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Results and Discussion

Introduction

The most serious drawback of HSQC and HSQMBC experiments is that the phase of 2D
cross-peaks appear strongly distorted due to that the observable magnetization just
before acquisition is a mixture of IP and AP components (see Eq.1.12 in section 1.2.1.1).
This communication reports a simple and general solution to obtain heteronuclear
correlation spectra that yield truly pure absorption lineshapes and IP multiplet structures
for all available cross-peaks with respect to both Joy and al the passive Jyy coupling
constants along the detected dimension. The proposal is based on a conventional
HSQC/HSQMBC pulse train with and appended adiabatic z-filter®® applied just before

acquisition.

The use of adiabatic z-filters was proposed to remove the Zero-Quantum Coherences
(2QCs) which give rise to AP dispersive components, thereby reducing the effective
resolution, introducing misleading correlation, and obscuring wanted features. Although
ZQCs are not detected, they can be transferred into observables signals producing AP
dispersive components in the final spectrum. This ZQ filter is based on the simultaneously
application of a swept-frequency 180° pulse (CHIRP pulse) and a soft PFG flanked by two
90° 'H pulses (Figure 22).

adiabatic 180
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Figure 22: ZQ-filter scheme that consists of a simultaneous CHIRP 180° H pulse and a purging
gradient (G;) followed by a single short gradient (G,), all they placed between two 90° H pulses.

The way in which this swept-pulse/gradient pair works can be envisaged in the
following way. The application of the gradient (along the z-axis) results in that the Larmor
frequency becomes a function of the z-position into the NMR tube. The swept-frequency
180° pulse will therefore flip the spins at different positions in the sample at different
times. Thus, the top of the sample might experience the 180° pulse at the start of the
sweep, the middle of the sample at time 1:/2, and the bottom at time 1;, where t is the
duration of the sweep. The result is that in different parts of the sample the

zero-quantum has evolved for different times, and so has acquired a different phase. If

[94] M. Thrippleton, J. Keeler. Angew. Chem. Int. Ed., 2003, 42, 3938.
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the range of these phases across the sample is large enough, the net result will be the

cancelation of the ZQCs.

The experimental results shown in this publication confirm that the adiabatic z-filter
incorporated at the end of the conventional HSQC/HSQMBC pulse train is an efficient tool
to suppress unwanted homo- and heteronuclear AP contributions. The proposed
PIP-HSQC and PIP-HSQMBC experiments yield undistorted in-phase cross-peaks that are
amenable for a more accurate extraction of small coupling constant values. All these
methods can be recorded in full automation mode without any prior calibration and they
offer a general implementation on a large variety of isotropic and anisotropic sample

conditions.
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Pure In-Phase Heteronuclear Correlation NMR Experiments™**

Laura Castanar, Josep Sauri, Robert Thomas Williamson, Albert Virgili, and Teodor Parella*

Abstract: A general NMR approach to provide pure in-phase
(PIP) multiplets in heteronuclear correlation experiments is
described. The implementation of a zero-quantum filter
efficiently suppresses any unwanted anti-phase contributions
that usually distort the multiplet pattern of cross-peaks and can
hamper their analysis. The clean pattern obtained in PIP-
HSOMBC experiments is suitable for a direct extraction of
coupling constants in resolved signals, for a peak-fitting
process from a reference signal, and for the application of
the IPAP technique in non-resolved multiplets.

Long-rangc proton-carbon correlations routinely extracted
from HMBC spectra are key elements in the structural
characterization of small and medium-sized molecules in
solution'! However, the accurate quantitation of such
interactions from these spectra has been problematic due to
the charactenistic mixed phases of the resulting HMBC cross-
peaks, which lead to difficult data analysis” As an alter-
native, the long-range optimized HSQC experiment, referred
10 as HSOMBC," has been preferred to measure small
proton-carbon coupling constants, "J(CH) (n > 1), although it
is not free of inconveniences. In both HMBC and HSOMBC
experiments, the main source of problems arises from the fact
that proton-proton coupling constants, J(HH), that have
similar magnitudes to "J(CH) (typically ranging from (-
15 Hz), also evolve during the defocusing/refocusing periods
This unwanted modulation can introduce undesired effects in
both the multiplet phase and the transfer efficiency. In order
to avoid or minimize such interferences, several approaches
have been reported such as the use of a BIRD-INEPT
element,! CPMG pulse trains" or selective 180° "H pulses!®!

HMBC and HSOMBC experiments are usually recorded
under non-refocusing conditions and the resulting cross-peaks
are related to anti-phase (AP) multiplet patterns. Recently,
a frequency-selective CLIP-HSOMBC experiment has been
proposed to obtain undistorted pure in-phase (PIP) patterns
that are easier to analyze but this approach requires the
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recording of multiple experiments to monitor all protons in
the molecule of interest.”) Here we report a simple and
general solution to obtain heteronuclear correlation spectra
that yield truly pure absorption lineshapes and IP multiplet
structures for all available cross-peaks with respect to both
J(CH) and all passive J(HH) coupling constants along the
detected dimension (Figure 1). The proposal is based on
a conventional HSQC pulse train with an appended adiabatic
z-filter™ applied just before a refocusing gradient perfect-
echo element™ and acquisition. Modification of HSQC and
HSOMBC pulse sequences to include o PIP-module affords
experiments that can be referred to as PIP-HSQC when the A
delay is optimized as a function of 'J(CH) or as PIP-
HSOMBC when A is optimized as a function of "J(CH).
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Figure 1. Pulse sequence designed to obtain pure in-phase (PIP) cross-
peaks in heteronuclear correlation experiments, The delay A is set to
1/R2'J(CH)] or 1/[2°J(CH)] in PIP-HSQC or PIP-HSQMBC experiments,
respectively. The z-filter includes a chirped adiabatic 180" 'H pulse
applied simultaneously with a purging GO gradient, and broadband
heteronuclear decoupling during proton acquisition is optional. A
complete detailed description of the experiment can be found in the
Supporting Information.

The HSQC scheme is easily analyzed by product operator
formalism considering a heteronuclear three-spin H,, H, and
C system, with J(H,H,) and J(CH,) coupling values. At the
end of the refocusing INEPT period (point a in Figure 1), the
magnetization of spin H, can be described as a mixture of IP
and AP components:

H, ¢s"-2H,,C, &¢¢ + 2H, Hyess” + 4H, H,.C. esc's’ n

where ¢ is cos(a/(H H,)A), s is sin(x/(H,H,)A), ¢ is cos(a/-
(CH))A). 8" is sin(2J(CH, )A), and A is the J evolution period.
The last three terms explain why cross-peaks appear strongly
distorted in F2-coupled HSQC spectra of a test sample of the
alkaloid strychnine (1) (Figure 2A). The use of the CLIP
technique (a 90° C purging pulse applied just before the
acquisition)'" or heteronuclear decoupling during acquisition

Wiley Online Library
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Figure 2. 1D traces extracted at the C20 chemical shift of (1) showing
the phase distortions in A) conventional HSQC, B) CLIP-HSQC, and
C) PIP-HSQC spectra with A eptimized to several JJ{CH) values:

Z.8 ms (180 Hz), 3.6 ms (140 Hz), 5 ms (100 Hz), and 16.7 ms

(30 Hz). Experimental values of the diastereotopic CH, group:
1){H20a-H20b) = 14.9 Hz, ')C-H20a) = 138.8 Hz. 'JIC-

H20b) = 138.7 Hz.

efficiently removes the second and the fourth terms, but
a mixture consisting of Hy, +2H, H.. sull remains (Fig-
ure 2B). In practice. due to the difference of magnitudes
between 'N{CH) and JIHH), these unwanted contributions
are small and they have been traditionally omitted in cross.
peak analysis in CLIP-HSOC or in conventional decoupled
HSQC expenments. It is shown experimentally and by
simulations that a gradient-based "H z-filier before acquis-
ition!"'! would improve the result by partially removing the
double-quantum contribution in the third term but PIP peaks
are still not achieved (Supporting Information, Figures 51—
S6). These perturbations could become critical when measur-
ing 'J{CH) in the presence of large JIHH) values {Figure 83,
as could be found in the measurement of Residual Dipolar
Couplings (RDCs) for weakly aligned samples in anisotropic
media, or in experiments involving longer A delavs (Figur-
£554-56), For instance, for JJHH)=5Hz and 'N{CH) =
140 He, the contribution of the 20 term is only about 3%
in a 140 Hz optimized HSOQC experiment. However, in the
case that "f{CH) =8 Hz. this percentage increases to 75% in
an 8 Hz optimized experiment.

As o further enhancement, it is shown here that all
unwanted homo- and heteronuclear dispersive AP contribu-
tions are completely removed (Figure 2C) by applying a z-
filter consisting of a 90° ('H)-{adiabatic 180° "H pulse/purge
eradient |90 ('H) element.™ The remarkable benefits from
the use of a z-filter for obtaining high-quality spectra has
already been demonstrated for a number of NMR expen-
ments.™ " Thus, after the W°,('H) pulse the above four
components are converted o
~H, -2 H,,C, ¢ + 2H, H,, ess™ 4 H,,H,, C, esc's’ 2}
where the second and fourth terms represent transverse AP
heteronuelear magnetization and the third element repre-
sents @ mixture of homonuclear Z0 and DO coherences,
which are also eliminated by the effect of the simultaneous

www.angewandte.ong
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adiabatic 180° "H pulse and the purging GO gradient pair, As
a result, only the first term representing the desired 1P
magnetization remains detectable after the z-filter (point b in
Figure 1), To maintain the pure [P character during detection,
the classical 5-180° ('"H)-G2 block has been replaced by
a perfeet gradient echo element, in the form of 51807, ('H)-b-
WF, (' H)-d-180°,("H)-G2, where J(HH) should be fully refo-
cused ™ Using prodients with a duration of 1ms, the
unwanted anti-phase S(HH) contribution should be about
3% for a {HH) =5 Hz using a conventional gradient echo
(Figure 57).

The interference of JIHH) effects is more obvious when
the size of JICH) and J{HH) are of the same order, as found
in long-range heteronuclear correlation experiments. The
importance of the z-filter is illustrated with the superor [P
performance of the 8 He PIP-HSOMBC expeniment over
conventional, CLIP and z-filtered HSOMBC experiments
acquired under the same conditions (Figure 3}, It must be
emphasized that the apparent reduced sensitivity of the PIP
spectrum is not due to relaxation associated to the z-filter, but
rither to the elimination of all dispersive components.
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Figure 3. &) 'H NMR spectrum of (1); B-E) 1D traces extracted at the
C12 chemical shift showing the signal distortions in B) HSQMBC,

C) CLIP-HSQMBC, D) 2-filtered HSQMBC, and E) PIP-HSQMBC spec-
tra (all experiments were optimized to 8 Hz (A = 62.5 ms)).

