 3
I S

, [3]

whereγI andγS denote the magnetogyric ratios of theI andS
spins, andr I S is the distance between the two coupled nuclei.
account for the averaging effect of MAS, in general the aver
Hamiltonian

H̄ I S
D (t1, t2) = 1

t2− t1

t2∫
t1

H I S
D (t) dt [4]

must be considered (1). Note that the integral of the heteronu
clear dipolar interaction, Eqs. [1] and [2], vanishes for a f
rotor period,t2 − t1 = τR. For polarization transfer betweenI
andS, the dipolar interaction can be recoupled by inverting
sign of the spin part,I ZSZ , every other half rotor period. This
can be easily accomplished by the application ofπ -pulses at in-
tervals ofτR/2 on either theI or theSspins (36, 41). In addition,
theπ -pulses refocus chemical shift and resonance offset effe
The recoupled average Hamiltonian is then given by

H̄ I S
D (0, NτR) = −ÄI S

D (0, NτR) · IZ SZ [5]

with the integrated spatial part

ÄI S
D (0, NτR) = N · DI S

ωR
2
√

2 sin 2βI S sinγI S, [6]

whereN denotes the number of rotor cycles, during which t
train ofπ -pulses recouples the dipolar interaction. In a REP
HSQC experiment, whose pulse sequence is depicted in Fig
the dipolar recoupling periods are responsible for the polar
tion transfer fromI to S. (The experiment is described in deta
in Refs. (12) and (13), and for the reader’s convenience its ma
features are summarized here.) After the initialπ/2-pulse onI
(with phasex), the transverse magnetization,−IY, is subject to
H̄ I S

D for a periodNτR, resulting in a state

H̄ I S
D (0,NτR)
l

−IY−−−−−−→−IY · cosÄI S
D (0, NτR)

+ I XSZ · sinÄI S
D (0, NτR). [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
(b) inversely detected REPT-HSQC, (c) heteronuclear REPT-HSQC filtered1H–1H DQ experiment. Radiofrequencyπ/2- andπ -pulses are denoted by black an

gray boxes, respectively. Theπ -pulses in the recoupling periods are separated by half rotor periods, and the bracketed ones are applied either once or three times
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re
to achieve heteronuclear dipolar recoupling for durations,τrcpl, of either two or
saturation purposes.

The residual transverseI -magnetization is removed by phase c
cling from the signal and is therefore neglected. The mixed s
I XSZ , experiencesI chemical-shift evolution duringt1 accord-
ing to H I

CS = ω I
CS · IZ , in the course of which a superpositio

of I XSZ andIYSZ is created:

I XSZ · sinÄI S
D (0, NτR)

ω I
CSIZ−−−→ (

I XSZ · cos
(
ω I

CSt1
)+ IYSZ · sin

(
ω I

CSt1
))

· sinÄI S
D (0, NτR). [8]

A π/2-pulse of phasex or y and aπ/2-pulse of phasey are
then applied toI and S, respectively, converting the state to
superposition ofIαSX with α = x, y, z. Only the longitudinal
I -component, i.e., the stateIZ SX, will finally contribute to the
signal, such that the phase of theπ/2-pulse applied toI aftert1
can be used to ensure phase-sensitive detection int1, for example

by means of TPPI (42). During the second period of heteronu
clear dipolar recoupling, the mixed stateIZ SX is converted to
transverseS-magnetization,SX, which is detected after passin
our rotor periods, respectively. The initial train ofπ/2-pulses onS is applied for

y-
ate,

n

a

through az-filter. This filter reduces residual transverse magn
zation by dephasing and, more importantly, enables symmet
coherence transfer pathways and, hence, ensures pure amp
modulation of the signal. Thus, the signal components,SX and
SY, of the HSQC spectrum are given by (12)

SX(S) ∝ 〈cos
(
ω I

CSt1
) · sinÄI S

D (0,NτR) · sinÄI S
D (t1, t1+ NτR)

〉
[9a]

and

SY(S) ∝ 〈sin
(
ω I

CSt1
) · sinÄI S

D (0,NτR) · sinÄI S
D (t1, t1+ NτR)

〉
.

[9b]

The brackets〈· · ·〉 indicate the orientational averaging procedu
which must be carried out for powdered samples.

In the correlation experiments discussed here, thet1 dimen-

-

g

sion is incremented in a “rotor-synchronized” fashion, i.e., in
intervals of full rotor periods. In this way, the generation of
MAS sidebands in the indirect dimension as a consequence of a
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t1 phase shift between the two dipolar recoupling periods is
vented. The use of finert1-increments leads to MAS sideban
due to the rotor encoding of the recoupled Hamiltonian (4, 39,
43,) which can serve as a precise measure for the strength o
underlying couplings (8, 11, 12, 44, 45). In rotor-synchronized
spectra, the signal simplifies to

SX(S) ∝ 〈cos
(
ω I

CSt1
) · sin2ÄI S

D (0,NτR)
〉

[10a]

and

SY(S) ∝ 〈sin
(
ω I

CSt1
) · sin2ÄI S

D (0,NτR)
〉
, [10b]

such that the chemical shifts ofI and S are correlated, and
the signal intensity is weighted by theI S heteronuclear dipola
coupling.

