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a b s t r a c t

The C–HA cross-peak corresponding to a diastereotopic CHAHB methylene spin system exhibits a
characteristic 1:0:1 multiplet pattern along the indirect dimension of a x1-coupled HSQC spectrum. It
is shown here that the use of the initial 13C Boltzmann polarization instead of the regular INEPT-based
1H Boltzmann polarization makes visible the central lines of this multiplet pattern. A spin-state-selective
method is proposed for the efficient measurement of both 1J(CHA) and 1J(CHB) along the indirect
dimension of a 2D spectrum as well as to the magnitude and the sign of the geminal 2J(HAHB) coupling
constant from the straightforward analysis of a single four-component E.COSY cross-peak. Additionally,
the extraction of 1J(CH) values for CH and CH3 multiplicities can be also performed from the same
spectrum. The success of the method is also illustrated for the determination of residual dipolar
1D(CH) and 2D(HH) coupling constants in a small molecule weakly aligned in a PMMA swollen gel.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, it has appeared an enormous interest for the
measurement of scalar and residual dipolar (RDC) one-bond pro-
ton–carbon coupling constants (1J(CH) and 1D(CH), respectively)
in small molecules dissolved in weakly aligned anisotropic media
[1–3]. HSQC-based pulse schemes have been generally chosen for
this purpose and the accuracy and the simplicity on the experi-
mental measurement of 1J(CH) are subjects of discussion. Some
topics of recent interest have been (i) the design of general and ro-
bust NMR methods that works efficiently for all multiplicities, (ii)
the discussion about whether the 1J(CH) splitting should be mea-
sured from the direct x2 (1H) or the indirect x1 (13C) dimension,
(iii) the accurate measurement of 1J(CH) for individual protons in
diastereotopic CH2 or NH2 groups, or (iv) the simultaneous deter-
mination of additional coupling constants from the analysis of the
same cross-peak, being the maximum interest the sign-sensitive
determination of geminal 2J(HH) values.

The measurement of 1J(CH) from the detected dimension is rel-
atively easy and high levels of digital resolution are readily avail-
able. For instance, the CLIP-HSQC experiment prove to be an
efficient tool to determine the 1J(CH) value from the resulting clean
in-phase doublets [4]. However, strong J(HH) coupling effects can
generate a high degree of asymmetry between the high- and
low-field multiplet lines in x2-coupled HSQC spectra, which can
preclude reliable determination of 1J(CH) coupling constants val-
ues. In addition, broad signals and/or the large contributions of
RDCs can generate poorly defined multiplets that make difficult
accurate measurements. These drawbacks have already been de-
scribed, particularly for CH spin systems in carbohydrates or on
the typical strong geminal interaction found in diastereotopic
CH2 spin systems, and some practical solutions have been pro-
posed [5–9]. To avoid such inconveniences, the measurement of
1J(CH) along the x1 dimension have been advisable [9,10] although
this requires the need for a large number of t1 increments, and
therefore longer acquisition times. The successful use of non-linear
uniform sampling, J scaling factors or spectral folding can speed up
data acquisition and/or increase the digital resolution in the x1

