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Abstract

In this paper we carried out a comparison between all the possible selective versions of the basic heteronuclear correlation experiment,
the FUCOUP sequence. We concluded that the best experiment is that one in which the selective pulse is given in the carbon dimension,
which we called SHESSLOC (Selective HEteronuclear Simultaneous Short and LOng-range Correlations). The sensitivity of the
sequence was improved with the introduction of pulsed field gradients.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The importance of knowing correlations between pro-
tons and carbons is very well described in the Literature.
The knowledge of direct connectivities is essential for the
assignment of CH,, fragments, whereas the long-range cor-
relations provide information about quaternary carbons,
allowing their assignment and the establishment of the
linking between different proton networks. In this sense,
a large variety of different 2D and 3D techniques for mea-
suring the values of "H-'>C coupling constants have been
developed in the last years [1-17] and the great diversity
of proposed solutions reflect the difficulty in obtaining
the desired data. Many of those experiments use selective
radio-frequency pulses which have been incorporated into
several types of experiments in order to improve resolution.

Usually, only the heteronuclear correlations are enough
for establishing the desired molecular connectivities, with-
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out the need for determining the corresponding coupling
constant. Most of the recent heteronuclear correlation
experiments use indirect detection to attain higher sensitiv-
ity [18-23] and pulsed-field gradients in order to suppress
undesirable coherence pathways in a single transient,
thereby eliminating or diminishing the need for time con-
suming phase cycling. However, most of those experiments
do not allow for the reliable and simultaneous detection of
all possible short and long range correlations or for the
measurement of the corresponding heteronuclear coupling
constants. All those experiments have fixed delays, thus
being modulated by J-values. Moreover, the long-range
correlation experiments need to be used and interpreted
with care because not all the expected correlations are
observed.

The only experiment that allows for the simultaneous
determination of all those correlations and estimation of
coupling constants in a single 2D correlation map is the
basic heteronuclear pulse sequence known as FUCOUP
(FUIlly COUPIled) [24], which consists of only three pulses
[d—90°{"H}-1,-90°('H)-90°('3C)-1,].

This experiment is usually not used due its low sensitiv-
ity, but it has the advantage of being a short sequence—
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which minimizes sample relaxation problems—with no
fixed time periods—which allows for the simultaneous
evolution of all short and long J couplings, thus leading
to detection of all types of couplings and correlations.
Also, for concentrated or isotopically enriched samples, it
is possible to perform this experiment in a reasonable time
with very good results [25].

Although we can observe long range correlations in a
FUCOUP spectrum, it does not allow for the estimation
of the corresponding coupling constants due to the usually
low resolution in the carbon dimension (F2). For this pur-
pose, Kessler et al. [26] proposed a slight modification of
the FUCOUP sequence: a semiselective excitation one that
they called soft-H,C-COSY, which makes use of selective
excitation in the '"H domain. That sequence was used for
estimating >Jcy coupling constants in peptides.

Altogether, Macheteau et al. [27] applied the
FUCOUP sequence in its selective version [di—sp{'°F}—
11-90°{"F}-90°{'H}—1,} where sp is a selective pulse—
for the observation of three and four bond 'H-'°F
coupling constants.

In this work we have tested different variations of the
selective FUCOUP experiment for the detection of all types
of correlations and estimation of heteronuclear coupling
constants. We tested and compared the four combinations
of hard and soft pulses, with two different samples as test
compounds: o-cthoxybenzaldehyde and inosine (Fig. 1):
(1) only the first proton pulse was selective; (ii) only the sec-
ond proton pulse was selective (soft H,C-COSY); (iii) only
the carbon pulse was selective; and (iv) all three pulses were
selective.

2. Experimental

All experiments were carried out on a 300 MHz (7.05 T)
Varian Mercury Plus NMR spectrometer. It was used a
very concentrated solution of o-ethoxybenzaldehyde in
DMSO-dg (2:1 v/v) and a saturated solution of inosine also
in DMSO-ds, in Smm NMR tubes. Soft pulses were
obtained using the e-burp shape [28]. Pulse widths and
power levels varied according to the selected spectral
window.

Fig. 1. Numbered structures of (a) o-ethoxybenzaldehyde and (b) inosine.