2.2. Inversely Detected REPT-HSQC Spectra

Due to its design, the regular REPT-HSQC experiment
scribed above can in principle be easily changed to an inv
type of experiment, where theS-spins are indirectly observe
duringt1, while theI -spins are detected duringt2. The first mod-
ification is the insertion of twoπ/2-pulses applied toI andSat
the start of thet1 dimension. After the first recoupling period
these pulses interchange the transverse and longitudinal co
nents in the mixed state fromI XSZ (see Eq. [7]) toIZ SX, such
that the chemical-shift evolution occurs on theS-spins during
t1:

IZ SX · sinÄI S
D (0,NτR)

ωS
CSSZ−−→(IZ SX · cos

(
ωS

CSt1
)+ IZ SY · sin

(
ωS

CSt1
))

· sinÄI S
D (0,NτR). [11]

After t1, the inverse experiment proceeds identically to
regular one except thatI andSare interchanged, i.e., thez-filter
as well as the final detection takes place on theI -spins. Thus,
in a rotor-synchronized inversely detected HSQC spectrum
signal also consists of the following components:

SX(I ) ∝ 〈cos
(
ωS

CSt1
) · sin2ÄI S

D (0,NτR)
〉

[12a]

and

SY(I ) ∝ 〈sin
(
ωS

CSt1
) · sin2ÄI S

D (0,NτR)
〉
. [12b]

Comparing Eqs. [10a, 10b] and [12a, 12b], it is clear t
inverse and regular detection lead to the same two-dimens
correlation spectrum except for an interchange of the freque
axes. From an experimental point of view, however, there
more than a simple change of axes, because usually the

types of nuclei differ considerably in their magnetogyric rati
and their abundance. In practice, theI -spins are commonly1H,
while theS-spins are, for example,13C or 15N either in natural
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abundance or, more frequently, in isotopic enrichment. He
the magnetogyric ratio,γI , of theI -spins is higher by a factor of
or even 10, which in principle leads to an increase in sensit
by a factor (γI /γS)3/2 for the signal detection. Before turnin
to the discussion of the sensitivity enhancement which ca
expected to be gained by inverse detection in practice, we
briefly address the experimental complications which arise f
a marked difference in abundance betweenI - andS-spins.

Usually, the basic experimental problem of inverse detec
is that a large amount ofI -spin signal does not stem fromI S-
correlations, but from uncoupledI -spins, and therefore need
to be subtracted or, better still, to be suppressed during th
tection. An elegant and well established way to suppress
unwantedI -spin signal efficiently is the application of PFGs f
selective dephasing and rephasing of polarization, which is
tinely used in solution or liquid-state NMR (31–35). Such PFGs
however, are often not available in solid-state NMR probes
examples for solid-state PFGs, see Refs. (46–48)) and, more-
over, difficulties would arise from the fact that the transve
relaxation times are usually considerably shorter in solids
particular for1H, than in solutions or liquids, thereby limitin
the time window for PFGs in solid-state experiments.

Without PFGs, the signal selection relies on phase cycles c
ing sign inversions of theI S-correlations such that the unwant
I -spin signal is subtracted in every other transient. Although
receiver must then be adjusted to the intense overallI -spin sig-
nal and cannot accomodate the relatively weak signal which
passed throughI S-correlations, the precision of modern digit
phase shifters and receivers allows a satisfactory signal sub
tion. Additional purification of the signal can be achieved
introducing fourπ/2-pulses into thez-filter before the final de
tection period (see Fig. 1b). One of the purposes of thez-filter is
the suppression of residual transverse1H polarization by dephas
ing. However, the duration of the filter and, hence, its depha
efficiency is limited by the time scale on which1H–1H spin diffu-
sion sets in. The four pulses help with the suppression in that
are applied with phases (x, x, y, y) and (x,−x, y,−y) in sub-
sequent transients, while the receiver phase remains uncha
In this way, longitudinal magnetization is unaffected, wher
components of transverse polarization experience a sign in
sion every other transient such that their signal contribut
cancel.

Certainly the major goal targeted on by inverse detec
schemes is sensitivity enhancement, which has recently
addressed in detail by Ishii and Tycko for the case of1H–
15N in the solid state (30). Apart from the obvious advantag
of the high1H magnetogyric ratio, the dependence of the
sulting experimental sensitivity is rather complex and invol
also theQ-factors of the probe at theI - and S-resonance fre
quencies as well as the experimentalI -spin, i.e.,1H, linewidth.
While the 1H linewidth can be significantly narrowed by fa
osMAS, as has already been demonstrated extensively (3–6, 8), the
Q-factors depend on the individual designs and performances
of the probes, which are, for standard solid-state applications,
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usually not optimized for1H detection. Furthermore, with re
spect to two-dimensional correlation spectra, the compar
between regular and inverse detection must take into acc
the number of data points to be recorded for theI - andS-spin
FIDs, and the effect on the experiment time, when the direct
indirect dimensions are interchanged. In comparison to13C or
15N, the overall width of1H spectra is less and, even under fa
MAS, 1H lines are invariably broader in the solid state. Co
sequently, the number of data points required for1H FIDs is
usually significantly smaller than for13C or15N FIDs. In this re-
spect, the1H signal should preferably be observed during thet1
dimension, because the experiment time increases linearly
the number of data points recorded in the indirect (t1) dimen-
sion, while the number of data points recorded in the directt2)
dimension has practically no effect. Hence, if the FID of the h
eronucleus requiresn times more data points than the1H FID,
and the total experiment time shall be kept constant, the num
of scans must be reduced to 1/n for inverse, i.e.,1H, detection
compared to regular detection of the heteronucleus.