dimension [10].
The accurate measurement of 1J(CH) for individual protons in

diastereotopic CHAHB (or NHAHB) groups is one of the most chal-
lenging tasks in this field. Several methods have been proposed
that measure them from the x1 or x2 dimension, but they all pres-
ent some drawback that can prevent their general use [11–25]. For
instance, the passive 1J(C–HB) value can be separately measured
into the active HA cross-peak, and vice versa, along the x1 dimen-
sion of a J-resolved HMQC experiment [11]. In addition, the large
doublet is further split by the 2J(HAHB) coupling yielding a dou-
ble-doublet. The disadvantage is that additional experiments can
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Fig. 1. Pulse sequences for the (A) x1-HSQC and (B) x1-iINEPT experiments. Thin
and thick rectangles represent 90� and 180� rectangular pulses, respectively,
applied along the x axis unless indicated differently. A basic two-step phase cycling
is applied: u1 = x,�x; urec = x,�x. A small flip angle (b = 36�) generates E.COSY cross-
peaks. Inversion and refocusing 180� 13C pulses can be applied as adiabatic pulses
and the element labeled as d(13C) evolution period is optional. The inter-pulse
delays in INEPT and BIRD elements are optimized according to D = 1/(2 � 1J(CH)).
The echo/anti-echo encoding of x1 frequencies was achieved by changing the sign
of G1 between successive t1 increments. The ratio between G1:G2:G3 were
80:20.1:13. The duration of a pulse-field gradient (PFG) and of the subsequent
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be needed to measure 1J(CH) for CH or CH3 spin systems.
13C-edited versions of the 2D 1H J-resolved experiment have
been proposed to resolve enantiomeric derivatives dissolved in
anisotropic media by visualizing their different 1J(CH) splitting
sizes along the indirect dimension [12,13]. Other related J-resolved
HSQC experiments have been also described but they can require
time-consuming 3D data acquisition [14] or the collection of multi-
ple 2D J-modulated data [15,16]. An important group of NMR
experiments are those based on spin-state selection specifically de-
signed for methylene groups [8,17–25]. Some reported examples
should be the P.E.HSQC [8] SPITZE [17] or CH2-TROSY [19,20]
experiments that yield simplified coupling patterns, and where
the sign and the magnitude of the geminal 2J(HH) can be addition-
ally extracted. In all these cases, the central lines of the x1-multi-
plet corresponding to a CH2 group are not observed, and therefore
only the sum of the two 1J(CH) can be determined from the indirect
dimension.

In the present study, a new 2D x1-coupled inverse INEPT exper-
iment (referred to as x1-iINEPT) is proposed for the observation of
the missing central lines in diastereotopic CH2 cross-peaks. The
resulting cross-peak present a characteristic E.COSY multiplet pat-
tern that facilitates the straightforward measurement of both indi-
vidual 1J(CHA) and 1J(CHB) values, as well as the sign and
magnitude of the geminal 2J(HH) coupling. The method starts
exclusively from 13C Boltzmann polarization, it is driven with
broadband 13C decoupling during 1H acquisition and, very impor-
tantly, also works for CH and CH3 multiplicities. The experiment
is easily adapted for a J-resolved presentation (referred to as x1-
iINEPT-J) which allows obtain higher levels of resolution within
the same experimental time by the use of a reduced spectral width
in the indirect dimension [11–13,26,27]. The success of the method
is illustrated for several samples and particular cases and as well as
for the measurement of small residual coupling constants in small
molecules dissolved in a weakly aligned media.
recovery delay amounts to d.
2. Results and discussion

The idea to develop the x1-iINEPT experiment was born from
the recent P.E.HSQMBC experiment, which was devised to measure
three different 1J(CH), 2J(HH) and a nJ(CH) coupling constants from
a single 2D cross-peak [28]. Other related works that have inspired
us were the P.E.HSQC [8] and the BIRD-HSQC [9] experiments, this
latter being further refined and evaluated by Thiele and Bermel
(see Fig. 1c in Ref. [10]). The basic pulse scheme of the reference
x1-coupled HSQC (x1-HSQC) experiment uses the traditional 1H
Boltzmann polarization as a starting point (Fig. 1A). In the follow-
ing, we consider an isolated diastereotopic CHAHB spin system de-
fined with three different 1J(CHA), 1J(CHB) and 2J(HAHB) coupling
constants. The sequence starts with an initial 90� (13C)-gradient
element to remove any contribution coming from the 13C Boltz-
mann polarization. After the 1H-to-13C INEPT transfer, anti-phase
13C magnetization is present as a mixture of 2HAzCy + 2HBzCy,
which evolve under the effects of 1J(CH) and d(13C) in a sequential
mode, by using separated and synchronously incremented time
periods. Thus, the magnetization evolves first under the effect of
a BIRDd,X element [29,30] flanked by a variable J-scaled t1 evolution
period (defined by a scaling factor k) to allow the exclusive evolu-
tion of 1J(CH) whereas 13C chemical shift and long-range CH contri-
butions are refocused, and then 13C chemical shift can evolve from
an optional t1 evolution period as usual. In the subsequent analysis,
the scaling factor, which is set arbitrarily within the limits set by
relaxation and/or signal overlapping, the effects of the labeling
G1 gradient and the optional 13C chemical shift t1 evolution period
are neglected for the sake of clarity. Thus, for a single HA spin, the
evolution during the variable t1 BIRD-based period (k = 1) is de-
scribed as:

2HAzCy½cosðp1JðCHAÞt1Þ cosðp1JðCHBÞt1Þ � sinðp1JðCHAÞt1Þ
� sinðp1JðCHBÞt1Þ� ð1Þ

Applying the trigonometric relationship cosAcosB – sinAsinB = co-
s(A + B), we obtain

2HAzCy cosðp1JðCHA þ 1JðCHBÞÞt1Þ ð2Þ

meaning that only the outer lines of the theoretical triplet or dou-
ble-doublet coupling pattern of the methylene proton cross-peak
would be observed and, therefore, only the sum of the both cou-
plings (1J(CHA + 1J(CHB)) will be observed as an in-phase dou-
blet along the indirect dimension (Fig. 2A) [15]. This dependence
with respect to the cosine function makes that multiplet patterns
with relative intensities of 1:1 for CH, 1:0:1 for CH2, and 3:1:1:3
for CH3 will be displayed along the x1 dimension [8,34]. A key fea-
ture introduced in the last refocusing INEPT block is the small-flip
1H pulse angle (b = 36�) which generates simplified E.COSY multi-
plet patterns for non-equivalent protons in CH2 and CH3 spin sys-
tems (Fig. 2B) [8,31–33].

To improve the appearance and usefulness of cross-peaks ob-
tained from x1-iINEPT experiments, we propose to start the exper-
iment with the initial 13C Boltzmann polarization instead of the
INEPT-based 1H Boltzmann polarization because this leads to inter-
esting changes in the central lines of methylene cross-peaks, as
known for the analogous old 13C-detected heteronuclear J-resolved
2D experiment [35]. The initial 90� 13C pulse, applied after an



Fig. 2. Schematic representation of the 2D multiplet pattern of each individual HA and HB proton belonging to a methylene CHAHB group. (A and B) 1H-Boltzmann polarization
driven (x1-HSQC) experiments using b = 90� and 36�, respectively, and (C and D) 13C-Boltzmann polarization driven experiments (x1-iINEPT) using b = 90� and 36�,
respectively. In (D), the magnitude and the sign of all involved couplings (defined as 2J(HAHB) and assuming 1J(CHA) < 1J(CHB)) can be readily extracted. Open and dotted
circles represent peaks with opposite phase.
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heteronuclear NOE enhanced pre-scan period by means of a 1H
WALTZ-16 pulse train saturation, generates in-phase –Cy magneti-
zation (Fig. 1B) which evolves under the effect of 1J(CH) during the
variable t1 BIRD-based period:

�2HAzCx½sinðp1JðCHAÞt1Þ cosðp1JðCHBÞt1Þ�
� 2HBzCx½cosðp1JðCHAÞt1Þ sinðp1JðCHBÞt1Þ� ð3Þ