3. Results and discussion

3.1. Comparison among the different selective variations of
the FUCOUP sequence

3.1.1. Data acquisition and basic observations

The analysis of the basic FUCOUP sequence using
product operators in the spherical coordinate basis for a
two-spin system showed that there are six detectable terms,
as follows:

—0.3518; sin Ay sin A, exp[—i(¢p1 + wrt; — ¢+ ¢z + wstr)]
'i_O3SISJr Sin)vl Sin)uzexp[—i(—(f)l — wih + ¢2 + ¢3 + wstz)]
—0.7071 S+ cos Arexp[—i(¢3 + wsty)]
+0.3515_ Sinil sin);zexp[—i(qsl + wil — d)z — ¢3 — (1)3[2)]
—0.351S5_ Sil’lil sinizexp[—i(—(f)l — wihy + (f)z — (]53 — O)Stz)]
—0.7071S_cos Jrexp[—i(¢3 — wstr)]

where ¢ is the axis about which the pulse field is
applied, I and S are the '"H and '*C nucleus, respectively,
® is the precession frequency, A, is 1/2Jist; and A, is
1/2Jist>, where J is the coupling constant between the I
and S nucleus.

According to those terms, the chosen phase cycling was
¢1 =X ¢2 =X, ), =X, —); ¢3 =X d)detector = ¢4 =X, ),
—X, —J.

When comparing the results from experiments (i) and
(i), we did not observe any significant differences on the
spectra, all of which clearly showed the expected short
and long range correlations, allowing for the direct estima-
tion of the corresponding coupling constants. As discussed
by Kessler and co-workers [26], the assignment of the het-
eronuclear coupling constants in these experiments is only
possible if all but one of the homonuclear coupling con-
stants is known. This has three consequences. First, it is
necessary to know the homonuclear coupling constants
for the assignment of the heteronuclear ones. Second, a
problem emerges when homonuclear coupling constants
are not different enough, thus leading to ambiguities in
the assignment, this being a very common case for many
organic and inorganic compounds. Finally, the very com-
mon superposition of signals in the proton spectrum can
make difficult the selective excitation of the desired proton,
as it was the case for the aromatic protons of o-ethoxybenz-
aldehyde. For this compound, the selective excitation of
single aromatic hydrogen demanded the use of a very long
soft pulse, making this a very time-consuming experiment
even for concentrated samples. In fact, to accomplish this
experiment in a reasonable time, it was necessary to
increase the spectral window (thus decreasing selectivity).

For case (iii), the results were quite good, showing all
correlations and coupling constants (direct and indirect).
The spectra have the same appearance of the normal
FUCOUP spectra, and the estimated coupling patterns
and constants were confirmed using coupled '*C spectra.
In this experiment, only a small spectral window is
observed in the carbon dimension due the selective pulse.
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Fig. 2. Selective excitation of H9 (1.40 ppm) from o-ethoxybenzaldehyde
using pulse sequence i. A 30.3 ms long soft pulse with 1.5 mW (15 dB;
0.2841 kHz) power level was used. Acquisition time = 0.054 s and spectral
width in F1 dimension = 402.3 Hz. Thirtytwo transients were collected per
increment (total of 192 increments) for a total experiment time of 2 h
20 min 54 s.

In this case, we increased the acquisition time in order to
improve the spectral resolution, thus allowing for the use
of dy = 0. These experimental conditions permit the obser-

a

_ —_— 116
'J(C9-H9)=127.3Hz 124

= 132

140

- —_—— 148

127.3Hz 156
164
172
180

"42 38 34 30 26 22 18 14 10 ppm

ppm
b 1498

15,08
:1514
—— BUE——— "
—— Oy =T —— 3
£1522

1530

168 160 182 14 136 128 120 112 ppm

Fig. 3. (a) Selective excitation spectrum of C9 (14.4 ppm) from o-
ethoxybenzaldehyde using experiment (iii). A 6.36 ms long soft pulse at
36.6mW (24dB; 1.3139kHz) power level was used. Acquisition
time = 1.067 s, d; =0 and spectral width in F2 dimension = 831.9 Hz.
Four transients were collected per increment (total of 128 increments) for
a total experiment time of 10 min 24s. (b) Expanded quartet from
spectrum A, showing the triplets inside it. The long range coupling
constant (not observed in FUCOUP using hard pulses) can be estimated
from the F2 dimension.