2.3. REPT-HSQC Edited1H–1H DQ Spectra

As well as being used for1H detection, inversely detected he
eronuclear correlation experiments can also serve as a buil
block in 1H experiments, which allows the selection of speci
1H resonances for subsequent homonuclear1H NMR methods.
By omitting thet1 evolution period, i.e.,t1 = 0, the inversely de-
tected REPT-HSQC experiment is effectively changed to a fi
for the signals ofI -spins which are involved in a dipolarIS-
correlation. According to Eqs. [12a, 12b], such a REPT-HS
filter leads to an effectiveI -spin magnetization of

M(I ) ∝ 〈 sin2ÄI S
D (0,NτR)

〉 ≈ 〈(ÄI S
D (0,NτR)

)2〉
for ÄI S

D (0,NτR) < 1, [13]

which can then serve as the initial state for a subsequent ex
iment on theI -spins. The approximation is valid in the lim
of short recoupling times and/or weak dipolar couplings (4, 6),
and it shows that the filtered magnetization is weighted by
heteronuclear coupling constant according toD2

I S and, hence,
by the internuclear distance according tor−6

I S . In addition, an
orientational weighting factor of sin 2βI S sinγI S is introduced
(see Eq. [6]). While the latter can only be exploited for samp
with uniformly oriented molecules, the former results in an
ficient selection ofI -spins which exhibit a close proximity to
S-spins, i.e., in particular for chemically bondedIS-pairs.

Such a REPT-HSQC filter can, for example, be coupled w
a two-dimensional1H–1H DQ MAS experiment. The versati
lity of the latter has recently been demonstrated for a var
of applications (3, 5, 8, 49, 50). The basic principle underlying

homonuclear dipolar DQ MAS approaches is the exploitatio
of homonuclear dipole–dipole couplings for the generation
double-quantum coherences (DQCs). Conversely the obse
ETERONUCLEAR EDITING 61
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tion of such coherences implies the existence of a suffic
dipole–dipole coupling between the respective nuclei. In
case of a dipolar-coupledI I ′-spin pair, the DQ signal inten
sity, which is excited and reconverted during dipolar recoup
periods of durationMτR, is given by

SDQ(I ) ∝ 〈sin2ÄI I ′
D (0,MτR)

〉 ≈ 〈(ÄI I ′
D (0,MτR)

)2〉
for ÄI I ′

D (0,MτR) < 1, [14]

where the approximation is again valid for short recoupling tim
and/or weak dipolar couplings. The integrated spatial part of
homonuclear dipole–dipole coupling reads

ÄI I ′
D (0,MτR) = −N · DI I ′

ωR
· 3

2

√
2 sin 2βI I ′ sinγI I ′ . [15]

Note the analogy between homonuclear DQ and heteronu
correlation signal intensities in Eqs. [14] and [12a, 12b], wh
is due to the fact that both signals arise from recoupled dip
interactions (see Eqs. [15] and [6], respectively).

Two-dimensional DQ spectra (4, 39, 40) correlate a DQ
spectral dimension (t1) with a SQ dimension, with the latte
being used for signal detection. In the DQ dimension, e
observed resonance frequency,ωAB, corresponds to the sum
frequency of the two nuclei, A and B, involved in the coh
ence:ωAB = ωA + ωB. In this way, the signal pattern of1H–1H
DQ spectra provides detailed information about proximities
tween spectrally resolved protons. In this context, even un
fast MAS, a reduction or, preferably, a specific selection of
signals would be useful in some cases. The pulse sequenc
a REPT-HSQC filtered two-dimensional1H–1H DQ experiment
is depicted in Fig. 1c (the four pulses applied during thez-filter
in Fig. 1b can be omitted, because the following DQ pulse
quence ensures sufficient suppression of unwanted trans
1H magnetization). In the filtered version, the DQ experim
effectively starts with the magnetization of only those proto
which are strongly dipolar-coupled to the respective hetero
cleus. Duringt2, the signal is then detected on protons which
involved in a DQC with the previously selected ones. In a fi
approximation, the intensity of a REPT-HSQC filtered homo
clear DQ signal is given by the combination of Eqs. [13] a
[14]:

SDQ,filt (I , I ′) ∝
〈⌊(
ÄI S

D (0, NτR)
)2+ (ÄI ′S′

D (0, NτR)
)2⌋

· (ÄI I ′
D (0,MτR)

)2〉
. [16]

Note that the DQC can involve either two protons or only o
selected through REPT-HSQC. In both cases, DQ signals ar

n

of
rva-

served, but in the latter situation the initial magnetization stems
from only one of the two protons, such that the signal intensity
is usually significantly reduced.
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3. SAMPLES AND EXPERIMENTS

To demonstrate the feasibility of inverse detection and
eronuclear editing for1H–15N HSQC and1H–1H DQ experi-
ments in the solid state, samples ofN-butylaminocarbonyl-6-
tridecyl isocytosine were chosen. The molecules are capab
dimerizing through the formation of a directed quadruple
drogen bond and have been successfully used as linking
for supramolecular polymers (53, 54). Therefore, the molecu
lar unit has recently attracted considerable interest in the
of supramolecular chemistry, where noncovalent interaction
increasingly being used to enable the assembling of well-defi
structures, following the concept of self-assembly of synth
molecules by the molecular recognition of complementary c
ponents (51). In biology, the same principle of structure det
mination through noncovalent interactions is, for example,
flected in the hydrogen-bonded base pairs of DNA.