The result is a pure absorptive 2D x1-iINEPT spectra displaying
double-doublet coupling patterns along the x1 dimension for each
individual HA or HB cross-peaks, that initially would consist of
eight different components as shown in Fig. 2C. Analyzing only
the HA spin, it will show an anti-phase doublet pattern with re-
spect to 1J(CHA) (sine modulated) and an additional in-phase dou-
blet pattern with respect to 1J(CHB) (cosine modulated) along the
x1 dimension. As discussed before, the effect to apply a small flip
angle (b = 36�) will generate a simplified four-component cross-peak
with a characteristic E.COSY multiplet pattern due to the mutual
2J(HAHB) (Fig. 2D), which facilites both the multiplet interpretation
and analysis (see Fig. S1; supporting information). Thus, the active
1J(CHA) coupling is directly extracted from the anti-phase 1:�1
pattern along the same column in x1, whereas the passive
1J(CHB) coupling can be also extracted directly by measuring the
in-phase components in each part of the E.COSY pattern. Otherwh-
ise, the sign and the magnitude of 2J(HH) is easily extracted from
the frequency separation between tilted peaks along the w2
dimension. Fig. 2 summarizes the expected cross-peak pattern
for a single diastereotopic CHAHB proton using the different
x1-HSQC and x1-iINEPT approaches with b = 90� and 36�. For CH
groups, a doublet with relative 1:�1 intensities is obtained
whereas a 1:1:�1:�1 coupling pattern will be displayed for a
CH3 group.
As a first example, Fig. 3A and B shows the equivalent x1-HSQC
and x1-iINEPT correlation spectra, respectively, of strychnine (1 in
Scheme 1) acquired with the pulse schemes of Fig. 1, under the
same experimental conditions and using a scaling factor of k = 8.
The general coupling pattern for individual CH and CH2 groups
are marked with highlighted boxes. CH cross-peaks present the
same doublet structure in both approaches. On the other hand,
whereas the central lines for each individual CH2 cross-peak are
absent in the x1-HSQC spectrum, they are clearly distinguished
in the x1-iINEPT version. A close inspection of the multiplet pat-
terns for CH2 cross-peaks in both spectra reveals the simplified
E.COSY multiplet structure as described in other related experi-
ments [8,19]. Also note the different in-phase vs anti-phase pattern
behavior along the indirect dimension, although this is not relevant
for the measurement. In cases where chemical shift assignment is
already known and/or signal overlapping is not severe, the pro-
posed method can be recorded in a J-resolved mode by simple
omission of the 13C chemical shift evolution period (t1/2

� 180�(1H) � t1/2). In this way the spectral width in the indirect
dimension could be reduced by a factor of about 40, from
20,000 Hz (160 ppm at 500 MHz) to 500 Hz, and therefore the
spectral resolution in x1 should be improved by a similar factor
if all other experimental conditions remain the same. Fig. 3C and
D shows the equivalent x1-HSQC-J and x1-iINEPT-J spectra,
respectively, acquired with the same number of t1 increments
and using an scaling factor of k = 1. It can be observed that the ab-
sence of 13C chemical shift signal dispersion does not introduce a
serious problem on severe signal overlapping in a small molecule
like 1, where all cross-peaks can be succesfully analyzed. All the
discussion and conclusions described in Ref. [10] about the appli-
cation of non-linear sampling to accelerate data acquisition and/
or to increase digital resolution in the indirect dimension could



Fig. 3. 2D 1H–13C spectra of 1 acquired with the pulse sequences of Fig. 1. (A) x1-HSQC and (C) x1-HSQC-J spectra were obtained starting from 1H Boltzmann magnetization,
and (B) x1-iINEPT and (D) x1-iINEPT-J spectra were achieved starting from 13C Boltzmann magnetization. (A) and (B) are heteronuclear correlation maps (acquired with an
scaling factor of k = 8) whereas (C) and (D) are the corresponding J-resolved versions (scaling factor k = 1 and omission of the 13C chemical shift t1 evolution period). All
spectra were acquired and processed under the same experimental conditions. 2 scans were collected for each one of the 256 t1 increments using a pre-scan delay of 3 s.
Squared boxes mark specific CH and diastereotopic CH2 cross-peak as examples in each spectrum.
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be extrapolated here for the proposed methods. Further increase of
resolution by a factor of 3 can be additionally achieved by allowing
signal folding in the indirect dimension (see Fig. S2 in the support-
ing information for an example provided using a reduced spectral
width of 180 Hz).

Fig. 4 shows an expanded area of the 2D x1-iINEPT-J spectrum,
where the clean tilt, the straightforward analysis and the excellent
resolution of the resulting peak patterns can be quickly observed.
Note the perfect equivalence between the cross peaks of diastereo-
topic protons (for instance H-18a vs H-18b or H-11a vs H-11b)
which permit the easy and direct measurement of the same three
different involved couplings (1J(CHA) and 1J(CHB) as well as the
geminal 2J(HH)) from two independent cross-peaks. The compari-
son of the experimental J values extracted from these two different
measurements evaluates the accuracy of the measurement, and
also ensures the measurement of all couplings even in the case
of accidental signal overlapping of one of the two diastereotopic
proton prevents its analysis. For well resolved 2J(HH) values, the
difference between diastereotopic 1J(CH) values is quickly ascer-
tained from the relative displacement between the two central
lines and accurate 1J(CH) values can be easily measured even in
the case of minor differences between 1J(CHA) and 1J(CHB). For in-
stance, whereas a small difference smaller than 2 Hz is measured
for the H-15a/H-15b pair, a big difference about 14.5 Hz is found
for H-18a/H-18b. Experimental 1J(CH) and 2J(HH) data extracted
from these spectra for compound 1 are in agreement with those re-
ported previously in other works (see Table S1 in the supporting
information) [5,36–39]. Even in the case of signal overlapping,
CH cross-peaks can be easily distinguished from those of CH2