Table 1
Comparison between experiments for o-ethoxybenzaldehyde

vation of small coupling constants, which are not detect-
able in the non-selective FUCOUP spectrum, as
mentioned before.

Finally, experiment (iv), where only one proton and one
carbon are selected, allows for the estimation of their spe-
cific coupling. In this case both spectral windows are smal-
ler. Also, because of the increase in the acquisition time, the
delay d; can be eliminated, as it was done for experiment
(iii). The observed sensitivity is lower than that obtained
with sequences (i), (ii), (iii) and the non-selective FUCOUP
experiment.

3.1.2. Comparison between the different spectra

Fig. 2 shows the spectrum obtained with selective excita-
tion of the protons from the methyl group (H9, 1.40 ppm)
of o-ethoxybenzaldehyde using experiment (i), which is the
same as the spectra obtained with pulse sequence ii.

As mentioned before, we could not observe significant
differences between experiments (i) and (ii). Comparison
of the expanded spectrum shown in Fig. 2 with the spec-
trum in which carbon C9 (14.4 ppm) is selectively excited
(experiment (iii)), shown in Fig. 3, indicates that heteronu-
clear coupling constants can be easily estimated from both
spectra. The only difference in this case is that, due to the
lower resolution in F1 for experiment (iii), homonuclear
"H-'H coupling constants can be estimated only from the
spectrum obtained with experiment (i) (Fig. 2).

However, by comparing the experiments, the selective
excitation of carbons (experiment (iii)) shows some advan-
tages which can be better understood looking at Table 1,
which summarizes some results for long-range correlations
for o-ethoxybenzaldehyde.

Although we can observe the correlations described in
Table 1, it is important to note that, in those cases, we have
a complex coupling pattern in the F2 dimension, which
makes very difficult to estimate the corresponding coupling
constants, as it can be observed in Fig. 4.

With inosine, the best example for choosing selective
excitation on the '*C domain can be seen in Fig. 5, where
the °J correlation between C8 (139.4 ppm) and H4'
(5.96 ppm), which are located on different rings, can be eas-
ily seen with selective excitation on the carbon domain.
When the selective excitation is performed on the proton
domain, this correlation is not observed even after 12 h
aquisition.

Correlation Selective pulse on proton (experiments (i) and (ii)) Selective pulse on carbon (experiment (iii))
C2-HS (*J) Observed only after 3 h of acquisition Observed after 10 min, but clearly visible after 40 min of
acquisition

C2-H5 (*J) Bad selectivity (aromatic protons); observed after 14 h of acquisition, = Observed in 40 min of acquisition; it can be distinguished from
but it can not be distinguished from C2-H3 C2-H3 after 12 h of acquisition (Fig. 4)

C2-H3 (V) Same observations as for C2-HS5 Same observations as for C2-H5

C3-H7 (*J) Not observed even after 17 h of acquisition Observed after 2 h 40 min of acquisition

Cl1-H4 (*J) It can not be observed after 14 h of acquisition Observed after 12 h of acquisition
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Fig. 4. Selective excitation of C2 (161.2 ppm) for o-ethoxybenzaldehyde.
A 23.8 ms long soft pulse at 2.3 mW (12 dB; 0.3269 kHz) power level was
used. Acquisition time =1.067s, d; =0 and spectral width in F2
dimension = 306.4 Hz. Signal | is due to coupling between C2 and H6
(7.76 ppm) (3J); signal 2 is due to coupling between C2 and H4 (7.56 ppm)
(3J); signal 3, coupling between C2 and H3 (6.96 ppm) (/) and/or C2 and
H5 (6.94 ppm) (*J), as discussed in the text; signal 4 is due to coupling
between C2 and H8 (4.05ppm) (*J). (a) Seventytwo transients were
collected per increment (total of 512 increments) for a total experiment

time of 12 h 39 min 52 s (b) Expansion of (a) showing correlation between
C2-H3 (*J) and C2-H5 (4).
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Fig. 5. Selective excitation of C8 from inosine. A 15.37 ms long soft pulse
at 5.77mW (16dB; 0.5231 kHz) power level was used. Acquisition
time = 1.086 s, d; =0 and spectral width in F2 dimension = 510.2 Hz.
48 transients were collected per increment (total of 256 increments) for a
total experiment time of 4 h 1 min 1 s. The atoms involved in this three-
bond correlation between carbon and hydrogen is shown in the figure
inside the spectrum.

