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The implementation of the HOmodecoupled Band-Selective (HOBS) technique in the conventional Inver-
sion-Recovery and CPMG-based PROJECT experiments is described. The achievement of fully homodecou-
pled signals allows the distinction of overlapped 'H resonances with small chemical shift differences. It is
shown that the corresponding T; and T, relaxation times can be individually measured from the resulting
singlet lines using conventional exponential curve-fitting methods.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The measurement of relaxation rates by Nuclear Magnetic
Resonance (NMR) spectroscopy can provide important insights
into the dynamics of molecules in solution [1]. Longitudinal
spin-lattice T; relaxation times are usually determined from the
Inversion-Recovery (IR) experiments [2,3] whereas transverse
spin-spin T, relaxation times are measured from Carr-Purcell-
Meiboom-Gill (CPMG) sequences [4,5]. Recently, an improved
compensated CPMG sequence that achieves Periodic Refocusing
Of ] Evolution by Coherence Transfer (PROJECT) has been proposed
to minimize the effects of J evolution during the echo periods,
allowing a more accurate extraction of T, values by fitting the
experimental data to a clean exponential decay of pure-phase,
non-J-modulated signals [6,7]. A common feature of all these
experiments is that measurements are based on exponential signal
decays that can be described by first-order differential equations.
In spectral regions with well resolved peaks the corresponding
time constants are easily determined from nonlinear least-squares
fits of each decaying signal to a separate mono-exponential func-
tion. However, simple data analysis are hampered in spectral
regions with significant peak overlap, where the observed signal
decays may be the result of superposition of several individual
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decays which are difficult to distinguish and require the use of
sophisticated fitting methods [8-10]. Several NMR approaches
have been proposed to avoid signal overlapping in relaxation
experiments, such as the initial use of selective coherence by TOC-
SY transfer from an isolated signal [11], although the improved sig-
nal dispersion achieved in 2D/3D NMR experiments has become
the common technique to study the conformational and dynamics
aspects of biomolecules in solution [12].

On the other hand, a number of broadband homodecoupled
NMR methods have been reported to obtain simplified 'H singlet
signals without the typical fine J(HH) multiplet structure [13-
24], and recently an excellent overview of the homodecoupling
techniques and applications has been reviewed [18]. The most
recent applications, that have been encompassed under the term
“pure-shift NMR”, are based on the original Zangger-Sterk (ZS)
experiment [14]. Basically exists two different acquisition proto-
cols: (i) a time-consuming pseudo-2D acquisition mode based on
adding the first part of different interferograms [14,15], and (ii) a
real-time one-shot mode that reduce the experimental time and
do not need for sophisticated processing tools [17]. Most of them
use spatial encoded techniques, and therefore pronounced sensi-
tivity losses due to slice selection are unavoidable that requires
long acquisition times. Other homodecoupling methods using the
BIRD module [19] do not suffer of sensitivity penalties but their
applications are limited to heteronuclear correlation experiments
[24]. Alternatively, a novel HOmodecoupled Band-Selective (HOBS)
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approach [25,26], closely related to the instant ZS experiment [17]
has been proposed. The HOBS technique is not a broadband
homodecoupling method that covers all the spectral width, rather
it is a frequency-selective inverse homodecoupled method. How-
ever, it has been shown to be a sensitive and valuable practical tool
when focusing specifically on a narrow part of the whole spectrum
and applications have been provided for enantiodifferentiation
studies [27], discrimination of diastereoisomers [28] or the mea-
surement of heteronuclear coupling constants [29]. The main
drawback is that it is a frequency-selective experiment and only
a particular part of the 'H spectrum can be monitored in a single
experiment. As a major advantage, the HOBS method omits the
spatial encoding gradient applied simultaneously with the selec-
tive pulses in the original instant scheme, avoiding any sensitivity
loss and allowing its performance with reasonable experimental
times. This communication reports the straightforward implemen-
tation of the HOBS technique in standard IR and PROJECT experi-
ments (Fig. 1) with the aim to resolve overlapped 'H resonances
with small chemical shift differences. Thus, T; and T, relaxation
times can be accurately measured from the resulting singlet lines
using conventional exponential curve-fitting methods, without
need for additional data analysis based on deconvolution or line
fitting techniques [30,31].