groups by their different doublet or double-doublet coupling pat-
terns and also from the relative opposite phase of the anti-phase
components for CH/CH3 and CH2 groups because the BIRD element
acts as a multiplicity-editing element. For instance, note the clear
distinction and straightforward measurement that can be per-
formed for the three different protons resonating close to 3.1–
3.2 ppm.

When two diastereotopic protons have similar chemical shift
and 1J(CH) values, the central lines can be partially or completely
cancelled, as shown for the H-17a/H-17b protons resonating at
1.9 ppm in Fig. 3D. Another special case is when the geminal
2J(HH) is near to 0 Hz, where the distinction of the four E.COSY
components will depend of the different 1J(CH) sizes. One illustra-
tive example is the H-8a and H-8b olefinic protons belonging to the
exocyclic CH2 group in 5-methylene-2-norbornene (2) (Fig. 5A)
which present unresolved signals in the conventional 1H spectrum,
and where the mutual 2J(H8a–H8b) coupling can not be directly
measured. The well differentiated four components observed in
the x1-iINEPT-J spectra allow a measurement of 2J(HH) = +1.1 Hz,



Scheme 1. Molecules used in this work.

Fig. 4. Expanded area corresponding to the x1-iINEPT-J spectrum of Fig. 3D, where
the different multiplet patterns for a CH group and several diastereotopic CH2 spin
systems can be clearly visualized and analyzed, and all 1J(CH) and 2J(HH) can be
measured with simplicity and accuracy.
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where the positive sign can be determined by comparison with the
opposite E.COSY tilt presented by other diastereotopic H-6 and H-7
methylene protons, which have large negative 2J(HH) values of
�15.3 Hz and �8.1 Hz, respectively. Although there are small dif-
ferences between the two central lines, the measurement of each
individual 1J(CH) (155.1 vs 157.1 Hz) can be performed twice, inde-
pendently from each cross-peak and with a minimal deviation
of ±0.1 Hz (Table S2; supporting information).

The simplicity of the proposed x1-iINEPT methods make them
highly interesting for the measurement of small 1D(CH) and
2D(HH) RDCs, by comparison the difference between experimental
measurements performed in isotropic vs anisotropic conditions
(D = T(aniso) � J(is))). Compound 2 was weakly aligned in a poly(-
methyl methacrylate) (PMMA) gel swollen in CDCl3 using the
reversible compression/relaxation method [40] , and 1D(CH) and
2D(HH) RDCs magnitudes and signs could be easily determined
for all signals (see Fig. S3C; supporting information). Fig. 5 com-
pares some cross-peaks obtained in both isotropic and anisotropic
conditions. It can be seen how the relative orientation of each dia-
stereotopic HH pair is clearly differentiated from their 2D(HH) val-
ues: �0.2 Hz for H-8a/H-8b protons, �4.1 Hz for H-6a/H-6b
protons and +3.1 Hz for H-7a/H-7b protons. A list of all measured
scalar and residual dipolar coupling constants can be found in
Table S2 of the supporting information.