Analyzing experiment (iv), in which all the pulses are
selective; we can observe that it is the most insensitive of
the tested experiments. Because it is doubly selective, this
is a very specific experiment, but it is useful as it is the only
experiment that was able to detect the coupling between
C3-H5 (°J, Fig. 6) in o-ethoxybenzaldehyde.

Considering that the best results were obtained with
sequence iii, this experiment was chosen for improving
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Fig. 6. Simultaneous selective excitation of C3 and the aromatic protons
of o-ethoxybenzaldehyde. A 4.97 ms long soft pulse at 5.77 mW (16 dB;
0.5231 kHz) power level was used for carbon and a 9.67 ms long soft pulse
at 19.37mW (26 dB; 0.8524 kHz) power level for proton. Acquisition
time = 1.072 s, dy = 0, spectral width in F2 dimension =452.5 Hz and in
F1 dimension = 973.0 Hz. Four transients were collected per increment
(total of 128 increments) for a total experiment time of 11 min 21 s.

Table 2
Some of the possible gradient powers and lengths for the SHESLOC
sequence

G, (G/em) t; (ms) G, (G/cm) t, (ms)
2.49 1.00 9.95 1.00
4.98 0.75 9.95 1.50
7.36 0.75 14.7 1.50

the acquisition time and the quality of the spectra
with the insertion of gradients on the sequence before
and after the polarization transfer step. For simplicity,
we called this experiment SHESSLOC (Selective HEtero-
nuclear Simultaneous Short and LOng range Correlations).

Considering the observable terms mentioned before and
the magnetogyric constants (yg =4yc), it can be shown
that for the heteronuclear case the possible gradients are
given by the relation G»t, = +4Gt;, where G is the gradi-
ent power and ¢ its length. Table 2 summarizes some of
the different gradient powers and lengths used for
SHESSLOC.

All the gradients shown in Table 2 were tested and affor-
ded very similar results.

By comparing the spectra obtained using only phase
cycling to those obtained using only gradients, it can be
observed that the information using gradients is clearer
and more complete. Only for quaternary carbons it is
observed that the two experiments have about the same
performance, especially when more transients and incre-
ments are used to observe some of the long-range
correlations.

4. Conclusions

Although experiments (i) and (ii) show homo- and het-
eronuclear correlations and their corresponding coupling
constants, by comparing the different results we concluded
that SHESSLOC is the best experiment for detecting all
types of heteronuclear correlations using direct detection.
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In fact, the spectra obtained using SHESSLOC contain all
the observable heteronuclear information (correlations and
coupling constants) found in experiments (i) and (i), and it
usually displays new information, even when using less
scans. For example, couplings between C1-H4 and C3-
H7 (*J couplings) in o-ethoxybenzaldehyde were observed
only with SHESSLOC. Second, the success of this experi-
ment does not depend on the values of the H-H couplings,
thus making this sequence independent from homonuclear
experiments. Moreover, peak selectivity problems due to
signal superposition are very rare, as the selective pulse is
in the more frequency dispersed '*C dimension. This is
an advantage even when considering that the selective
pulses have to be applied to the carbon multiplets, which
usually contain 'J couplings.

Despite its very low sensitivity when compared with the
other pulse sequences, experiment (v) can be useful for
estimating a specific coupling constant, as it was shown
for the coupling between C1-H7 and C3-HS5 in o-
ethoxybenzaldehyde.

Insertion of gradients in the SHESSLOC sequence
showed that we can reduce significantly the total time of
the experiment without loss of quality and information.

The advantage of SHESSLOC over other heteronuclear
correlation experiments is that, in principle, it is able to
detect all the observable coupling information from a sam-
ple without the need for the optimization of any time peri-
ods. Also, despite its relatively low sensitivity, because this
is a very short sequence it is less affected by relaxation;
therefore it can be applied to bigger molecules.
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