2. Results and discussion

The major novelty with respect to the original experiments is
the incorporation of the homodecoupled element during the detec-
tion period that consists of a pair of hard/selective 180° 'H pulses
(represented as solid and shaded shapes) at the middle of 24 = AQ/
n periods, where AQ is the acquisition time and n the number of
concatenated loops [25,26]. In addition, a 'H-selective gradient
echo has been inserted prior to acquisition to select the area of
interest, where the involved selective 180° 'H pulse is the same
as used for homodecoupling. For a perfect broadband homodecou-
pling, these experiments should be applied to particular areas of
the 'H spectrum where appear overlapped protons that are not
mutually | coupled.

HOBS experiments can use the same automated data acquisi-
tion, processing and fitting analysis subroutines as the original

experiments. A series of 1D 'H spectra are sequentially recorded
as a function of the recovery delay (t) or the total echo time
(te=4mt’) in IR (Fig. 1A) and PROJECT (Fig. 1B) experiments,
respectively. Fig. 2 compares the experimental results obtained
for the IR and HOBS-IR experiments applied to the H, proton
region in the peptide cyclosporine. Good agreement is observed
between the T; measured for all isolated signals with both meth-
ods demonstrating that the incorporation of homodecoupling does
not distort the measurement (Table 1). The excellence of the
method is illustrated by distinguishing the individual decays of
the overlapped H; and Hg resonances at 4.78-4.80 ppm. Clearly,
the successful analysis of the two resolved singlets (separated by
13 Hz) allows an accurate determination of each distinct T; value
without resorting to more complex data analysis. The same
strategy can be applied for T, measurements. The simplicity and
the accuracy of the measurements is demonstrated when compar-
ing the equivalent CPMG, PROJECT and HOBS-PROJECT spectra, all
of which acquired with a total echo time of 156 ms (Fig. 3B-D).
Whereas the standard CPMG spectrum shows strong multiplet
distortions due to the unavoidable Jyy evolution, perfect in-phase
multiplets are obtained from both PROJECT spectra.

Clearly, the in-phase properties are fully retained in the HOBS-
PROJECT spectra (Fig. 3D), where improved sensitivity and resolu-
tion are obtained due to the efficient multiplet collapsing. The
method works equally well for mutually J-coupled protons that
experience the effect of the selective 180° pulse, and therefore they
are not fully homodecoupled. T, measurements on the partially
decoupled olefinic H1¢ and H1; protons (asterisks in Fig. 3D) can
be also monitored efficiently from the simplified doublet patterns.

The HOBS methods can be very useful to simplify highly con-
gested areas, such as those found in the aliphatic region of the ste-
roid progesterone (Fig. 4). Three resonances with complex
multiplet patterns appear completely overlapped at 2.0 ppm. The
simplified HOBS spectrum shows clean singlets for each of these
signals, with small chemical differences of 14-18 Hz. Note the
equivalence between IR and HOBS-IR data by observing the same
exact null point for the strong methyl signal (see experimental
details and experimental T;/T, values in the supporting
information).

Experimentally, the HOBS technique requires a very simple and
fast implementation. Only two parameters need to be defined in a
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Fig. 1. NMR pulse schemes of the HOBS-IR and HOBS-PROJECT experiments used to measure T; and T, relaxation times, respectively, in overlapped proton signals.
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Fig. 2. 600 MHz 'H NMR spectra obtained from the (A) conventional IR and (B) HOBS-IR experiments to determine T; values for all H,, protons on 25 mM cyclosporine in
benzene-dg. At the bottom, the clean differentiation between the overlapped H7 and H8 protons is shown. All spectra were collected under the same experimental conditions
and plotted at the same absolute vertical scale. Homodecoupling was achieved using the detection scheme described in Fig. 1A with a 5 ms REBURP 180° pulse, 4 = 8.9 ms,

AQ=569 ms and n=32.

Table 1

Experimental T; and T, values obtained from IR, HOBS-IR, PROJECT and HOBS-
PROJECT experiments for H,, and olefinic protons in cyclosporine, calculated using a
simple mono-exponential decay.