In addition,N-butylaminocarbonyl-6-tridecyl isocytosine ca
adopt two tautomeric structures, 4[1H]-pyrimidinone (keto) and
pyrimidin-4-ol (enol), both of which dimerize through a quad
ple hydrogen bond (see Fig. 2)(52–55). The synthesis was starte
using 15N1-guanidine, C(∗NH)(NH2)2, such that in the result
ing molecules one of the three nitrogens belonging to the
cytosine unit is15N, and the isotopic enrichment is equa
distributed over the three positions in the sample. The keto
enol form of the dimers was obtained by recrystallizing the m
terial from CHCl3 and DMF, respectively. From the NMR poi
of view, the tridecyl substituents (C13H27) give rise to intense
methylene1H signals, which are to be suppressed by the1H–
15N REPT-HSQC filter, thereby allowing the demonstration
its experimental selection efficiency. Moreover, N· · ·H· · ·N and

N· · ·H· · ·O hydrogen bonds have been shown to be well suited
to 1H solid-state investigations employing fast MAS and1H–1H

dimension by means of a TPPI procedure (42), the phase of the
second1H π/2-pulse is incremented in steps of 90◦ simultane-
DQ methods (5). ously to the incrementation oft1.
FIG. 2. Molecular structures of the samples investigated here: two tautom
isocytosine. In each molecule, one of the nitrogens in the isocytosine unit
are15N-enriched to the same extent.
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The NMR experiments were performed using a Bruker D
spectrometer with a 2.5-mm double-resonance MAS pr
operating at1H and 15N Larmor frequencies of 700.1 an
70.9 MHz, respectively. The15N CPMAS spectra were recorde
under MAS at 3.2 kHz, while for all other experiments fast MA
at 30 kHz was used. The RF pulses were applied at aB1-field
strength of 83.3 kHz, corresponding to a pulse width of 3µs for
π/2-pulses, while the1H–15N cross polarization was performe
using weaker RF fields of approximately 70 kHz with a ramp
15N, followed by1H TPPM-decoupling (56) at 62.5 kHz. Under
fast MAS,15N detection was also carried out under1H TPPM-
decoupling at 62.5 kHz, while1H detection was not found to b
improved by15N CW- or TPPM-decoupling, which was ther
fore omitted. The indirect dimensions,t1, of the two-dimensiona
experiments were incremented in steps of full rotor periods, s
that the generation of MAS sidebands is avoided in this
quency dimension. The recycle times were 2 and 5 s for the keto
and the enol compounds, respectively.

In the REPT periods of the experiments, the heteronuc
1H–15N dipolar interaction is recoupled for a duration of eith
two or four rotor periods, i.e., 66.6 or 133.3µs, respectively
which corresponds to the application of each of the brack
π -pulses in Figs. 1a and 1b either once or three times. For fi
tion purposes (Fig. 1c), only short recoupling periods of 66.6µs
are used. In the1H–1H DQ experiments, the homonuclear1H–1H
dipolar interaction is recoupled using the BaBa pulse sequ
(4, 57) for one rotor period, i.e., 33.3µs. In the15N-detecting
REPT-HSQC experiments (schematically shown Fig. 1a),
signal is selected through a phase alternation (±) of the first
1H π/2-pulse, followed by a corresponding phase alternatio
the receiver. To achieve phase-sensitive detection of the ind
eric types of quadruply hydrogen-bonded dimers ofN-butylaminocarbonyl-6-tridecyl
(shaded) is15N-labeled, such that over the whole sample, the three different positions
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tions in the hydrogen bonds associated with the structural dif-
INVERSE DETECTION AND

In the1H-detecting REPT-HSQC experiments (schematica
shown in Fig. 1b), the signal is selected through a nested p
alternation of the first1H and15N π/2-pulses. In addition, the
suppression of residual transverse polarisation during thez-filter
is supported by fourπ/2-pulses, the effect of which has alrea
been described in Section 2.2. In the REPT-filtered1H–1H DQ
experiments, these four pulses can be omitted (see above)
the 1H/15N phase alternations are combined with two nes
four-step phase cycles which select the1H coherence transfe
pathway 0→±2→ 0→−1 during the DQ experiment.

In order to compare the experimental performance of the15N-
and1H-detected REPT-HSQC versions, the overall numbe
signal accumulations, i.e., the experiment time, was kept c
stant, while the number of data points recorded duringt1 and
t2 was adjusted according to the lengths of the15N and 1H
FIDs. For the15N-detected REPT-HSQC spectra, thet1 (1H)
dimension consisted of 32 increments with 432 transients b
accumulated. In the1H-detected version, thet1 (15N) dimen-
sion was extended to 108 increments, while averaging over
128 transients. Hence, the total experiment time was abou
and 19 h for the keto and enol compounds, respectively.