The last example corresponds to a molecule having a more com-
plex 1H spectrum, progesterone (3), with high levels of signal over-
lapping in its aliphatic region. Fig. 6 shows an expanded area of the
x1-iINEPT spectrum, where cross-peaks for all multiplicites can be
distinguished and the corresponding 1J(CH) and 2J(HH) values con-
veniently measured (see Table S3 in the supporting information).
For instance, note the excellent signal dispersion and multiplet
editing for the five resonances fully overlapped in the 1.5–
1.65 ppm area. Accidental overlapping of multiplet components



Fig. 5. Some illustrative 2D cross-peaks extracted from the x1-iINEPT-J spectra of 2
showing the easy measurement of the experimental 1J(CH)/1T(CH) and
2J(HH)/2T(HH) values measured in (A–C) isotropic (CDCl3) and (D–F) anisotropic
(weakly aligned in PMMA gel swollen in CDCl3) conditions. Similar values for the
same couplings are also measured from the cross-peaks of the other diastereotopic
protons (see a complete set of coupling values in Table S2 in the Supporting
information).

Fig. 6. Expanded area of the 2D x1-iINEPT spectrum of 3 acquired with 4 scans for
each one of the 256 t1 increments, and using a pre-scan delay of 3 s. Boxes enhance
the different components corresponding to the H-6ax and H-1ax protons. In
addition, the 1:1:�1:�1 multiplet corresponding to the methyl group 21 (at
2.08 ppm) is also highlighted.
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can be overcomed by using the J-resolved version or by changing
the scaling factor. The diastereotopicity in the three protons
belonging to a methyl groups is not observed and they usually ap-
pear as a singlet due to their free rotation under isotropic condi-
tions. However, in analogy with the discussion presented here for
diastereotopic CH2 spin systems, the same conclusions could be ex-
tracted from the analysis of a hypothetical non-equivalent protons
in a CH3 group [8,41]. Whereas isotropic CH3 cross-peaks with no
distinction between equivalent protons present a typical 3:1:1:3
multiplet pattern in x1-HSQC experiments [34], they display a
symmetrical 1:1:�1:�1 coupling pattern in the x1-iINEPT, as seen
for the Me-21 in Fig. 6. A modified HSQC experiment has been
reported to recover the 1:2:1 and 1:3:3:1 pattern in NH2 and
NHþ3 groups, respectively, and spin-state selected methods to
study analysis have been used to study differential relaxation of
the different line multiplets of methyl cross-peaks in proteins [41].

In terms of sensitivity, the x1-iINEPT experiment present a sen-
sitivity decrease when compared to the analog x1-HSQC experi-
ment, because of the differential signal enhancement achieved by
heteronuclear polarization transfer via INEPT or by heteronuclear
NOE effects. In addition, the pre-scan delay must be optimized as
a function to the longer 13C T1 values, although that protonated
carbons relax relatively fast. Our experimental data confirms such
theoretical prediction and signal-to-noise enhancements by a fac-
tor of about 3 and 4 can be achieved for x1-iINEPT and x1-HSQC
experiments, respectively, when compared with a reference non
signal-enhanced x1-iINEPT experiment acquired without proton
saturation and a pre-scan delay of 3 s (see Fig. S4 in the supporting
information). Although the proposed methodology could distin-
guish diastereotopic protons in NH2 groups, the large difference
in sensitivity enhancement achieved by polarization transfer when
compared with those obtained by direct 15N Boltzmann magneti-
zation without NOE enhancement (a theoretical factor about 10)
makes the experiment of limited practical use due to its very low
sensitivity. In addition, the two central lines are likely to be quite
broad for large molecules.

In summary, a general and simple NMR method to obtain a
characteristic spin-state-selected multiplet pattern for diastereo-
topic CHAHB methylene systems has been described. The magni-
tude and the sign of the three involved coupling values (1J(CHA),
1J(CHB) and 2J(HAHB)) can be measured simultaneously from the
analysis of a single and clean four-component E.COSY cross-peak.
The method also measures 1J(CH) for all other carbon multiplici-
ties, and it is easily adapted for a J-resolved representation that al-
lows the use of a more reduced spectral width in the carbon
dimension, obtaining higher levels of resolution within the same
experimental time. We have also shown that small 1D(CH) and
2D(HH) RDCs can be measured for small molecules weakly aligned
in anisotropic media. The proposed techniques are appropriate for
routine use because require minimum set-up and afford simple
data analysis and interpretation.
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3. Methods and materials