The inspection of some selected traces along the F2
dimension belonging to the 8 He PIP-HSOMBC spectrum of
(1) clearly reveals that all eross-peaks display a clean 1P
character (Figure 4B). The expansion observed for the HS
and H20a cross-peaks (Figure 4C) exhibits well resolved
multiplets, where the additional 1P splitting (in these simple
signals all observed cross-peaks become double-doublets)
allows a direct and easy determination of the "ACH) value,
analogous 1o measuring J{HH) in conventional 1D 'H
specira. Note the rough proportionality  between  signal
mtensity and “J{CH) values. Under these conditions, even
a small coupling value of 2.3 Hz can be directly measured for
the two-bond CT/HE correlation. Experimentally, a different
delay optimization can be useful in the event that expected
correlations are missing ( Figure 58).

Angew. Chem, Imd. Ed. 2004, 53, 8379 -8382
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Figure 4. A) 8 Hz optimized PIP-HSQMBC spectrum of (1) acquired with a BIRD cluster in the initial INEPT period to minimize direct responses.
B) 10 row slices taken at different "'C frequencies showing in-phase multiplet patterns for all observed cross-peaks. €) Expanded area showing
how the magnitude af J{CH) can be easily determined fram direct analysis of undistorted and resolved IP peaks,

The extraction of “NCH) in more complex or non-
resolved multipless can be performed with several established
methods: 1) measuring overall multiplet widths, 2) ftting!
matching them 1o an external reference cross-peak obtained
from the same sequence with broadband "C-decoupling
during acquisition,"" or 3) from the internal satellite lines
corresponding to the direct 'J(CH) responses, if available,
without need 1o acquire a second reference spectrum.
Alternatively, a simple approach relies on the implementation
af the TPAP technigue, which is achieved by recording twa
separate [P and AP datasets as o function of the last 180" 7C
pulse (marked with £ in Figure 1), Figure 5 and 59-510
compare the success of all these analytical methods from
some selected cross-peaks. Similar results are obtained in
experimenis where the basic INEPT period has been replaced
by other heteronuclear echo periods such as INEPT-BIRD,M
CPMGY or CPMG-BIRD' elements (Figures S11-S14).

The performance of the proposed PIP methods has been
also verified under anisotropic conditions, using a sample of
I weakly aligned in o reversible compressed poly(methyl
methacrylate (PMMA) gel swollen in CDC, (Figures S15-
$173.' Although broader and more complex 'H signals are
tvpical for RDC experiments, experimental splittings arising
from CH couplings in the range 110-19%0 Hz and to large HH

Angew, Chem. fmi. Ed. pony. 13 Sy -838a
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Figure 5. Comparison of several methods for the measurement of
"JICH) values in non-resolved or complex multiplets. PIP-HSQMBC
cross-peaks obtained A) with and B without "'C decoupling during
acquisition; C) fitting process perfarmed from the decoupled multip-
lets in A to match the experimental coupled multiplets in B; D} over-
faid o and [} mubtiplets obtained after 1P+ AP data combination in an
IPAP experiment, respectively

www.angewandte.org

221

238



8382  wwwangewandte.org

Publication 8

Angewandt
ngewandte
g " Communications

couplings up to 35 He can be measured {Tables 51-53). In
particular, special focus is made for the analysis and precise
determination of 'D(CH} and “D{HH) RDCs from undis-
tored cross-peaks belonging to diasterotopic CH. groups
The H11a/H11b protons of T are a good example to evaluate
the more sccurate measurement of their homonuclear
CD{HH)=-125Hz) and heteronuclear ('D{C, H,,) =
+77Hz and 'D{C,H,,)=—182 Hz) RDCs, facilitating
determination of their unequivocal orientation and stercose-
lective assignment. 1t is shown that errors in the measurement
of up 1o 10% Hz can be introduced from distorted cross-
peaks in conventional F2-coupled CLIP-HSOQC and F2-
decoupled HSQC spectra. These errors are avoided in the
undistorted PIP-HSOC cross-peaks. In addition, a PIP-
HSOMBC spectrum has been recorded under these challeng-
ing conditions 1o guantitatively measure a number of small
long-range CH RDCs values, thus opening the door for the
application of these parameters to superior structure deter-
mination and refinement {Figures 519-521).

In conclusion, it has been shown that a =-filter is an
extremely efficient tool to suppress unwanted homo- and
heteronuclear anti-phase contributions in HSQC-like experi-
ments The proposed PIP-HSOQC and PIP-HSOMBC experi-
ments vield undistorted in-phase cross-peaks that are ame-
nable for a more accurate extraction of small coupling
constant values All these methods ean be recorded in full
automation mode without any prior calibration and they offer
a general implementation on a large variety of isotropic and
anisotropic sample conditions. In addition, the method can be
implemented in other inverse-detected NMR experiments,
including HMOC-type  experiments or  involving  other
heteronuclel than carbon,

Received: April 9, 2014
Published online: June 24, 2014

@ywm: coupling constants -
heteronuclear long-range correlation - HSQC - HSQMBC -
pure in-phase NMR

222

© 2004 WikepVCH Verlag GmbH & Ca. KGaA, Weinheim

[1] a) A. Bax, M. F. Summers, /. A Chem,. Soc, 1986, 108, 20893 -
2004 b) R. C. Breton, W, F. Reynolds, Nar. Prewd, Rep. 2003, 309,
50 = 524,

[2] a) T. Parella, ). F. Espinosa, Prog. Neuel. Magn, Reson. Spectrose.
2003, T3, 17-55; b)B L. Mdirquez, W.H. Gerwick, R.T.
Willinmson, Magee Rexoes Cluen, 2000, 39, 409 - 534,

[3] &) B.T. Willinmson, B L, Mirquez, W, H. Gerwick, K. E. Kovér,
Magn. Reson, Chern. 2000, 38, 265-273.

[4] a) L B, Garbow, [ P Weitekamp, A. Pines, Chemn, Flivs Lo
1982, 93, HM-50; b} V. Lacerda, Jr., GV L da Silva, M. G
Constantino, . F, Tormena, R, T. Willinmson, B L. Mirguez,
Mg, Reson. Chene 2006, 44, 9598,

[5] a) H. Koskeln, 1. Kilpelainen, S Heikkinen, & Magn. Resor
2003, 164, 226 - 232 b) K. E. Kovér, G Batta, K. Fehér, S, Magn
Resor. 2006, [8], 89-97; ¢) K. Kobear, B. Luy, £ Magn Reson,
2007, 156, 131 -141,

[6] a) & Gil, LE Espinosa, T. Parella, . Magn, Reson. 2000, 207,
312-313; b} & Gil, L F. Espinosa. T. Poarelln, J. Magn. Resomn
2001, 203, 145150, ¢) ). Sauri, L F. Espinesa, T. Parella, Amgpen.
Choren, 2002, 124, 3985 - 3988 Angew. Chenn. Inr. Ed. 2012, 51,
391934922,

[7] ) Sauri, T. Parella, ). F. Espinosa, Org. Biomod, Chen, 2003, 11,
4473 - 24TH,

[8] M. L Thrippleton, J. Keeler, Angew, Chew, 2003, 115, 4068 -
AT Anmgews Chene fe. Edd. 2003, 42, 3038 - 3941

[9] A M. Torres, G, Zheng, W, S Price, Mage, Resove Clurn, 2000,
48, 129133,

[10] A. Emhart, ), C. Freudenberger, J, Furrer, H. Kessler, B Luy, J
Magn. Reson. 2008, 192, 314322

[11] K. E. Kiovér, O Prakash, V. L Hruby, £ Magin, Reson, 1993, 103,
9296,

[12] &) Ref [5c]; b) AL Pell, R. ALE. Edden, ). Keeler, Muagn.
Resan. Cherr. 2007, 45, 206-316; ¢} B. Luy, £ Magn. Reson
2008, 200, 18-24; ) AL M. Torres, B D Cruz, WS Price, [
Magn, Reson., 2008, 193, 311 -316,

[13] K. E. Kowér, V. L Hruby, [0, Uhrin, £ Magn, Reson, 1997, 129,
125129,

[14] 1. D Snider, E. Troche-Pesqueira, 5 R. Woodmnff, C. Gayathri,
M. V. Tsarevsky, R. R. Gil, Magn. Reson. Cherm. 2012, 50, 550 -
091,

Anprwe, Chem, irt. Ed 3mng, 53, By7o -8382



Results and Discussion

Angewandte
et e CEIM@

Supporting Information
© Wiley-VCH 2014

69451 Weinheim, Germany

Pure In-Phase Heteronuclear Correlation NMR Experiments**

Laura Castanar, Josep Sauri, Robert Thomas Williamson, Albert Virgili, and Teodor Parella*

anie_201404136_sm_miscellaneous_information.pdf

223



Publication 8

Table of Contents:

224

Experimental Section.
Figure S1: 1D HSQC pulse sequences used in the simulations.

Figure S2: Simulations showing the effects of J(HH) in several F2-coupled HSQC
experiments as a function of the inter-pulse delay optimization.

Figure S3: Simulations showing the effects of J(HH) in several 140-Hz optimized F2-
coupled HSQC experiments.

Figure S4: Simulations showing the effects to have a wide range of J(HH) and J(CH)
values in F2-coupled HSQC, CLIP-HSQC and z-filtered HSQC experiments as a function of
the inter-pulse delay optimization.

Figure S5: Simulations showing the effects to have a wide range of J(HH) and J(CH)
values in F2-decoupled HSQC, and PIP-HSQC experiments as a function of the inter-pulse
delay optimization.

Figure S6: Simulations showing the effects of the inter-pulse delay optimization on small
J(CH) coupling constants.

Figure S7: Simulations showing the effects of J(HH) evolution in a F2-coupled z-filtered
HSQC experiment with A) a conventional echo gradient and B) a perfect-echo gradient.

Figure S8: Comparison of 1D traces extracted from PIP-HSQMBC spectra optimized at 4,
6, 8, 10 and 12 Hz.

Figure S9: Determination of heteronuclear coupling constants using fitting/matching
processes with coupled/decoupled PIP-HSQMBC data.