4. RESULTS AND DISCUSSION

4.1. 1H MAS and15N CPMAS Spectra

In order to provide a first characterization of the two ta

tomeric compounds investigated in the following,1H MAS and
15 1

f the

ferences between the two tautomeric forms of the dimers. Fur-
ntly
N CPMAS spectra are displayed in Fig. 3. In theH one-

FIG. 3. 1H one-pulse MAS (a and b, spinning at 30 kHz) and15N CPMAS (c and d, spinning at 3.2 kHz) spectra of the keto (a, c) and enol (b, d) forms o

thermore, the aliphatic resonance line of the enol is significa
hydrogen-bonded dimers shown in Fig. 2. In the1H spectra, the three protons i
the aliphatic protons (Haliph) are resolved. The15N CPMAS spectra show thre
with 15N isotope enrichment. The assignment of the resonances is discuss
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lly
ase

y

, and
ed

of
on-

ing

nly
7.5

pulse spectra recorded under MAS at 30 kHz, five resona
are clearly resolved (Figs. 3a and 3b): the three protons invo
in hydrogen bonds (denoted Ha, Hb, and Hc), the vinyl or aro-
matic proton (Hd), and the aliphatic protons (Haliph). The assign-
ment of the protons Ha, Hb, and Hc (see molecular structure
in Fig. 2) is aided by previous solution-state NMR investi
tions (54) and will be confirmed by the1H–1H DQ spectra dis-
cussed in Section 4.3. The15N CPMAS spectra (Figs. 3c an
3d) show three resonances, corresponding to the three
gen positions of the isocytosine unit with15N isotope enrich-
ment. The chemical shift positions (58) as well as the width
of the MAS sideband patterns permit a clear distinction
tween the two types of15N nuclei. The resonance lines arou
−250 ppm with a narrow sideband pattern are character
for secondary amides of the form NHRR′, while the (isotropic)
resonances around−170 ppm with a broad sideband patte
indicating a large chemical shift anisotropy, are typical for
tiary amides where the nitrogen atom is part of a C==N double
bond.

Comparing the spectra of the keto (Figs. 3a and 3c) and
enol forms (Figs. 3b and 3d), obvious differences are obser
In the1H spectra, the resonance positions of the protons fo
ing hydrogen bonds are more separated for the enol tauto
Upon going from the keto to the enol form, the1H chemical shifts
changes are 13.2→ 13.6 ppm (Ha), 11.8→ 11.0 ppm (Hb), and
10.3 → 9.0 ppm (Hc), which can be attributed to modifica
nvolved in hydrogen bonds (Ha, Hb, and Hc), the vinyl or aromatic proton (Hd), and
e resonances, corresponding to the three nitrogen positions of the isocytosine unit
ed in the text.
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FIG. 4. 1H–15N REPT-HSQC spectra of the keto (a and c) and the enol (b and d) compounds, recorded under MAS at 30 kHz using heteronuclear dipolar
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recoupling periods of 66.6µs (=2 τR). The experiments are performed with15N
regions of correlation spectra obtained for recoupling periods of 133.3µs (=4 τ

broader than for the keto form, indicating stronger dipo
interactions among the aliphatic protons and, hence, less
bility and a closer packing of the alkyl chains in the e
compound. The15N spectra clearly reflect the presence of t
secondary-amide resonances for the keto form, while for
enol form only one secondary amide is present, but here
15N are involved in C==N double bonds. These features ag
with the structure of the isocytosine unit in the two tautom
and allow the assignment of the Nb and Nc resonances for th
keto and enol form, respectively. In order to unambiguou
assign Na and Nc in the keto spectrum (Fig. 3c) as well
Na and Nb in the enol spectrum (Fig. 3d), additional inform

tion is required, which can be obtained from1H–15N correla-
tion spectra in combination with1H–1H DQ spectra, as shown
below.
detection (a and b) and, inversely, with1H-detection (c and d). The insets sho
).
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o
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4.2. 1H–15N REPT-HSQC Spectra with and without
Inverse Detection

Since the intensities of1H–15N REPT-HSQC signals exhibi
a r−6

NH-dependence on the NH distance,rNH, the correlations
of chemically bonded NH pairs are expected to be by far
strongest peaks in the spectra recorded for short recoup
times. Consider first the spectra obtained with regular15N-
detection for the two tautomeric structures (Figs. 4a and 4
For the keto form, two strong correlations Ha-Na and Hb-Nc are
observed, while for the enol form, the spectrum shows only
strong Hb-Nc correlation. In both cases, the number of stro

correlations corresponds to the chemically bonded NH pairs of
the isocytosine units, namely two in the keto and one in the enol
form (see Fig. 2), which indicates that the chemical NH bonds
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present in the single molecules still exist despite of the forma
of hydrogen-bonded dimers. Thus, based on the1H assignment,
which is known from1H–1H DQ spectra (see section 4.3), a
unambiguous assignment of the15N resonances is possible.
addition to the intense peaks, there is evidence for weak
correlations in the spectra, which reflect the second shortes
distances in the material, i.e. the N· · ·H hydrogen bonds. Fo
longer recoupling times, these weak signals become clear
the spectra (as shown in the insets of Figs. 4a and 4b) and
directly be assigned to the hydrogen bonds in the keto and
dimers, respectively (see Fig. 2).