Proton ¢ (ppm) T; measurement (s) T, measurement (s)
IR HOBS-IR PROJECT HOBS-PROJECT

H9 5.83 041+0.01 043001 037+0.01 0.36+0.01
H1 5.69 0.60+0.01 0.60+0.01 0.29+0.02 0.33+0.01
H4 5.55 0.89+0.01 0.88x0.01 032+0.01 0.34+0.01
H6 5.36 0.55+0.01 0.57+001 033+£0.01 0.33+0.01
H10 5.31 0.41+0.01 042+0.01 0.27+0.01 0.30+0.02
H11 5.23 0.81+0.02 0.85%+0.01 041+0.03 0.35+0.04
H2 5.09 094+0.01 092+001 035+0.02 0.32+0.01
H5 4.85 0.88+0.02 0.88+0.01 0.41+0.01 0.38+0.02
H8 4.80 0.98 £ 0.02 0.47 +0.01
H7 478 1142001 1334001 048:001 (504001
Hle 5.61 141+0.01 139+£0.02 0.57+0.01 0.56+0.01
H1¢ 5.50 1.27+£0.01 1.29+0.01 056%0.01 0.55+0.02

single-scan 1D acquisition mode: the offset and the selectivity of
the 180° 'H pulse as a function of the crowded area to be analyzed.
It is also worth to mention that maximum sensitivity is retained,
although multiple experiments would be required to monitor dif-
ferent overlapped areas. This fact no means a severe impediment
to the method as proton relaxation times do not consume large
amounts of spectrometer time. Alternatively, broadband homode-
coupled for all signals present in the 'H spectrum should be feasi-
ble using the instant ZS experiment [17], simply applying a
gradient during the selective 180° pulses in schemes of Fig. 1,
but high levels of sensitivity would be lost due to spatial encoding
selection. Moreover, we can anticipate that the HOBS technique
could be successfully implemented to improve the analysis in
other related relaxation methods [32-34], including the measure-
ment of selective T, relaxation times (T;se;) [35,36] or spin-lattice
relaxation times in the rotating frame (Tq;no) [11]. Other potential
applications should be the study of reaction kinetics in complex
areas or the determination of individual diffusion coefficients in
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Fig. 3. Comparison of 1D (A) conventional 'H, (B) CPMG, (C) PROJECT, and (D) HOBS-PROJECT spectra of cyclosporine acquired with a total echo time of 7. = 156 ms (m = 26
and 7' = 1.5 ms). All spectra were collected under the same experimental conditions as described in Fig. 2 and are plotted at the same absolute vertical scale. (E) Signal T,

decays for the H5, H8 and H7 protons in the HOBS-PROJECT experiment.

multi-component systems as similarly reported for analogous
pure-shift DOSY experiments [15,16].

3. Conclusions

In summary, homodecoupling can improve the appearance of
crowded areas of the 'H spectrum by collapsing multiplet structure
to singlet lines. The implementation of the HOBS technique in stan-
dard IR and PROJECT experiments can enhance the simplicity and
accuracy by which T; and T, relaxation times are measured from
overlapped resonances, while the sensitivity of the original exper-
iments are retained. It has been shown that in absence of signal
overlapping, individual mono-exponential decays from simplified
singlet signals can be easily monitored using standard fitting
procedures.

4. Methods and materials

All NMR experiments were collected at 298 K on a Bruker
AVANCE spectrometer (Bruker BioSpin, Rheinstetten, Germany)
operating at 600.13 MHz proton frequency, equipped with a
5 mm triple resonance inverse probe and a z-axis pulsed field gra-
dient accessory (maximum strength of 53.5 G/cm) acquired and
processed using the software TOPSPIN 3.1 (Bruker BioSpin, Rhein-
stetten, Germany).