Figure S10: Comparison of the different methods that can be used to measure small
heteronuclear coupling constants from the in-phase multiplet patterns: A) direct
extraction, B) fitting from the internal satellite lines and, C) IPAP methodology.

Figure S11: Several versions of the PIP-HSQMBC pulse schemes evaluated in this work.

Figure S12: Experimental effect of the z-filter and a CLIP *C pulse in several versions of
the PIP-HSQMBC experiments.

Figure S13: Experimental effects to implement a z-filter on different PIP- HSQMBC
versions.

Figure S14: Experimental effects on the influence of the inter-pulse delay (n) setting in
the success of the HSQMBC-CPMG, HSQMBC-CPMG-CLIP and PIP-HSQMBC-CPMG
experiments.

Figure S15: (A) conventional 'H and (B) CPMG-PROJECT spectra of 4mg of strychnine
weakly aligned in PMMA gel swollen in CDCls.

Figure S16: 1D traces showing the signal distortions originated in (A) conventional HSQC,
(B) CLIP-HSQC, and (C) PIP-HSQC spectra in both isotropic and anisotropic conditions.



Results and Discussion

Figure S17: Comparison of 1D traces extracted from F2-decoupled (A) conventional
HSQC and (B) PIP-HSQC spectra in anisotropic conditions.

Table S1: YJ(CH)/ 'T(CH) values extracted from the PIP-HSQC spectra of strychnine
recorded in isotropic and anisotropic conditions.

Table S2: 2J(HH)/ *T(HH) values of diasterotopic CH, groups extracted from the PIP-
HSQC spectra of strychnine recorded in isotropic and anisotropic conditions.

Table S3: Comparison of 2J(HH)/ *T(HH) values extracted from the conventional HSQC,
CLIP-HSQC and PIP-HSQC spectra of strychnine recorded in isotropic and anisotropic
conditions.

Figure S18: Plot showing the correlation between the experimental and calculated
'D(CH) data for strychnine.

Figure S19: 8-Hz optimized PIP-HSQMBC spectrum of strychnine in anisotropic
conditions

Figure S20: Comparison of 1D traces extracted from (B) HSQMBC, (C) CLIP-HSQMBC and
(D) PIP-HSQMBC spectra in anisotropic conditions.

Figure S21: Measurement of "Tg, values of (1) in anisotropic conditions in complex
multiplets.

Pulse program code for Bruker spectrometers.

225



Publication 8

Experimental Section

All NMR experiments were recorded on a BRUKER DRX-500 spectrometer equiped with a 3-
channel 5-mm cryoprobe incorporating a z-gradient coil. The test sample was 25 mg of

strychnine (1) in 0.6 ml of CDCls.

Details of pulse sequence of Fig. 1: Pulse phases are x unless indicated otherwise (V=y)
and a basic two-step phase cycling scheme is applied: ®,=x,-x, ®,=x,-x. The z-filter includes a
chirped adiabatic 1802 'H pulse applied simultaneously with a purging GO gradient. Gradient
echo/anti-echo and coherence selection was achieved by switching gradients according to
G1/G2=y4/yx, Where v is the gyromagnetic ratio. 6 stands for the duration of the gradient and its
recovery delay and 6’=3+t;. TPPI-like incrementation with the echo/anti-echo recording scheme
was achieved by simultaneous inversion of *C pulses applied prior to the variable t; period.
Broadband heteronuclear decoupling during proton acquisition is optional. The IPAP technique
can be applied by recording separately two complementary IP (e=on; W=y) and AP (g=off; W=x)
data sets, which are further added/subtracted in the time domain followed by conventional

processing to give two separate o/} spectra.

PIP-HSQC and PIP-HSQMBC spectra were recorded using the same pulse program (see
Fig. 1), with an interpulse delay optimized to 140 Hz (A=1/2*"J.=3.57 ms) and 8 Hz
((A=1/2*")c4=62.5 ms), respectively. The recycle delay was of 1 s and 4 scans were collected for
each one of the 128 t; increments, with 4096 data points in each t; increment. Prior to Fourier-
transformation, zero-filling to 1024 points in F1, 8192 points in F2 and a squared sine-bell
apodization phase-shifted 902 in both dimensions were applied. The final resolution along the
detected F2 dimension was of 0.4 Hz. The total experimental time was about 13 min. Gradients
G1 and G2 with a duration of 1 ms (3) are used for echo-antiecho coherence selection, and GO is
applied simultaneously to a CHIRP pulse (30 ms) to remove undesired transverse and ZQ
contributions. The proportionality between gradients G1:G2:G0 were set to +80:20.1:3. °C 1802
pulses are applied as CHIRP inversion and refocusing pulses of 500 ps and 2000 ps of duration,
respectively. For the IPAP technique, IP and AP-HSQMBC datasets were separately recorded and
then added/subtracted in the time-domain to provide two separate o/ data. Several fitting
processes, simulations, some experimental spectra and the pulse sequence code are contained

in the Supporting information.

We have also evaluated other possible long-range correlation pulse schemes where the
basic INEPT period has been replaced by other heteronuclear echo periods such as INEPT-BIRD,
CPMG, or CPMG-BIRD elements (Fig. S11). In all of these approaches and in the absence of the z-
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filter, a severe degree of multiplet distortions were always observed due to dispersive AP
contributions. These interferences occurred even when using a CPMG element with short inter-
pulse delays but these approaches are particularly problematic because the consecutive
application of simultaneous 'H and “3C pulses at high rates can produce sample heating and
signal distortion. A comparison of all these versions shows that the z-filter completely removes
any unwanted AP contribution and, in all cases, the resulting IP signals can be analyzed with

superior accuracy (Fig. $12-S14).

For the measurement of RDCs, 4 mg of strychnine was weakly aligned in a poly(methyl
methacrylate) (PMMA) gel swollen in 200ml of CDCl; using the reversible compression relaxation
method. The *H quadrupolar splitting (Avg) for the CDCl; signal was of 26 Hz. PIP-HSQC and PIP-
HSQMBC experiments were recorded using the same pulse program, with an interpulse delay
optimized to 140 Hz (A=1/2*'J4=3.57 ms) and 8 Hz ((A=1/2*"),=62.5 ms), respectively. The
recycle delay was of 1 s and 64 scans were collected for each one of the 128 t; increments, with
4096 data points in each t; increment. Prior to Fourier-transformation, zero-filling to 1024 points
in F1, 8192 points in F2 and a squared sine-bell apodization phase-shifted 902 in both dimensions
were applied. The final resolution along the detected F2 dimension was of 0.4 Hz. The total
experimental time was about 3h 30min. All spectra and experimental and calculated values can

be found in figures S15-S21 and tables S1-S3.
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Figure S1: 1D HSQC pulse sequences used in the simulations: A) Conventional F2-coupled HSQC;
B) CLIP-HSQC; C) HSQC including a z-filter, and D) HSQC including a z-filter and a CLIP *C pulse.
All simulations were performed using the NMRSIM module included into the Bruker’s Topspin
(v3.1) software package. Pulse phases are x unless indicated otherwise. A basic four-step phase
cycle was applied: ®1=x,-x,x,-x; ®2=x,x-x,-X; O r=x,-x,-x,x. Gradient ratios with a duration of 1
ms (0) were set to G1:G2:G3=2:1:0.3 and the inter-pulse delay was optimized to A=1/[2*(J(CH)].

Simulations of the z-filter including the adiabatic pulse were not possible with this program.
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Figure S2: Simulations showing the effects of J(HH) as a function of the inter-pulse delay
optimization in 1D F2-coupled A) conventional HSQC, B) CLIP-HSQC and C) z-filtered HSQC
experiments (see pulse schemes in Fig. S1). Simulation parameters of the diastereotopic CH,

group: 8(Ha)=4.0 ppm, 8(Ha)=3.5 ppm, J(HaHzs)=10 Hz, "J(CH,)="J(CH5)=135 Hz.

229



Publication 8

F2-coupled z-filtered
Jiney CLIP-HSQC HSQC
J(HH)

MLJ UL sshe

I
A_LM LML_J [
Pl Bl B s
!

B O L

4.0 ppm 4.0 ppm 40 ppm

Figure S3: Simulations showing the effects of the size of J(HH) in 140-Hz optimized F2-coupled
HSQC, CLIP-HSQC and z-filtered HSQC experiments. Simulation parameters: 3(Ha)=4.0 ppm,
8(Ha)=3.5 ppm, “J(CHa)=155 Hz, "J(CHg)=165 Hz and A=3.5 ms.
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Figure S4: Simulations showing the effects of a wide range of J(HH) and J(CH) values in F2-
coupled A) HSQC, B) CLIP-HSQC, C) z-filtered HSQC and D) z-filtered & CLIP-HSQC experiments as

a function of the inter-pulse delay optimization. Simulation parameters: 8(Ha)=2.5, d(Hg)=3.0,

8(Hc)=3.5, O(Hp)=4.0, O(He)=4.5, O(He)=5;

YJ(CHA)=70 Hz, 'J(CHg)=90 Hz, 'J(CHJ)=110 Hz,

!J(CHp)=130 Hz, "J(CHe)=150 Hz, "J(CH{)=170Hz; %J(HaHs)=10 Hz, > J(HcHp)= 25 Hz, %J(HeH)=40 Hz.
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Figure S5: Simulations showing the effects of a wide range of J(HH) and J(CH) values in
broadband decoupled HSQC and z-filtered HSQC experiment as a function of the inter-pulse

delay optimization. We used the same spin system as described in Fig. S4.
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Figure S6: Simulations showing the effects of the inter-pulse delay optimization on small long-
range J(CH) coupling constants in A) F2-coupled HSQC, B) CLIP-HSQC, C) z-filtered HSQC and D) z-
filtered & CLIP-HSQC experiments. Simulation parameters: O(Ha)=4, O&(Hg)=4.5, &(Hc)=5.0;
'J(CHA)=140 Hz, "J(HaHg)=6 Hz, "J(HAHc)= 5 Hz, "J(CH5)=10 Hz, "J(CH¢)=8 Hz.
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Figure S7: Simulations showing the effects of J(HH) evolution in a F2-coupled z-filtered HSQC
experiment with A) a conventional echo gradient and B) a perfect-echo gradient. Simulation
parameters: 8(Ha)=4.0 ppm, 8(Ha)=3.5 ppm, J(CHa)=135 Hz, 'J(CHs)=145 Hz,A=3.57 ms
(optimized to 140 Hz), the duration of the gradient was 1ms and the recovery delay was set to
100us (6=1.1m:s).
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Figure S8: 1D traces extracted at 60.1 ppm (corresponding to the C8 and C16 carbons) as a
function of inter-pulse A delay optimization in the PIP-HSQMBC experiment. A) Conventional 'H,
B) 4 Hz (A=125 ms), C) 6 Hz (A=83.3 ms), D) 8 Hz (A=62.5 ms), E) 10 Hz (A=50 ms) and E) 12 Hz
(A=41.7 ms).
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Figure S9: A) 'H spectrum of strychnine at 500.13MHz. B-C) Comparison of the 1D slices
extracted at 60.1 ppm (C8 and C16 carbons) from PIP-HSQMBC spectra acquired without (B) and
with (C) heteronuclear decoupling during proton acquisition in Fig. 1 (A=62.5 ms). D-E)
Expansion of some signals extracted from B and C, respectively. F) The decoupled multiplets can
be used as a reference for a fitting process in cases where the additional splitting due to the