The inversely detected REPT-HSQC spectra (Figs. 4c and
are basically identical to the15N-detected ones discussed abo
exhibiting the same characteristic NH correlations. Only a
minor differences to the spectra obtained with15N-detection
can be noticed, such as the presence of traces of signal a
aliphatic1H resonance (see Fig. 4c) as well as slightly redu
1H linewidths and distorted signal intensities. The former
servation can be attributed to minor experimental imperfecti
which allow unwanted1H magnetization to sneak through, whi
the latter effects appear to arise from different relaxation pr
erties of theIS -spin states for the two detection methods. W
respect to the linewidths, it should be noted that in the15N-
detecting HSQC experiment the1H resonances are observe
during t1 through the correlated stateI X,YSZ , which appears
to be a little more sensitive to line broadening effects than1H
transverse magnetization, such that the1H resonance lines ar
slightly narrower when1H detection is used. Concerning th

distortion of signal intensities, it should be taken into consider-

ds, the

HSQC approach presented here is almost perfectly symmetrical
15 1 ct,

NH

ation that during the second recoupling period, according to the
experimental schemes shown in Figs. 1a and 1b, the detected

FIG. 5. 15N-Slices from the two-dimensional1H–15N REPT-HSQC spectra shown in Fig. 4. For the keto (a and c) and the enol (b and d) compoun

with respect to N- and H-detection. However, as a side effe
it should again be noted that the signals of the weaker
slices are taken at the Ha (13.2 ppm) and Hb (11.0 ppm) resonances, respectiv
15N-detection (a and b) and1H-detection (c and d). The enol spectra exhibit
enol- than for the keto-dimers.
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spin, respectively, is selected via a state of transverse mag
zation. Hence, in the1H-detecting REPT-HSQC experiment, th
heteronuclear correlations are more strongly subject to hom
clear1H couplings. The resulting relaxation effect can lead
distortions of the signal intensities of the strong correlations a
moreover, explains the absence of weak signals indicating lo
distance NH correlations. To overcome this relaxation pr
lem, the inversely detected experiment could be designed
that theI S-states pass through a transverseS-state instead o
a transverseI -state during the second recoupling period,
then the suppression of unwanted1H magnetization was found
to be much less efficient.

Unquestionably, the major goal of employing inver
detection on1H is the improvement of the signal quality. T
demonstrate the effect of inverse detection on the experime
signal-to-noise ratio (S/N), Fig. 5 shows15N slices taken from
the two-dimensional REPT-HSQC spectra in Fig. 4 at thea

(13.2 ppm) and Hb (11.0 ppm) resonance for the keto and e
compounds, respectively. The signal improvement achiev
by 1H detection is obvious, with theS/N being enhanced by
factors of 6 and 10, respectively. This enhancement effect
already been discussed in detail by Ishii and Tycko (30) for
solid-state15N spectra obtained under fast MAS condition
although the comparison of a straight1H–15N CPMAS with a
double-CP experiment yielded slightly smaller enhancem
factors between 2 to 3.2. This lower sensitivity gain is proba
caused by the additional second CP step which is required
the inverse detection scheme used in Ref. (30), while the REPT-
ely. The spectra allow the comparison of the signal-to-noise ratios (S/N) obtained by
a lowerS/N, because the spin–lattice relaxation time is significantly longer for the
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correlations due to N· · ·H hydrogen bonds appear to benefit le
from 1H detection. However, by applying longer recoupli
times the weaker correlations are clearly observed (not sho

4.3. 1H–15N REPT-HSQC Filtered1H–1H DQ Spectra

The inverse REPT-HSQC approach can not only be use
an alternative detection method for heteronuclear correla
spectra, as shown above, but also as a filter selecting1H signals
for subsequent1H experiments, according to Eq. [13]. In Fig.
the performance of the1H signal selection by1H–15N REPT-
HSQC is demonstrated for the keto and enol compound.
1H MAS spectra are recorded using the pulse sequence dep
in Fig. 1b with t1 = 0. Applying a short recoupling period o
two rotor periods, the signals of the protons with the shor
distances to nitrogen atoms, i.e., the protons chemically bo
to nitrogens, are selected: Ha and Hb for the keto and only Hb

for the enol compound (see structures in Fig. 2). Convers
the aliphatic1H signal is reduced to<3% of its intensity in a
1H MAS one-pulse experiment and is observed with ill-defin
phase. Due to the statistics of the15N enrichment, Ha and/or
Hb are bonded to15N in only one ofthreemolecules, such tha
unwanted1H signal is effectively reduced to<1% of its original
intensity.

Such a REPT-HSQC filter can, for example, be combi
with a1H–1H DQ experiment. Under fast MAS,1H–1H DQ ex-
periments have been proved to provide important and det
information about proton–proton proximities, which have be

FIG. 6. 1H–15N REPT-HSQC filtered1H MAS spectra of the keto (a) an

the enol dimers (b). The selection efficiency of the heteronuclear filter is dem
strated by the comparison with the regular1H MAS spectra of the two compounds
(dotted lines).
ET AL.
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particularly useful for the investigation of hydrogen-bond
structures (5, 50). In some cases, however, an additional1H
signal selection procedure may be helpful in order to rem
unwanted intense peaks and /or to unravel superimposed p
in the two-dimensional DQ spectrum. In fact, the1H–1H DQ
spectra of the hydrogen-bonded dimers investigated here
sufficiently resolved under fast MAS conditions and allow
unambiguous assignment of all1H resonances except for the d
tinction of methylene and methyl positions in the alkyl chai
Hence, these spectra are well suited to demonstrating the
tures of15N-edited1H–1H DQ spectroscopy.