The two samples used in this work were 25 mM cyclosporine
(in benzene-d6) and 100 mM progesterone (in DMSO-d6). Hard
90° 'H pulses of duration 7.8 ps (for cyclosporine) and 8.3 ps (for
progesterone) were used in each sample. A 180° band-selective
REBURP shaped pulse of 5.0 ms (for cyclosporine) and 20 ms (for
progesterone) was used for both excitation and homodecoupling
in HOBS experiments. The strengths of the G1, G2 and G3 gradients
were set to 9.1, 21.9 and 33.7 G/cm, respectively, with durations of
500 ps followed by a recovery delay of 20 ps (6 =520 ps). The 'H

spectral width was set to 7200 Hz and 8 K complex points were
recorded during an acquisition time of 569 ms. 32 (for cyclospor-
ine) and 23 (for progesterone) loops (n) were concatenated with
A periods of 8.9 and 12.37 ms, respectively (A = AQ/2n). The first
and the last chunks are half size (AQ/2n) relative to the rest of
chunks (AQ/n).

10 experiments with different values of recovery delay
7(0.01, 0.05,0.1,0.25,0.5,1,2,4,8 and 15s) were acquired for
each IR and HOBS-IR experiment, using 8 scans and 15 s of recycle
delay. 12 experiments with different number of echoes (m —1=1,
5, 10, 20, 25, 40, 50, 75, 100, 150, 200 and 250) and a relaxation
delay 7’ of 1.5 ms were acquired for each PROJECT and HOBS-PRO-
JECT experiments, using a single scan and 10 s of recycle delay. 1D
time-domain data were transformed without any sensitivity or
resolution enhancement, and the same phase and baseline correc-
tions were applied for all resulting 1D spectra.

The standard IR and CPMG experiments were recorded using
the t1ir and cpmg1d pulse programs that are available in the Bruker
library. Pulse programs codes for Bruker spectrometers are avail-
able in our blog (http://sermn.uab.cat).

The calculation of longitudinal T; relaxation times was carried
out with the subroutine t1guide included into the TOPSPIN3.1 soft-
ware package. A set of 1D spectra recorded with different recovery
delays t were stored in a 2D data set and T; values were extracted
by fitting the data to the equation:

A£:1 5l H) (1)

0

where A is the integrated area of the peak in the spectrum and Ay is
the area when 7 — oc.

The transversal T, relaxation times values were extracted from
fitting the integrated area of a given signal as a function of total
echo time 7. assuming single exponential decay process. This nat-
ural exponential function can be rewritten in natural logarithmic
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Fig. 4. Experimental decays in (A) IR and (B) HOBS-IR experiments of all protons resonating in the region 1.8-2.1 ppm in progesterone. All spectra are plotted in the same
absolute vertical scale. Homodeocupling was achieved using the detection scheme described in Fig. 1A with a 20 ms REBURP 180° pulse, 4 = 12.37 ms, AQ = 569 ms and

n=23.

form where A and 7. present a linear dependence and T, can be
extracted from the slope:

A:Ao-e<’%> lnA:lnAo—Tlre )
2

where 7. is calculated as 7. =4mt’.

Acknowledgments

Financial support for this research provided by the spanish
MINECO (project CTQ2012-32436) is gratefully acknowledged.
We also thank the Servei de Ressonancia Magnética Nuclear, Uni-
versitat Autonoma de Barcelona, for allocating instrument time
to this project.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jmr.2014.04.003.

References

[1] V.I. Bakhmutov, Practical NMR Relaxation for Chemists, John Wiley & Sons,
Chichester, 2005.

[2] P.B. Kingsley, Signal intensities and T; calculations in multiple-echo sequences
with imperfect pulses, Conc. Magn. Reson. 11 (1999) 29-49.

[3] P.B. Kingsley, Methods of measuring spin-lattice (T;) relaxation times: an
annotated bibliography, Conc. Magn. Reson. 11 (1999) 243-276.

[4] H.Y. Carr, EMM. Purcell, Effects of diffusion and free precession in nuclear
magnetic resonance experiments, Phys. Rev. 94 (1954) 630-638.

[5] S. Meiboom, D. Gill, Modified spin-echo method for measuring nuclear
relaxation times, Rev. Sci. Instrum. 29 (1958) 688-691.

[6] J.A. Aguilar, M. Nilsson, G. Bodenhausen, G.A. Morris, Spin-echo NMR spectra
without ] modulation, Chem. Commun. 48 (2012) 811-813.