active "J(CH) cannot be directly extracted from the non-decoupled multiplet.
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Figure S10: Comparison of methods for the measuring of small heteronuclear coupling constants
taking some multiplet patterns from an 8 Hz optimized PIP-HSQMBC spectrum: A) direct
extraction, B) fitting from the internal satellite lines and, C) IPAP methodology. The resolution

along the detected F2 dimension was of 0.4Hz.
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Figure S11: 2D pulse schemes to obtain PIP heteronuclear long-range correlation spectra. All
these variants use the basic HSQMBC pulse train with a final zero-quantum filter after the
refocusing period and just before the refocusing gradient echo and the acquisition. Several
elements have been evaluated for the defocusing/refocusing of the heteronuclear coupling
constants during the period A=1/[2*"J(CH)]: A) the basic INEPT; B) the INEPT-BIRD block
(A’=1/[2*'J(CH)]); C) the CPMG XY-16 super cycle consisting of simultaneous ‘H and C pulses
applied at intervals 2n; D) the CPMG-BIRD element combining the features of B and C.
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Figure S12: A) 'H spectrum of strychnine at 500.13 MHz. B-E) Experimental effects on the
application of the z-filter and a purging 902 *C pulse just before acquisition. 1D slices were
extracted at 60.1 and 77.7 ppm (C8/C16 and C12 carbons, respectively) corresponding to the
following 8 Hz optimized PIP-HSQMBC experiments: B) without adiabatic z-filter and CLIP pulse;
C) with CLIP pulse; D) with adiabatic z-filter; E) with CLIP pulse and adiabatic z-filter. In all cases,
data were acquired and processed under the same conditions (see experimental section) and
the corresponding slices have been plotted at the same vertical scale to compare real sensitivity

levels.
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Figure S13: A) Conventional *H NMR; B-D) 1D slices extracted at 60.1 ppm (C8 and C16 carbons),
corresponding to the following 8-Hz optimized PIP-HSQMBC experiments with and without z-
filter: B) HSQMBC with INEPT (Fig. S11A); C) HSQMBC with CPMG (Fig. S11C with n=300 ps). In
all cases, data were acquired and processed under the same conditions (see experimental
section). The corresponding slices have been plotted at the same vertical scale to compare real

sensitivity levels.
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Figure S14: Experimental effects on the influence of the inter-pulse delay setting (n) in the
success of the 8 Hz optimized B) HSQMBC-CPMG, C) HSQMBC-CPMG-CLIP and D) PIP-HSQMBC-
CPMG experiment. All NMR experiments were acquired with the same experimental conditions

described in figure S13.
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Figure S15: (A) conventional 'H and (B) CPMG-PROJECT spectra of 4 mg of strychnine weakly
aligned in PMMA gel swollen in CDCl;. The 1D CPMG spectrum was acquired with a total echo
time of 12 ms. Both experiments were collected using 4 scans.
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Figure S16: 1D traces extracted at the C11 chemical shift of (1) in isotropic and anisotropic
conditions showing the signal distortions originated in (A) conventional HSQC, (B) CLIP-HSQC,
and (C) PIP-HSQC spectra recorded with A set to 3.6 ms (=140 Hz).
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Figure S17: 1D traces extracted at the C11 and C20 chemical shift of (1) in anisotropic conditions
from F2-decoupled (A) conventional HSQC and (B) PIP-HSQC spectra with A optimized 3.6 ms

(Ucu=140 Hz). The elimination of all dispersive components in (B) allows carrying out the

measurement of "JHH more accurately. J,y splittings extracted from "H-PROJECT spectrum were

ZJHzoaHzob=34.8HZ and ZJH113H11b=30.0HZ.
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Table S1: Experimental "J(CH)/ 'T(CH) values extracted from the PIP-HSQC spectra of strychnine

recorded in isotropic and anisotropic conditions.

PIP-HSQC
Isotropic Anisotropic Predicted®  Others [ref.1]
C S H S YJen Ten 'Den 'Den 'Den
(Ppm) (ppm) (Hz) (Hz) (Hz) (H2) (Hz)
C, 1223 H, 7.6 158.3 174.8 +16.5 +12.2 +21.0
C, 1242 H,  7.09 160.8°  163.7°  +2.9 +2.2 +12.3
Cs 1286 Hy 725 159.2°  163.5° +4.3 +3.2 +10.0
C, 1162 H, 808 168.4 187.1 +18.7 +13.9 +21.6
Ce 601 Hg 386 144.9 133.7  -11.2 -8.6 9.8
Cun 425  Hpy. 312 135.4 1431  +7.7 +5.9 +10.0
Hy,  2.66 125.5 107.6  -18.2 -14.1 -18.0
C, 776 Hp 428 150.0 1342 -15.8 -12.3 -20.6
Cis 482  Hy 127 124.8 1189 -59 -4.6 -4.9
Cw 316  Hy 315 131.3 117.9  -13.4 -10.4 -20.7
Cis 268  Hps, 2.36 130.9 135.0 +4.1 +3.2 +2.0
His, — 1.47 129.9 131.0  +1.1 +0.9 +4.5
Cis 602  Hy  3.98 146.7 1582  +11.5 +9.0 +14.0
C, 428  Hyw 1.90 133.2 139.1  +5.9 +4.6 +1.38
Cis 503  Him 325 146.3 1481  +1.8 +1.4 0.0
Hyg,  2.88 131.7 143.4  +11.7 +9.0 +13.0
Coo 527  Hxps 373 138.8 o -7 -10.0
Hyo  2.76 138.7 1329 6.2 -4.6 6.0
C, 1276 Hyp  5.93 158.8 156.4  -2.4 1.8 11
Cos 646  Hyy 415 145.5 148.9  +3.4 +2.6 +8
Hy,  4.05 137.2 111.7 -255 -19.4 -

% Strong coupling effect
b Overlapped with PMMA signals
 The predicted values have been calculated with MSpin program (MESTREALAB RESEARCH SL, Santiago de
Compostela, Spain. http://www.mestrelab.com).
[1] J. D. Snider, E.Troche-Pesqueira, S. R. Woodruff, C.Gayathri, N. V. Tsarevsky and R. R. Gil, Magn. Reson. Chem.

2012, 50, S89-S91.

245



Publication 8

Table S2: %J(HH)/ *T(HH) values extracted from the PIP-HSQC spectra of strychnine recorded in

isotropic and anisotropic conditions.

1 CPMG-
H NMR PROJECT PIP-HSQC
. a . . a . a . . a . ¢ Others
Isotropic Anisotropic Isotropic Anisotropic Predicted [ref 2]
5 ZJum *Thn “Jhn “Thn “Di “Dim “Dim
(ppm) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz)
Hiza 3.12 -17.3 -30.1 -17.3 -29.9 -12.6 -12.5
-9.9
Hiw 2.66 -17.4 -30.0 -17.4 -29.8 -12.4 -12.6
Hisa  2.36 -14.4 -n.m -14.5 n.m -- +13.2
+10.2
Hisp 1.47 -14.4 -n.m -14.6 n.m -- +13.3
Hisza 3.25 n.m -n.m n.m n.m -- +8.8
+7.1
Hip 2.88 -9.6 -n.m -9.6 n.m -- +8.9
Hzoa 3.73 -14.8 -34.7 -15.0 -34.8 -19.8 -20.1
-15.3
Hooo 2.76 -14.8 -34.9 -14.9 -34.9 -20.0 -20.1
Hasy 4.15 -13.8 -30.1 -13.7 -29.7 -16.0 -16.2
-12.7
Haza  4.05 -13.8 ov” -13.8 -29.8 -16.0 -16.3

n.m: not measured due to signal widening caused by "I,/ "Tuy splitting.

® The sign of the measure has been extrapolated from ©1-iINEPT experiments [2].

b Overlapped with H,3, and H;g signals.

 The predicted values have been calculated with MSpin program (MESTREALAB RESEARCH SL, Santiago de
Compostela, Spain. http://www.mestrelab.com).

[2] Measuring from the @1-iINEPT experiment in isotropic and anisotropic media: J. Sauri, L. Castafiar, P. Nolis, A.
Virgili, T. Parella, J. Magn. Reson. 242 (2014) 33-40.
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Table S3: Comparison of 2J(HH)/ *T(HH) values extracted from the conventional HSQC,
CLIP-HSQC and PIP-HSQC spectra of strychnine recorded in isotropic and anisotropic

conditions.