The isotropic samples used in this work were 0.12 M strychnine
dissolved in CDCl3 (1), 0.14 M 5-methylene-2-norbornene dis-
solved in CDCl3 (2) and 0.13 M progesterone dissolved in DMSO
(3) (see chemical structures in Scheme 1). For the measurement
of RDCs, 10 mg of 2 was aligned in a poly(methyl methacrylate)
(PMMA) gel swollen in CDCl3 using the reversible compression/
relaxation method [40]. The 2H quadrupolar splitting (DmQ) for
the CDCl3 signal was of 24 Hz. NMR experiments on 1 and 3 were
recorded on a BRUKER DRX-500 spectrometer equipped with a 3-
channel 5-mm cryoprobe incorporating a z-gradient coil. NMR
experiments on 2 were carried out in a Bruker Avance 600 spec-
trometer equipped with a TXI HCN z-grad probe. The temperature
for all measurements was set to 298 K.

In all experiments, the inter-pulse D (=1/(2 � 1J(CH)) delays
were set to 3.5 ms (optimized to 1J(CH)=145 Hz). Gradient ratios
for G1:G2:G3 were set to 80:20.1:13, measured as percentage of
the absolute gradient strength of 53.5 G/cm. Sine bell shaped gra-
dients of 1 ms of duration and followed by a recovery delay of
100 ls were used. 1H saturation during the entire pre-scan delay
was accomplished applying a 2.5 kHz WALTZ-16 modulated pulse
train. Broadband 13C decoupling during acquisition was achieved
applying a 8 kHz GARP modulated pulse train. All experiments
were acquired and processed using the echo/anti-echo protocol
where the gradient G1 was inverted for every second FID. An scal-
ing factor k = 8 were used for the correlation experiments for all
compounds. The J-resolved spectra were acquired omitting the
t1/2 � 180(1H) � t1/2 element in the pulse sequence of Fig. 1 and
reducing the spectral width in the indirect x1 dimension to
500 Hz.

For spectra of Figs. 3, 2 scans were accumulated for each one of
the 256 t1 increments and the number of data points in t2 was set
to 2048. The recycle delay was set to 1 s for x1-HSQC type exper-
iments (Fig. 3A and C) and 3 s for x1-iINEPT type experiments
(Fig. 3B and D). Spectra 3A and 3B were acquired with an spectral
window of 5000 Hz (in x2) and 20,000 Hz (in x1) giving a FID
resolution of 2.4 and 9.8 Hz, respectively. Prior to Fourier-transfor-
mation of each data, zero filling to 4096 in x2, 1024 in x1 and a
p/2-shifted sine-squared window function in both dimensions
were applied. After applying zero filling the digital resolution was
1.2 and 2.4 Hz, respectively. In spectra of Figs. 3C and 3D, the
spectral window in x1 dimension was reduced to 500 Hz giving a
FID resolution of 2.4 Hz (in x2) and 1.9 Hz (in x1). After applying
zero filling the digital resolution was 1.2 and 0.5 Hz, respectively.

In the x1-iINEPT-J experiments recorded on 2 in isotropic and
anisotropic media (Fig. 5), a recycle delay of 3 s was used, 4 scans
were accumulated for each one of the 256 t1 increments and the
number of data points in t2 was set to 2048. Both of them were ac-
quired with an spectral window of 3600 Hz (in x2) and 500 Hz (in
x1) giving a FID resolution of 1.8 and 1.9 Hz, respectively. Prior to
Fourier-transformation of each data, zero filling to 4096 in x2,
1024 in x1 and a p/2-shifted sine-squared window function in
both dimensions were applied. After applying zero filling the digi-
tal resolution was 0.9 and 0.5 Hz, respectively. In the x1-iINEPT
experiment recorded on 3 (Fig. 6), a recycle delay of 3 s was used,
4 scans were recorded for each one of the 256 t1 increments and
the number of data points in t2 was set to 2048 in all the experi-
ments. Data were acquired with an spectral window of 2000 Hz
(in x2) and 12,500 Hz (in x1) giving a FID resolution of 1.0 and
6.1 Hz, respectively. Prior to Fourier-transformation of each data,
zero filling to 4096 in x2, 1024 in x1 and a p/2-shifted sine-
squared window function in both dimensions were applied. After
applying zero filling the digital resolution was 0.5 and 1.5 Hz,
respectively.
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