[7] T.F. Segawa, G. Bodenhausen, Determination of transverse relaxation rates in
systems with scalar-coupled spins: the role of antiphase coherences, ]. Magn.
Reson. 237 (2013) 139-146.

[8] A.A. Istratov, O.F. Vyvenk, Exponential analysis in physical phenomena, Rev.
Sci. Instrum. 70 (1999) 1233-1257.

[9] K. Holmstrém, J. Petersson, A review of the parameter estimation problem of
fitting positive exponential sums to empirical data, Appl. Math. Comput. 126
(2002) 31-61.

[10] G.L. Bretthorst, W.C. Hutton, J.R. Garbow, ].J.H. Ackerman, Exponential
parameter estimation (in NMR) using Bayesian probability theory, Conc.
Magn. Reson. Part A 27 (2005) 55-63.

[11] B. Boulat, R. Konrat, I. Burghardt, G. Bodenhausen, Measurement of relaxation
rates in crowded NMR spectra by selective coherence transfer, ]. Am. Chem.
Soc. 114 (1992) 5412-5414.

[12] L.E. Kay, D.A. Torchia, A. Bax, Backbone dynamics of proteins as studied by >N
inverse detected heteronuclear NMR spectroscopy: application to
staphylococcal nuclease, Biochemistry 28 (1989) 8972-8979.

[13] S.Simova, H. Sengstschmid, R. Freeman, Proton chemical-shift spectra, J. Magn.
Reson. 124 (1997) 104-121.

[14] K. Zangger, H. Sterk, Homonuclear broadband-decoupled NMR spectra, ].
Magn. Reson. 124 (1997) 486-489.

[15] J.A. Aguilar, S. Faulkner, M. Nilsson, G.A. Morris, Pure shift 'H NMR: a
resolution of the resolution problem?, Angew Chem. Int. Ed. 49 (2010) 3901-
3903.

[16] M. Nilsson, G.A. Morris, Pure shift proton DOSY: diffusion-ordered 'H spectra
without multiplet structure, Chem. Commun. 9 (2007) 933-935.

[17] N.H. Meyer, K. Zangger, Simplifying proton NMR spectra by instant
homonuclear broadband decoupling, Angew. Chem. Int. Ed. 52 (2013) 7143-
7146.

[18] N.H. Meyer, K. Zangger, Boosting the resolution of 'H NMR spectra by
homonuclear broadband decoupling, ChemPhysChem 15 (2014) 49-55.

[19] JR. Garbow, D.P. Weitekamp, A. Pines, Bilinear rotation decoupling of
homonuclear scalar interactions, Chem. Phys. Lett. 93 (1982) 504-509.


http://dx.doi.org/10.1016/j.jmr.2014.04.003
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0005
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0005
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0005
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0010
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0010
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0010
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0015
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0015
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0015
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0020
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0020
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0025
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0025
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0030
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0030
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0035
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0035
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0035
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0040
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0040
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0045
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0045
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0045
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0050
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0050
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0050
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0055
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0055
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0055
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0060
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0060
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0060
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0060
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0065
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0065
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0070
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0070
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0075
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0075
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0075
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0075
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0080
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0080
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0080
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0085
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0085
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0085
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0090
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0090
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0090
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0095
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0095

L. Castafiar et al./Journal of Magnetic Resonance 244 (2014) 30-35 35

[20] P. Sakhaii, B. Haase, W. Bermel, Experimental access to HSQC spectra
decoupled in all frequency dimensions, J. Magn. Reson. 199 (2009) 192-198.

[21] A. Lupulescu, G.L. Olsen, L. Frydman, Toward single-shot pure-shift solution 'H
NMR by trains of BIRD-based homonuclear decoupling, J. Magn. Reson. 218
(2012) 141-146.

[22] P. Sakhaii, B. Haase, W. Bermel, R. Kerssebaum, G.E. Wagner, K. Zangger,
Broadband homodecoupled NMR spectroscopy with enhanced sensitivity, J.
Magn. Reson. 233 (2013) 92-95.

[23] T. Reinsperger, B. Luy, Homonuclear BIRD-decoupled spectra for measuring
one-bond couplings with highest resolution: CLIP/CLAP-RESET and constant-
time-CLIP/CLAP-RESET, J. Magn. Reson. 239 (2014) 110-120.