R CPMG-
H NMR HSQC CLIP-HSQC PIP-HSQC
PROJECT

Isotropic  Anisotropic Isotropic Anisotropic Isotropic Anisotropic Isotropic Anisotropic

3 ZJun Thn Jun Ty ZJun Tim ZJhm T
H

(ppm) (H2) (Hz) (H2) (H2) (Hz) (Hz) (Hz) (Hz)

Hia  3.12 -17.3 -30.1 -17.8 -31.8 -17.8 -31.7 -17.3 -29.9
Hin 2.66 -17.4 -30.0 -17.9 -32.0 -17.9 -31.9 -17.4 -29.8
Hisa 2.36 -14.4 -n.m -15.1 n.m -15.1 n.m -14.5 n.m
Hiso  1.47 -14.4 -n.m -15.3 n.m -15.4 n.m -14.6 n.m
Higa 3.25 -n.m -n.m n.m n.m n.m n.m n.m n.m
Hign 2.88 -9.6 -n.m -9.9 n.m -10.0 n.m -9.6 n.m
Hza 3.73 -14.8 -34.7 -15.6 -37.3 -15.7 -37.2 -15.0 -34.8
Hoon 2.76 -14.8 -34.9 -15.6 -37.2 -15.6 -37.4 -14.9 -34.9
Hoan  4.15 -13.8 -30.1 -13.6 -32.1 -13.6 -32.2 -13.7 -29.7
Hasa  4.05 -13.8 -V’ -13.9 -32.2 -13.9 -32.2 -13.8 -29.8

n.m: not measured due to signal widening caused by "Jyu/ "Tuy splitting.
® The sign of the measure has been extrapolated from ®1-iINEPT experiments [2].
b Overlapped with H,3, and H; signals.
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Figure S18: Plot showing the correlation between the experimental and calculated 'D(CH) data

for strychnine described in Table S1.
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Figure S19: (A) 8-Hz optimized PIP-HSQMBC spectrum of (1) in anisotropic conditions; (B) 1D

row slices taken at different *C frequencies showing in-phase multiplet patterns for all observed

cross-peaks.
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Figure S20: (A) "H-PROJECT spectrum of (1) in anisotropic conditions; (B-D) 1D traces extracted
at the C12 chemical shift showing the signal distortions in (B) HSQMBC, (C) CLIP-HSQMBC and
(D) PIP-HSQMBC spectra (all experiments were optimized to 8 Hz (A=62.5 ms)).
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Figure S21: Measurement of "T¢y values of (1) in complex multiplets obtained under anisotropic
conditions. 1D traces show overlaid o and 3 multiplets obtained in an IPAP PIP-HSQC experiment

after IP+AP data combination.
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Pulse Program code for Bruker spectrometers:

; PIPhsgmbc
;Pure In-Phase HSQMBC with final adiabatic z-filter and perfect echo gradient
;optional IPAP using const25

#tinclude <Avance.incl>
#tinclude <Grad.incl>
#tinclude <Delay.incl>

np2=p1*2u
"d6=1s/(cnst2*4)"
"d0=3u"
"in0=inf1/2"

"DELTA2=d6-larger(p2,p14)/2"
"DELTA=p16+d16+p2+d0*2"
"DELTA4=pl6+d16"

1ze
2d1 pll:f1
3 (p1phl)

DELTA2 pl0:f2
(center (p2 ph1l) (p14:sp3 ph6):f2)
DELTA2 pl2:f2 UNBLKGRAD

(p1 ph2) (p3 ph3):f2

do

(p2 ph5)

do

pl6:gpl*EA

d16 pl0:f2

(p24:sp7 ph4):f2

DELTA pl2:f2

(ralign (p1 ph1) (p3 ph4):f2)

if "cnst25==0"
{
DELTA2 pl0:f2
(center (p2 ph1) (p14:sp3 ph1):f2)
DELTA2 pl2:f2
}
else
{
dé
(p2 ph2)
dé
}

if "cnst25==0"
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{

(p1 ph2):f1
}

else

{

(p1 ph1):f1
}

d12 plo:f1

300u gron0
(p32:5p29 ph1l):fi
300u groff

d12 pl1:f1

plphl

DELTA4

p2 phl
DELTA4

pl ph2
DELTA4

p2 phl
pl6:gp2

d16 BLKGRAD

go=2 ph31
dl mc#0to 2

Results and Discussion

F1EA(calgrad(EA), caldel(dO, +in0) & calph(ph3, +180) & calph(ph6, +180) & calph(ph31, +180))

exit

ph1=0
ph2=1
ph3=0 2
ph4=0
ph5=0
ph6=0
ph31=0 2

;pl0: OW

;pl1 : f1 channel - power level for pulse (default)

;pl2 : f2 channel - power level for pulse (default)

;sp3: f2 channel - shaped pulse 180 degree

;sp7: f2 channel - shaped pulse 180 degree

;5p29: f2 channel - shaped adiabatic pulse 180 degree
;p1 : f1 channel - 90 degree high power pulse

;p2 : f1 channel - 180 degree high power pulse

;p3 : f2 channel - 90 degree high power pulse

;p4 : f2 channel - 180 degree high power pulse

;p14: f2 channel - 180 degree shaped pulse for inversion
;p24: f2 channel - 180 degree shaped pulse for refocusing
;p32: f2 channel - 180 degree shaped pulse for adiabatic z-filter
;p16: homospoil/gradient pulse
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;d0 : incremented delay (2D) [3 usec]
;d1 : relaxation delay; 1-5 * T1

;cnst25=0 (IP) 1 (AP)

;cnst2= 8Hz

;d6 : 1/(4J)XH (long range coupling constant)
;d16: delay for homospoil/gradient recovery
;infl: 1/SW(X) = 2 * DW(X)

;in0: 1/(2 * SW(X)) = DW(X)

;nd0: 2

;NS: 2 *n

;DS:>=2

;td1: number of experiments

;FNMODE: echo-antiecho

;use gradient ratio: gpl:gp2
; 80:20.1 forC-13
; 80: 8.1 forN-15

;for z-only gradients:

;8pzl: 80%

;8pz2: 20.1% for C-13, 8.1% for N-15
;8pz0: 3%

;use gradient files:

;gpnam1: SMSQ10.100
;gpnam2: SMSQ10.100
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Results and Discussion

Introduction

There is an enormous interest in the use of the HSQC experiment as a quantitative
NMR tool, as demonstrated for the many different approaches proposed in the last
years.” In conventional HSQC and HSQMBC spectra, peak volumes of different protons
are modulated according to each individual J.4 coupling pattern by the cos?(m/y, u,A)
function (see Eq.1.21 in section 1.2.1.1.). This non-uniform dependence causes a common
source of error during volume integration and quantification.

In the previous publication has been demonstrated that the unwanted homo- and
heteronuclear AP contributions in HSQC and HSQMBC experiments can be removed by
applying an adiabatic z-filter, and the resulting PIP-HSQC and HSQCMBC spectra display
undistorted in-phase cross-peaks. However, in these experiments the evolution under the
Jun takes place during the INEPT period and the final IP detected signal is still modulated
by a cos?(n/y,u,A) factor.

In this publication, it is shown experimentally and by simulation that the typical Juy
interferences present in conventional HSQC experiments can be efficiently suppressed
using an improved perfect-HSQC pulse scheme. The proposal is based on the
conventional HSQC pulse scheme where the standard INEPT block is replaced by a
Jun-compensated perfect-echo INEPT® module consisting of a double echo period in both
defocusing/refocusing heteronuclear transfer periods. Juy is refocused at the end of each
double echo period, and therefore, the signal amplitude is only modulated by the effect
of Hen.

The resulting 2D perfect-HSQC spectra afford pure IP cross-peaks with respect to both
YJen and Juy rendering practical applications such as phase correction and multiplet
analysis more convenient and accurate. There is a second and very significant positive
consequence for removing Juy interferences: signal intensity is amplitude modulated only
by a sin?(mj.yA) factor, and therefore the perfect-HSQC experiment is an excellent
candidate to design future strategies for quantitative NMR studies. The proposed method
is less aggressive than the use of CPMG-INEPT blocks where a train of simultaneous *H/*C
pulses are applied at high repetition rates, and where the resulting peaks can include

[95] a) H. Koskela, T. Vaananen, Magn. Reson. Chem., 2002, 40, 705. b) S. Heikkinen, M. M. Toikka, P. T. Karhunen,
A. Kilpeldinen, J. Am. Chem. Soc., 2003, 125, 4362. c) H. Koskela, I. Kilpeldinen, S. Heikkinen, J. Magn. Reson.,
2005, 174, 237. d) D. J. Peterson, N. M. Loening, Magn. Reson. Chem., 2007, 45, 937. e) H. Koskela, O. Heikkild,
. Kilpeldinen, S. Heikkinen, J. Magn. Reson., 2010, 202, 24.

[96] B. Baishya, C. L. Khetrapal. J. Magn. Reson., 2014, 242, 143.

257



Publication 9

unwanted dependences from offset effects or the presence of TOCSY contributions as
well as deleterious effects on sample heating under extreme fast pulsing conditions.

The main disadvantage of the perfect-HSQC experiment arises from the longer
duration of the perfect-echo INEPT versus the conventional INEPT (2A vs. A, respectively)
that can lead to some signal loss due to additional T, relaxation. The overall duration of
the sequence is extended about 3.6 ms for each perfect-echo INEPT period in a 140-Hz
optimized experiment but this does not represent a serious issue for small molecules
having reasonably long T, relaxation times (some hundreds of milliseconds).
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Suppression of phase and amplitude J(HH)
modulations in HSQC experiments

Laura Castafar,™? Eduard Sistaré,™® Albert Virgili,*® R. Thomas Williamson®
and Teodor Parella®"*

The amplitude and the phase of cross peaks in conventional 2D HSQC experiments are modulated by both proton-proton, JIHH),
and proton-carbon, "J{CH), coupling constants. It is shown by spectral simulation and experimentally that J{HH) interferences are
suppressed in a novel perfect-HSQC pulse scheme that incorporates perfect-echo INEPT periods. The improved 2D spectra afford
pure in-phase cross peaks with respect to "J(CH) and J{HH), imespective of the experiment delay optimization. In addition, peak
volumes are not attenuated by the influence of JIHH), rendering practical issues such as phase correction, multiplet analysis,

and signal integration more appropriate. Copyright © 2014 John Wiley & Sons, Ltd.

Keywords: NMR; HSQC: pure in-phase signals; perfect H3QC; NHH) modulation

Introduction

Heteronuchear  multiple-quantum  comelation  (HMQC"  and
heteronuclear single-guantum comelation (HSOO)™ experiments
have become the most popular pulse schemes to obdain
heteronuclear chemicalshift comrelation NMR spectra. Both tech-
niques use a similar logical concept based on a 'Hto-""C-to-'H
out-and-back magnetization transfer via the one-bond proton-
carban coupling constants, "JCH)L™ The HMOC scheme is simpler
in terms of the number of pulses, but its major complication relies
on that proton magnetization is located in the transverse plane dur-
ing the entire pulse sequence. Additionally, proton-proton cou-
pling constants, JHH), also evolve during the variable 1, period.
As a result, cross peaks present strongly distorted twist-phased pat-
tems along the detected F2 dimension and a characteristic skew
shape along the indirect F1 dimension of the two-dimensicnal
{20} map. On the other hand, the HSOC experiment uses INEPT
blocks for hetercnuclear magnetization transfer, and the evolution
during the ry period is not affected by J{HH). However, J(HH) cou-
plings evolve during the INEFT periods, and their influences on
the phase and amplitude signal modulation must be considered
when a detailed analysis Is required. In practice, the magnitudes
of "JICH) (120-250 Hz) are generally more than one onder of magni-
tude larger than HHH) (0=15H2), and therefore, the prejudicial ef-
fects of JIHH) on the detected signal have usually been neglected.