First consider the1H–1H DQ spectra obtained for the keto a
enol compound without any further1H signal selection (Figs. 7
and 8a, respectively). Both DQ spectra are dominated by int
aliphatic signals which are irrelevant and rather disturbing
the investigation of the arrays of hydrogen bonds. With res
to the latter, the DQ signals involving only the amide proto
(Ha, Hb, Hc) are the most interesting part of the spectrum
Fig. 7a, the strong Hb–Hb and Hb–Hc DQ signals provide evi
dence for close Hb–Hb and Hb–Hc proximities, which are con
sistent with the quadruple hydrogen bond formed by the k
compound (see Fig. 2) and, conversely, enable the uniqu
signment of these two resonances. Considering the signa
DQCs between amide and aliphatic protons, strong Ha–Haliph

and Hc–Haliph coherences, but only a very weak Hb–Haliph co-
herence are observed, because Ha and Hc are close to the C13H27

and C4H9 chains, respectively, whereas the two Hb in the center
of the quadruple hydrogen bond are further away from the a
protons. A noteworthy feature is the appearance of a Hd–Hd peak
indicating anintermolecular rather than anintramolecular prox-
imity between two vinyl protons Hd, since the Hd–Hd distance
within a single hydrogen-bonded dimer is far too large. Th
this peak is highly valuable as an indication of the packing
the molecules in the keto form.

The 1H–1H DQ spectrum of the enol compound (Fig. 8
shows intense Hb–Hb and Ha–Hb DQCs, but no evidence for
Hb–Hc DQ signal. This indicates that in the enol-dimers Hb is no
longer close to Hc, but to Ha, while the Hb–Hb proximity remains
unchanged. Considering the DQ peaks between the amide
aliphatic protons, the Hb–Haliph signal is still the weakest. Thes
features of the1H–1H DQ spectrum agree with the quadrup
hydrogen bond formed by the enol tautomer and again a
the resonances to be unambiguously assigned. In compa
to Fig. 7a, a clear distinction of the two dimers is easily p
sible. Moreover, a different packing behavior of the two co
pounds can be concluded from the presence and the abse
the Hd–Hd DQ peak in Figs. 7a and 8a, respectively. It sho
be pointed out that for amide-aliphatic DQCs no correspond
DQ peaks are observed at the aliphatic1H resonance in eithe
spectrum. These signals are obscured by the presence oft1-noise
and baseline distortions (the negative intensity, due to whic
on-not shown in the spectra) associated with the intense signal of
purely aliphatic DQCs. Thet1-noise arises as a consequence of
the mobility of the C13H27 chains.



INVERSE DETECTION AND HETERONUCLEAR EDITING 67

FIG. 7. Two-dimensional1H–1H DQ spectrum of the keto dimer, recorded under MAS at 30 kHz applying homonuclear1H–1H dipolar recoupling for a

duration of one rotor period for the excitation and reconversion of1H–1H DQCs: (a) Regular1H–1H DQ experiment. (b)1H–1H DQ experiment carried out on1H
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magnetization which has passed a precedingH– N REPT-HSQC filter selecti
only strong DQCs involving Ha or Hb can be observed, while the other DQ s

By applying a1H–15N REPT-HSQC filter with short recou
pling periods prior to the1H–1H DQ experiment, the initial1H
magnetization available for the generation of DQCs is restri
to those protons which are chemically bonded to15N, i.e., Ha

and Hb for the keto compound and only Hb for the enol com-
pound. Consequently, only1H–1H DQCs can be observed,
which one of the selected protons is involved, while all ot
DQCs, such as the purely aliphatic ones, are suppressed

simplifying effect on the resulting DQ spectra for the keto andH DQ signals are observed, indicating that the H–H

ling
cted
enol dimers is clearly demonstrated by comparing Figs. 7a and
8a with Figs. 7b and 8b, respectively.

FIG. 8. Two-dimensional1H–1H DQ spectrum of the enol dimer, recorded under MAS at 30 kHz applying homonuclear1H–1H dipolar recoupling for a

dipolar couplings are too weak. The weakness of this coup
agrees with the structure of the dimer (Fig. 2) and is also refle
duration of one rotor period for the excitation and reconversion of1H–1H DQCs:
magnetization which has passed a preceding1H–15N REPT-HSQC filter selecti
strong DQCs involving Hb can be observed, while the other DQ signals are r
g the Ha and Hb resonances by means of1H–15N dipolar couplings. Consequently
nals are removed.