[24] I Timari, L. Kaltschnee, A. Kolmer, RW. Adams, M. Nilsson, C.M. Thiele, G.A.
Morris, K.E. Koévér, Accurate determination of one-bond heteronuclear
coupling constants with “pure shift” broadband proton-decoupled CLIP/
CLAP-HSQC experiments, J. Magn. Reson. 239 (2014) 130-138.

[25] L. Castaflar, P. Nolis, A. Virgili, T. Parella, Full sensitivity and enhanced
resolution in homodecoupled band-selective NMR experiments, Chem. Eur. J.
19 (2013) 17283-17286.

[26] J. Ying, J. Roche, A. Bax, Homonuclear decoupling for enhancing resolution and
sensitivity in NOE and RDC measurements of peptides and proteins, ]J. Magn.
Reson. 241 (2014) 97-102.

[27] L. Castafiar, M. Pérez-Trujillo, P. Nolis, E. Monteagudo, A. Virgili, T. Parella,
Enantiodifferentiation through frequency-selective pure-shift 'H nuclear
magnetic resonance spectroscopy, ChemPhysChem 15 (2014) 854-857.

[28] RW. Adams, L. Byrne, P. Kirdly, M. Foroozandeh, L. Paudel, M. Nilsson, ].
Clayden, G.A. Morris, Diastereomeric ratio determination by high sensitivity

band-selective pure shift NMR spectroscopy, Chem. Commun. 50 (2014)
2512-2514.

[29] L. Castaiiar, J. Sauri, P. Nolis, A. Virgili, T. Parella, Implementing homo- and
heterodecoupling in region-selective HSQMBC experiments, J. Magn. Reson.
238 (2014) 63-69.

[30] G.A. Morris, H. Barjat, T.J. Horne, Reference deconvolution methods, Prog. NMR
Spectrosc. 31 (1997) 197-257.

[31] M. Geppi, C. Forte, The SPORT-NMR software: a tool for determining relaxation
times in unresolved NMR spectra, J. Magn. Reson. 137 (1999) 177-185.

[32] N.M. Loening, M.J. Thrippleton, J. Keeler, R.G. Griffin, Single-scan longitudinal
relaxation measurements in high-resolution NMR spectroscopy, J. Magn.
Reson. 164 (2003) 321-328.

[33] R. Bhattacharyy, A. Kumar, A fast method for the measurement of long spin—
lattice relaxation times by single scan inversion recovery experiment, Chem.
Phys. Lett. 383 (2004) 99-103.

[34] P.E.S. Smith, KJ. Donovan, O. Szekely, M. Baias, L. Frydman, Ultrafast NMR T1
relaxation measurements: probing molecular properties in real time,
ChemPhysChem 13 (2013) 3138-3145.

[35] F.W. Dahlquist, K.J. Longmur, R.B. Du Vernet, Direct observation of chemical
exchange by a selective pulse NMR technique, ]. Magn. Reson. 17 (1975) 406-
410.

[36] D.A. Leigh, A. Murphy, J.P. Smart, M.S. Deleuze, F. Zerbetto, Controlling the
frequency of macrocyclic ring rotation in benzylic amide [2]catenanes, J. Am.
Chem. Soc. 120 (1998) 6458-6467.


http://refhub.elsevier.com/S1090-7807(14)00109-8/h0100
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0100
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0105
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0105
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0105
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0105
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0110
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0110
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0110
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0115
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0115
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0115
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0120
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0120
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0120
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0120
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0125
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0125
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0125
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0130
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0130
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0130
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0135
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0135
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0135
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0135
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0140
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0140
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0140
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0140
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0145
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0145
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0145
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0150
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0150
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0155
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0155
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0160
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0160
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0160
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0165
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0165
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0165
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0170
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0170
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0170
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0175
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0175
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0175
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0180
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0180
http://refhub.elsevier.com/S1090-7807(14)00109-8/h0180

	Measurement of T1/T2 relaxation times in overlapped regions from homodecoupled 1H singlet signals
	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Methods and materials
	Acknowledgments
	Appendix A Supplementary material
	References