On the ather hand, the concept of perfect echa™ has been suc-
cessfully implemented in a series of NMR applications to solve some
traditional issues, such as the elimination of peak distortion caused
by homonuclear Jcoupling in diffusion NMR experiments,” the de-
termination of T, relaxation times from undistorted multiplets in
‘perfect-echo Carr-Purcell-Metboom-GIll (CPMG) experments,™
the suppression of JHH) evolution during the solvent-suppression
penod in a ‘perfect water suppression by gradient tailored excita-
tion' method,” or during the t, period in ‘perfect-HMOC
experiments" This concept has also been used in an effort to im-
prove long-range heteronuclear transfers by means of a ‘perfect-
echo INEPT element.””

Many chemists wse the H50C experiment in a qualitative way to
comelate the chemical shifts of carbon and attached protons, For
these applications, the issues with phase distortion caused by J
[HH) are for the most part invisible and therefore imelevant. How-
eveer, these effects are present in the form of antiphase components
and become highly relevant when trying quantitative measure-
ments in terms of J or intensity measurements because they do
not cancel out. It is shown here, experimentally and by simulation,
that the typical JHH) interferences present in conventional HSOC
experiments can be efficiently suppressed in an improved
perfect-HS0C pulse scheme (Fig. 1), which replaces the classical
INEFT (A/2-180.0'H,""C-A/2) by a pedect-echo INEFT module
consisting of a double echo period (A/2-180 (" H-A/2-90 1 "HI-A/
2-180,0"'H,"C-A/2) in both defocusing/refocusing heteronuclear
trarsfer periods, The resulting 20 perfect-HSOC spectra afford pure
in-phase cross peaks with respect to both 'J{CH) and JIHH), and in
addition, peak volumes are not influenced by JIHH), rendering prac-
tical applications such as phase camection, signal integration, and
musltiplet anakysis more comvenient and accurate,

Results and discussion

Figure 1 shows the pulse sequences of the F2-coupled and F2-
heterodecoupled perfect-HS0C experiments. As a major novelty,
e — — — — —
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Figure 1. Pube schemes of the [A) F2-coupled perfect-CUIP-HS0C and (B)
broadband F2-heterodecoupled pedect-HS0C upt-rirne:m designed 1o
provide pure in-phase multhplet patterns with respect to " JCH) and NHH).
Namow and wide filled rectanghes represent 90° and 180° pulses
respectively. Pulse phases are along the xaxis if not stated otherwise.
Phaa!q-chsmmﬁﬂr. ~x and ¢, =, - :.lehtcrpl.is!dehy.ﬁnm
to 1/(2* "NCH)L, and coherence sedection i performed wsing the echa/
antiecho protocol, with the G1:G2:G3 gradient ratio set to +B0:X0.1:33, 4
mnds[nrlh!dumllmnlmegﬂdmmdlhrecmmdehyand#
=ity +pd, where pd is the duration of the 180° "H pulse. TPPRike
Incrementation with the achadantiecho recording scheme was achieved
by simultaneous inversion of 'C pulses applied prior to the variable 1,
period, Conventional HSOC experiments wene recorded without the 'H
pulses and delays marked into the boses.

the "H pulses and delays marked into the boxes represent the addi-
tional elements incorporated in the new perfect-HS0C schemes
compared with conventional HSOC experiments. The F2-'JCH)
coupled version is obtained by inserting a 90° "C pulse just prior
to acquisition and omitting the heteronwclear decoupling as de-
scribed for the clean in-phase (CLIP)-HS0C experiment. ™™

First of all, spectral simulations have been pedommed to assess
the signal amplitude and phase dependence with respect to both
JHH) and "HCH) evolution in several 1D HSQC pulse schemes,
neglecting relaxation effects (Fig. 51 in the Supporting information).
To illustrate such effects for a wide range of coupling constant
values, three independent diastereotopic CH; spin systems with J
{HH) values of 10, 25, and 40 Hz, respectively, and 'JICH) magni-
tudes covering 70-150Hz have been defined. The choice of this
wide range of values has been made to demonstrate the features
of the HSQC even under extreme conditions. Although organic
compounds under isotropic condithons present a Namrowern range
of 1 values, these intervals are commonly found when measuring
1 splittings in anisotropic conditions. For instance, it has been re-
ported that experimental *TiHH) (“HHH) + *D(HH)) coupling values
up to 30-40Hz in magnitude and "TICH) (' JCH) + "DICH)) in the
range of 100-180 Hz are measured in the case of strychnine dis-
solved in a CDC) y/poly-methylmethacrylate gel!' "

For the theoretical analysis using the product operator
formalism,"™™  an  lsolated  heteronuclear  three-spin - system
consisting of a directly attached C-H , pair with "JICH ) and a third

H ;3 proton nucleus with J(H jH ;) is considered, The magnetization
Just prior to the acquisition perod in a conventional HS0C can be
described as a mixture of in-phase and antiphase homonuclear
and heteronuclear components;

2Hy, Cocfs  frerm Il) + 2H, Hayess” term Il
iy Hy Coosc s (term IV)

Hy s (term 1)

where ¢ is costnlH H3)A), s is sinf=l{H H A, c'is cosla’ HCH , JA), 5'
is sinfx'JICH )AL and A Ts the echo period, Thus, the phase anom-
alies observed in F2-heterocoupled HS0C spectra (Fig. 2A) result
from two independent effects: (i) the mismatch between the opti-
mized A delay and the active "JCH) value (terms Il and V) and (i)
the evolution of JHH] during the echa INEPT periods (term NI, Such
anomalies prevent any attempt of accurate analysis in terms of
quantificaticn via integration or direct ) measurement. A simple so-
luticn to partially solve these drawbacks was proposed with the
CLIP-HS0C experiment,™ which applies a 907 ''C pulse just prior
the acquisition, In this way, the antiphase contributions as a result
of "NCH) (terms Il and V] are converted to multiple-quantum cober-
ence, and apparently, clean phase patterns are obtained although
this is only true in the case of the presence of small JIHH) splittings
(Fig. 2B), However, the effects of JIHH) evolution are still present
[term I} although they have traditionally been omitted because
of thelr relative low percentage compared with the desired re-
sponse (term 1), A simple calculation shows that these effects may
become important. For instance, the relative percentage of the
terr N with respect term | in a 140-Hz optimized CLIP-HSOC exper-
iment is of 5.6 and 17% for J(HH) values of 5 and 15 Hz, respectively,
Such percentages can be more proncunced when measuring resid-
ual dipolar couplings in anisotropic media, where higher values can
be invalved.""

It has been shown that two major conclusions can be extracted
from the analysis of the pedfect-echo INEPT™J(HH) is refocused at
the end of the double-echo period, and the signal amplitude is only
modulated by the effect of 'JiCH), if refaxation is neglected. Thus,
the magnetization just prior to acquisition in the perfect-HS0C ex-
periment is defined exclusively by only two components:

His ' — 2Hy,Cos €

JHH)= 40 40 25 25 10 10Hz
JCH)= 170 150 130 110 90 70Hz

Prinse Distortions

JGHL d{HH)
D) Parfiact

CLIP-HEOC i‘llil“”;_,”u Mo
g [LULILLIL L g1 fvee e

e || LI IL (v
”m““JUMMulLUiL

Figure 2. Simulated spectra showing the phase peak distortion effects in
several 140-Hz optimized F2-heterocoupled HSOC experimonts: [A)
conventienal HSOC, (B} CLIP-HSOC, (O perfect-HSOC. and (D) perfect CLIP-
HSOC. Six protons have been simulated with different JIHH) and 'HCH)
values, as shown in the upper par.

Yoo Fan
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Figure 2C shows that an F2-coupled perfect-HSQC spactrum
without the CLIP pukse still shows phase distortions provided that
A does nat match the cormesponding ' HCH) value. For instance, de-
viations of 10 and 20 Hz between ' JICH) and the A delay optimiza-
tion generate antiphase contributions of about 11 and 23%,
respectively, in a 140-Hz optimized experiment. Such distortions
are efficiently suppressed using the perfect-CLIP-HSOC pulse
scheme, affording perfect pure in-phase multiplet patterns for all
peaks independent of their JHH) and J(CH) values (Fig. 209, Similar
conclusions are ako obtained from the analysis of broadband
heterodecoupled H3OC and pedect-HSOC versions (Fig. 3). Note
the perfect in-phase nature of all cross peaks in the perfect-H50C
spectra independent of experiment optimization.

A series of 20 F2-coupled and decoupled HSOC experiments have
been experimentally recorded on a test sample of strychnine to ver-
ify the theoretical predictions, We have focused our attention on
several diasterectopic CH ; groups because the nonequivalent gem-
inal protons present large mutual “JHH} values (10-16 Hz). Figure 4
shows some multiplets extracted from equivalent 140-Hz optimized
heteronuclear decoupled HSOC and perfect-HSOC spectra, and sim-
ilar conclusions can be extracted anatyzing the F2-coupled versions
{Figs 52-53 in the Supporting information), Significant antiphase
contributions are clearly observed in some H50C peaks that distort
the signal phase and decrease their relative intensities, The H16 pro-
ton can be taken as a reference for a resonance that does not show
large values, and therefore, a practically equal multiplet pattern and
signal intensity are obtained in both spectra. However, differences
up to 2096 in signal intensity were observed for the diastereotopic
H15a and H15b protons, and also, distortions can be observed for
methine and methyl peaks, as shown for the H8 proton,

These distortions also introduce a source of eror when an accu-
rate measurement of JHH) by divect peak maxima analysis is per-
formed. In Fig. 5, it is shown that whereas the same J[HH) value is
abtained from the conventional 'H and the perfect-HSQC peak,
considerable ermors are made when direct peak picking on distorted
HSOQC and HSQC preservation of equivalent pathway [(PEP)

JHH) 40 49 & 25 W0 10
HCH) 170 Y50 430 10 0O D

Expatment
o Perfact HSQC

G | Lwowe o o | 0| |

P L e KT
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O b e L
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Figure 3. Simulated spectra showing the peak phase and intensity
dependence in HS0C and perfect-HSOC expenments. Pure in-phase
parterns are achieved for all signaks in all perfect-HSQC spectra,
independent to JHH), 'NCH), and delay optimization (A= 1/2* " JCHI)
Fram bartom to the top, (A) 250 Hz (A = 2.0ms), (B 200Hz (A= 2.5ms], (C)
170 Hz (A=294mal, (D) 150Hz (A=333m4), (E] 130 Hz (A=384my), and
{F1 100 Hz (A= 5.0ms).