ted

er
The

For the keto compound, the REPT-HSQC filter reduces
observed DQ signals to only the Hb–Hb and Hb–Hc DQ signal
pattern as well as to the pair of Ha–Haliph DQ peaks (Fig. 7b).
Note that the Ha–Haliph DQ signal at the aliphatic resonance c
be recovered by the removal of the intense aliphatic DQ sig
although the phase of the peak is still slightly distorted by w
t1-noise, which is now due to traces of1H magnetization passin
through the REPT-HSQC filter. In contrast to Ha–Haliph, no Hb–

aliph b aliph
(a) Regular1H–1H DQ experiment. (b)1H–1H DQ experiment carried out on1H
ng the Hb resonance by means of1H–15N dipolar couplings. Consequently, only
emoved.
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in the unfiltered1H–1H DQ spectrum (Fig. 7a), where the Hb–
Haliph DQ signals are the weakest of the amide-aliphatic DQ
Note that the appearance of a Hb–Haliph peak in Fig. 7a could be
aided by the presence of shoulders of the stronger Ha–Haliph and
Hc–Haliph DQ peaks nearby. By applying the REPT- HSQC fil
to the enol compound, the1H–1H DQ signals are reduced to th
Hb–Hb and Ha–Hb DQ signals, because here the DQ experim
starts with Hb magnetization only and Hb is not involved in any
further strong DQCs. Again, the Hb–Haliph dipolar coupling does
apparently not suffice to produce a DQ signal in the filtered
spectrum.

In general, a1H–1H DQ signal intensity depends on the pro
uct of the1H–1H dipolar coupling strength and the experimen
recoupling time used for the generation of the DQCs (4). How-
ever, in the filtered versions of the DQ experiments, the sig
intensities additionally rely on the1H–15N dipolar couplings and
the heteronuclear recoupling periods during the REPT-HS
selection procedure, resulting in an approximate overall de
dence according to Eq. [16] for short recoupling times. For
samples used here, a statistical factor needs to be taken
account in addition to the weighting factorÄI S

D (0, NτR), be-
cause the isocytosine nitrogens are, on average, only 33%15N-
enriched. Thus, the combined effects of signal filtration a
isotopic enrichment scheme lead to a significant reductio
the DQ signal intensity in the REPT-HSQC filtered experimen
compared to the unfiltered1H–1H DQ spectra. In particular, only
Hb can form Hb–Hb DQCs involvingtwo protons selected via
1H–15N REPT-HSQC, but even two-thirds of the Hb–Hb DQCs
contain onlyoneselected Hb. All other DQCs observed in the
filtered spectra (i.e., Hb–Hc and Ha–Haliph for the keto and Ha–Hb

for the enol dimer) involve onlyoneselected proton. For a quan
titative interpretation of the signal intensities, all of these f
tors need to be taken into account, plus the effects of relaxa
during the pulse sequence due to residual homonuclear1H–1H
dipolar couplings, etc. However, the signals observed in RE
HSQC filtered1H–1H DQ spectra can be straightforwardly u
derstood on a semi-quantitative basis, which thoroughly suffi
to demonstrate the capability of the experiment with respec
1H signal selection.

5. CONCLUSIONS AND OUTLOOK

The feasibility of inverse, i.e.,1H, detection for1H–15N
heteronuclear MAS correlation experiments in the solid s
has been demonstrated using hydrogen-bonded dimers of15N-
labeled 2-ureido-4[1H]-pyrimidinone moieties as an exampl
Under fast MAS, the HSQC experiment applied here (12) makes
use of recoupled polarization transfer which, in contrast to
techniques, allows a symmetrical design for conventional
inverse detection schemes. As a major advantage of inv
detection, signal enhancement factors between 5 and 10

1 15
experimentally observed inH– N REPT-HSQC spectra. In
the inverse-detection experiments, efficient suppression of
wanted1H magnetization to a degree of<1% could be achieved
ET AL.
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by RF pulses and phase cycling schemes, but without the
of PFGs.

This efficiency permits the REPT-HSQC technique to be re
ily used as a filter selecting the signals of protons which are
alternatively, are not) dipolar-coupled to15N or another het-
eronucleus. As an example, we have coupled such a1H–15N
REPT-HSQC filter to a1H–1H DQ experiment such that th
initial 1H magnetization available for the generation of1H–1H
DQCs is restricted to protons which are strongly coupled to15N.
In this way, DQ signals can be selectively observed and pert
ing ones removed from the two-dimensional spectra. In a se
this REPT-HSQC filtration procedure is the inverse version
a 1H experiment, whose signal is transferred to a heteronuc
for detection, for example, by means of a conventional cro
polarization step following a1H double- or multiple-quantum
experiment (59, 60). The latter approach may take advanta
from the chemical-shift resolution properties of the hetero
cleus, but the application of a preceding filter, in return, is a
to preserve the significant sensitivity gain inherent to1H de-
tection under fast MAS. Moreover, an additional heteronuc
(e.g.,13C or 15N) spectral dimension can readily be embedd
in the REPT-HSQC filter such that the experiment yields thr
dimensional13C–1H–1H or 15N–1H–1H HSQC/DQ spectra.

The inverse-detection technique presented here can p
tially be further improved by optimizing the NMR probes f
1H detection as well as by the application of pulsed field gra
ents for signal selection and/or suppression. In analogy to w
established liquid-state NMR techniques and with little dema
on the homogeneity of the gradient field, the dephasing
rephasing of transverse magnetization would allow the des
coherences to be selected in a single transient of the experim
Consequently, the sensitivity of the receiver could be adjuste
the amplitude of the incoming signal of interest, and the ph
cycling procedure involving the subtraction of relatively inten
signals from each other could be avoided. Further work al
these lines is in progress.
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