H15a H15b H1ib H11la

M l JUL I J :.!

Figure 4. Comparison of some perfect-HSOC (left] and comentional HSOC
{right] multiphets abtained from F2-heterodecoupled of strychnine. Note the
evident phase distortions and decreased sensitivity in signals presenting
large JHH) values. The H16 proton can be taken as an undisioned
reference signal not showing lange KHH) values.

=
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Figure 5. (A} Expanded area of the S0013-MHz 'H NMRA spectrum of
strychnine; (B-D) 1D traces extracted at the T30 cwbon freguency of the
following broadband F2 20 experiments: (B) conventional
HSGC, (C) conventional HSQOC-PEP, and (D) perlect-HS0C. [E) Expermental
determination of JIHH] in H20a by using direct peak-maxima anabysts.

multiplets is applied, This perfiect phase behavior is not achieved
in the sensitivity-improved PEP version of the perfect-HSOC expe-
riment,"! where stronger phase distortions as a result of JIHH)
are obtained (Figs 52-54 in the Supporiing information). In this
case, two different magnetization components are involved, and
the perfect INEPT block does not avoid the HHH) modulation for
both contributors, It is impaortant to highlight that the perfect INEPT
element could be implemented as a general building block in a
large number of multidimensional NMR experiments that use the
classical INEPT and HSOC pulse timings for the quantitative mea-
surement of coupling constants.

In comventional HSOC spectra, peak volumes of different protons
are variably modulated as a function of each individual JIHH)

Magn, Reson, Chem, 2015, 53, 115-119
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coupling pattem. This nonuniform dependence causes a common
source of error during integration and quantification of response in-
tensities. In the perfect-HSOC experiment, there is a second and
very significant  positive consequence for removing  JIHH)
interferences: Signal intensity is amplitude modulated only by the
sin’(=JICHLA) factor (Fig. 54 in the Supporting information] and is
therefore an excellent candidate to design future strategies for
quantitative NMR studies™ The proposed method is less aggres-
sive than the use of CPMG-INEPT blocks where a train of simulta-
neous "H/''C pubses are applied at high repetition rates and
where the resulting peaks can include urwanted dependence from
offset effects or the presence of TOCSY contributions as well as del-
eterious effects on sample heating under extreme fast-pulsing
conditions' %'

To evaluate the 'J(CHl-compensated intensity strategy based on
the proper selection of multiple polarization transfer values, ™™ we
have simulated the perfect-HS0C spectrum of a spin system
consisting of several protons having NHH) in the extreme range
between 10 and 30Hz and 'JICH) ranging between 120 and
180 Hz. From a single-A 140-Hz perfect-HSOC experiment, a pure
in-phase spectrum with peak volume differences up to 25% is
obtained (Fig. 64). On the other hand, Fig. 68 shows the "NCH}-com-
pensated perfect-HS0C spectrum after combining four datasets
acquired with A values of 294ms (170Hz), 286ms [175Hz),
286 ms [175 Hz), and 5.88 ms (85 Hz). Note that intensity differences
below 29 are obtained in the complete ' NCH) range between 120
and 180Hz. Of course, these simulations have been performed
neglecting differential relaxation effects between different protons
and carbons, A more exhaustive and detailed analysis is out of the
scope of this communication but may be considered in the future,

The only apparent disadvantage of the perfect-H50C experiment
arises from the longer duration of the perfect-echo INEPT versus the
conventional INEPT (24 vs A, respectively) that can lead to some
signal loss as a result of relaxation losses. The duration of the se-
quence is extended about 36 ms for each perfect-echo INEPT pe-
riod in a 140-Hz optimized experiment, but this is not a serious
problem for small molecules having reasonably long T relaxation

A) ) .
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Figure 6. Specral  simulations  showing  integration  raties  in

heterodecoupled perfect-HSOC spectra: [A) optimized 1o a single A value of
36 ms, comesponding to 140Hz [B] average spectrum after combining four
datasets ascquired with A values of 294ms (170Hz, 286ms (175Hz,
286 ms (175 Hzl, and 588 ms (85 Hz). The simulsed protons have HH) and
' KCH) values in the range batween 10-30 Hz and 120-180 He, respactively,

times, For example, the experimental T, relaxation times for
strychnine are about 0.35-050 5 for aliphatic protons and around
0.6-0.7 5 for aromatic pratons as measured on a 20-mg sample in
a 500-MHz spectrometer at 298K (refer to Table 51 in the
Supporting information). These values become larger in more di-
lute samples or at bower magnetic fields '™

In conclusion, a 20 perfect-HSQC experiment has been proposed
that avoids any interference as a result of JIHH] coupling constants.
The method i very simple to implement, and it can be recorded
with and withouwt broadband heteronuclear decoupling during ac-
quasition. The resulting cross peaks exhibit pure in-phase multiplet
patterns, imespective of the experiment optimization. These uni-
form and predictable responses are more amenable to an accurate
and quantitative analysis than what is encountered with the results
of standard HSOC pulse sequences, with particular emphasis in the
determination of "JICH) and J(HH) coupling values. In addition, sig-
nal intensity & not modulated by JIHHL which opens the opportu-
nity to design quantitative NMR applications based on perfect-
HS0C datasets.

Methods and materials

NMR experiments were collected at 298K on a Bruker AVANCE
spectrometer (Bruker BioSpin, Rhelnstetten, Germany] operating
at 500.13-MHz proton frequency, equipped with a 5-mm TXI cryo-
probe probe including a raxis pulsed field gradient accessory
(maximum strength of 535G/cm). Experimental data were ac-
quired with a sample of 20mg of strychnine (Scheme 1) dissolved
in 800l COCly and processed using the TOPSPIN v3.1 software
package (Bruker BioSpin, Rheinstetten, Germanyl,

For the conventional HSOC and HSOC-PEP experiments, the stan-
dard hsgeetgpsp and hsqeetgpsisp? pulse programs (Bruker [i-
brary) were used, The coresponding F2-heterodecoupled and
CLIF versions were created from these pulse programs, by adding
a hard 90" "'C pulse just before acquisition and omitting the
decoupling during acquisition. For all conventional HSOC and
perfect-HSOC experiments. 'H and '°C camier frequencies were
set at 45 and 20 ppm, respectively, Spectra were acquired with
spectral windows of 8 {'"H dimension) and 160 ("*C dimension)
ppm, using a prescan delay of 15 and two scans per t increment.
Diata were acquired with 2048 complex points in the 'H dimension
and 128 complex points in the "C dimension wsing the
echo/antiecho detection mode. Zero filling up to 4% 1 K was used
prior 10 Fourler transformation using a 90° phase-shifted squared
sine-bell apodization in both dimensions. Gradients G1 and G2 with
a duration of 1 mas (4} were used for echo-antiecho coherence se-
lection, The proporionality between gradients G1:G2 was set to
+80:20.1. 'C 180" pulses are applied as CHIRP inversion and
refocusing pulses of 500 ps and 2 ms of duration, respectively.

Scheme 1. Chemical structiure and numbering of Strychnine

wileyonlinelibrary.com/journal/mrc
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NMR simulations

Spectral simulations were pedformed using the NMRSIM v5.4 mod-
ube included in the TOPSPIN (Bruker BioSpin, Rheinstetten,
Germany). 10 pulse scheme equivalents to the first increment of
the 20 pulse schemes shown in Figure 1 were used for simulations.
The linewidth for all peaks used in the simulations is 0.2 Hz, and all
1D data were processed using an exponential function with a line
broadening of 3 Hz prior to Fourier transformation.

For the spectral simulations of Figs 2, 3, 54, and 55, three inde-
pendent diastereotopic CH 5 spin systerms were defined, with diffier-
ent values of J[HH) and 'J{CH), for studying the performance of the
proposed perfect-HS0C experiment versus conventional HSQC and
HSOQC-PEP experiments. Spin system: S{H.) = 2.5 ppm, d(Hgl =30
ppm, HH=35 ppm, dHpl=40ppm, dHd=45ppm, dH=5
ppm; GIC,)=30ppm, HCH=40ppm, and &IC.)=50ppm; '
(C H A =70Hz, "JIC,Hy =90 He, "NC He) = 110Hz, 'NCHp) =130
Hz, ') Hyl=150Hz, and " ICHy) = 170Hz THHHp) = 10Hz )
{HeH od = 25 Hz, and “0H¢H ) =40Hz.

Spectral simulations shown in Fig. & were performed on the fol-
lowing spin system: §(H ) =25ppm, H{Hpl=30ppm, SHJ)=35
ppm, S[Hp) = 4.0 ppm, S(He) = 4.5 ppm, S{H:) =5 ppm, and dHg) =
55ppm; S(C)=30ppm, HC;)l=40ppm, H{4=50ppm, and
HCH=35ppm; "NICHA)=120Hz, "NC He=130HE 'JICHe) =
140Hz, "JIC,H )= 150Hz "JC yHg) = 160Hz, "NC Hy) =170, and
WCHG) = 180HE “JiH Hel=10Hz, "NHHpl=20Hz and )
(HeH el =30H2
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Figure S1: 1D Pulse schemes used in simulations. The recycle delay was set to 1s and
the inter-pulse delay A was optimized to 1/(2*'J(CH)). Gradients G1:G2 with a duration
of 1 ms followed by a recovery time the 100us (6=1.1ms) were set to a 80:20.1 ratio.
The purge gradient G3 applied during the zz filter was set to 33%. 2 scans were
recorded with ¢;=x,-x and ¢,=x,-X, using the spin systems defined in the experimental

section. Data were processed by Fourier transformation without any window function.
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Results and Discussion

H20a H20b H11a H11b
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Figure S2: 1D traces extracted at C20, C11 and C15 carbon frequencies of several F2-

coupled HSQC experiments. Note the perfect phase for all peaks in the perfect-CLIP-

HSQC experiment when compared to all other experiments.
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Figure S3: Comparison of the experimental measurement of J(HH)/T(HH) and J(CHY
1T(CH) from direct peak maxima analysis in A) HSQC, B) CLIP-HSQC, C) perfect
CLIP-HSQC cross-peaks corresponding to the 11-CH, group of strychnine in both
conventional isotropic and also non-isotropic conditions. For the measurement of RDCs
in the anisotropic media, 4 mg of strychnine was weakly aligned in a
poly(methylmethacrylate) (PMMA) gel swollen in 200ul of CDCls using the reversible
compression relaxation method. The H quadrupolar splitting (Avg) for the CDCl; signal
was of 26 Hz.
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Broadband F2-HeteroDecoupled

C) Perfect-HSQC | | | | H

B) HSQC-PEP

A) HSQC | | |

55 50 4.5 4.0 35 30 25

Figure S4: Spectral simulations showing the exclusive effects of J(HH) in several 140-
Hz optimized broadband F2-heterodecoupled HSQC experiments: A) Conventional
HSQC, B) HSQC-PEP and C) perfect-HSQC. Same conditions as Fig. 3 but using

heteronuclear decoupling during acquisition.
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Figure S5: Spectral simulations showing the exclusive signal intensity dependence with
respect to the sin’(nJA) function. A) is the regular experiment optimized to
AR2=1/(4*"Tey)=1.75 ms. Spectra B-F) are delivery optimized to specific A/2=1/(2*'Tcy)
values to demonstrate that null intensities are obtained when A exactly match 1JCH,
independent of the involved J(HH) values. For instance, B) is the 35-Hz optimized
perfect-HSQC spectrum where the signal having 'J(CH)=70 Hz (2.5ppm) shows null
intensity. In the same way, G) corresponds to the 75-Hz optimized perfect-HSQC
spectrum and therefore signals with 'J(CH) values of 70 and 90 Hz (2.5 and 3.0 ppm,
respectively) shows maximum intensity whereas that with 'J(CH)=150 Hz (5.0 ppm) is
perfectly nulled.
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T2 (s) r’ T, (s) o
H1 0.6268  0.9999 Hl5a 03699  0.9969
H2 06176  0.9992 H15b 03638  0.9944
H3 0.7161  0.9995 H17 03101  0.9981
H4 0.7321  0.9996 Hi18a 03295  0.9793
HS 05232 0.9981 H18b 03443  0.9588

Hlla 0.4755 0.9889 H20a 0.3630 0.9877
HI11b 0.4495 0.9991 H20b 0.3545 0.9797

HI12 0.4865 0.9968 H22 0.4128 0.9983
HI13 0.4986 0.9996 H23a 0.4006 0.9941
H14 0.4466 0.9972

Table S1: Experimental T2 values measured for a sample of 20 mg strychnine in CDCl3
in a 500 MHz spectrometer at 298K. Ten different CPMG-PROJECT spectra were
recorded using an inter-pulse time of 1.5ms (n=4) and a different number of loops: 1,
10, 25, 50, 100, 150, 200, 250, 375 and 500, with a total echo time of 0.012 s, 0.066 s,
0.1575,0.3065,0.609s,0911s,1.2125,1.5145,2.267 s and 3.021 s respectively.
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Results and Discussion

Introduction

This publication is a chapter of the book entitled “Annual Reports on NMR
Spectroscopy”. It is a review work where a deeply discussion about the recent
developments introduced into novel HSQC and HSQMBC pulse sequences (including all
the publications related with HSQC/HSQMBC experiments with and without pure shift
methodology discussed in this doctoral thesis). Special emphasis is made on modern
concepts such as fast NMR, pure shift NMR, and also on robust techniques affording pure
in-phase multiplet patterns, which are amenable for a simpler and a more accurate
analysis.

This publication is also focused on the different practical applications of these modern
HSQC and HSQMBC experiments, with special emphasis in the measurement of homo-
and heteronuclear coupling constants. The suitability of some of these methods for the
quantitative measurement of one-bond and long-range proton—carbon coupling values in
molecules in isotropic and weakly aligned anisotropic conditions is ilustrated.
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Abstract

A general description of the latest developments in heteronuclear single-quantum
correlation and heteronuclear single-quantum multiple bond correlation experi-
ments designed for small molecules at the natural isotopic abundance is reported.
A discussion is made on the details introduced into novel NMR pulse sequences with
special emphasis on modern concepts such as fast NMR or pure shift NMR and also on
robust techniques affording pure in-phase multiplet patterns, which are amenable for a
simpler and a more accurate analysis. The suitability of some of these methods for the
quantitative measurement of one-bond and long-range proton—carbon coupling values
in molecules in isotropic and weakly aligned anisotropic conditions is also reviewed.

Keywords: NMR, HSQC, HSQMBC, Proton-carbon coupling constants, Pure Shift NMR,
Pulse sequence development

1. INTRODUCTION

Proton-detected two-dimensional (2D) NMR experiments, essen-
tially based on two different pulse schemes referred to as heteronuclear
single-quantum correlation (HSQC) [1]| and heteronuclear multiple-
quantum correlation (HMQC) |2], have been key NMR tools during many
years for chemists and biochemists to provide valuable structural information
on 'H-">C (and "H-""N) chemical bonds in a molecule. Nowadays, these
experiments are usually performed in a complete automation mode in both
data acquisition and processing steps, practically without any need for direct
user intervention. The resulting 2D maps are very simple to analyze and to
interpret, even for non-experienced NMR users, typically displaying well-
dispersed cross-peaks that correlate 'H (direct F2 dimension) and "’C (indi-
rect F1 dimension) chemical shifts between directly attached 'H-">C
groups, through the one-bond proton—carbon coupling constant (' J(CH))
transfer mechanism. Compared to HMQC, the standard HSQC presents
a better defined pulse scheme with characteristic steps which can be individ-
ually analyzed and modified in a straightforward way. Thus, heteronuclear
magnetization transfers performed by INEPT elements and the evolution of
single-quantum °C coherences to generate the indirect F1 dimension are
the two main features that define the HSQC experiment.

Since its introduction, the HSQC pulse scheme has been modified in so
many different ways in order to improve important experimental aspects
such as sensitivity, resolution, efficiency, robustness, and performance.
A recommendable work to understand the fundamentals and the different
features, options and practical details of both HMQC and HSQC experi-
ments is available as a comprehensive reading and as a complementary
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reference to this article [3]. Historically, a major development in pulse
sequence design was the incorporation of pulsed field gradients (PFGs)
for coherence pathway selection. In both HSQC and HMQC experiments,
PEGs allow a clear distinction between 'H—">C versus 'H-'>C magnetiza-
tion, which results in the collection of high-quality free-artifacts NMR
spectra under standard routine conditions [4,5]. In addition, the use of PEGs
reduces the requirement for an extensive number of phase cycles to be exe-
cuted, significantly reducing the overall experiment time when sensitivity is
not the limiting factor. PFGs have also been used as purge zz and refocusing
elements, and further combination with water suppression strategies
extent its applicability for biomolecules working in H,O solutions. Two
additional enhancements of the basic HSQC pulse scheme involved the
modification of the last retro-INEPT element: (i) the incorporation of
the preservation of equivalent pathways (PEP) technique that afford an
important sensitivity improvement for CH and NH spin systems [6] and
(i1) the use of the transverse relaxation optimized spectroscopy (TROSY)
strategy enables a better sensitivity and resolution for large biomolecules
and complexes in high magnetic fields [7]. All these improvements have
been successfully incorporated in a large number of multidimensional
NMR experiments designed to detect NH groups on isotopically labeled
proteins and nucleic acids [8].

Nowadays, clean 'H-">C HSQC spectra can be obtained in minutes using
conventional hardware configurations and with only some milligrams of a sam-
ple at natural isotopic abundance. The availability of high magnetic fields, cryo-
genically cooled radiofrequency (rf) coils and preamplifier components, and
low-volume tube and capillary probes has dramatically improved the detection
limits of the NMR spectroscopy, allowing to obtain such 2D spectra even for
very low concentrated samples. These innovations can lead to an approximate
20-fold increase in mass sensitivity compared with conventional NMR instru-
mentation at the same field, providing chemists with new capabilities for explo-
ration of submilligram natural product samples [9]. For instance, it has been
reported that a conventional 'H-""C HSQC spectrum of 7.5 pig of a natural
product dissolved in 30 pl of solvent can be obtained in 15-30 min in a 1.7-
mm microcryoprobe at 600 MHz [10] or the measurement of ' J(CH) values
from an F2-coupled "H-">C HSQC spectrum has been accomplished with
90 pg of the natural product muironolide in an overnight acquisition [11].
Less-sensitive 'H—""N HSQC of natural products can be obtained from about
1 mg samples using a 1.7-mm microcryoprobe within 4 h.

Over the years, the original HSQC pulse scheme has also been largely
modified to provide additional and complementary information from a

279



Publication 10

166 Laura Castanar and Teodor Parella

single NMR experiment. For instance, the multiplicity-edited HSQC (ME-
HSQC) experiment [12] is a common and very useful technique used in
routine NMR protocols to additionally obtain information about the carbon
multiplicity (distinction of CH/CHj; vs. CH, spin systems) as a function of
the relative positive/negative phase of HSQC cross-peaks. The experiment
uses an extended °C echo period during the evolution of C single-
quantum coherences (SQCs) that minimally affect the overall sensitivity
and therefore, in practical terms, the ME-HSQC can be preferred to the
standard HSQC to trace out connectivities and to obtain multiplicity infor-
mation in an unique spectrum. The HSQC-TOCSY experiment [13] is
another simple but complementary extension of the HSQC experiment
which provides the simultaneous information of 'H and '*C chemical shifts
into a complete J-coupled spin system, offering a relevant interest in the
analysis and unambiguous assignments of complex spin systems. The exper-
iment relies in a consecutive and sensitive ' J(CH) + J(HH) transfer mecha-
nism but, as a main drawback, only works for protonated carbons. On the
other hand, and in analogy to the classical heteronuclear multiple bond con-
nectivity (HMBC) experiment [14,15], the long-range optimized HSQC
experiment (referred to as heteronuclear single-quantum multiple bond cor-
relation or HSQMBC) [16] provides information about protons and carbons
separated by more than one-bond, typically two- and three-bond connec-
tivities. In its basic form, the regular HSQC pulse timing is executed with a
different setting of the interpulse delay (typically 50-75 ms) to match the
smallest long-range proton—carbon coupling constant ("J(CH); n> 1) values,
typically in the range of 0—15 Hz. The less-sensitive ADEQUATE experi-
ments [17] are based on extended J(CH)+J(CC) transfer mechanisms,
where the main features of the HSQC experiment are combined with an
intermediate '>C  double-quantum mixing period. The basic 1,1-
ADEQUATE experiment provides two-bond connectivities according to
a 'H-"c-C spin system, and complementary 1,n-, n,1-, and n,n-
ADEQUATE versions have been also useful to trace out longer 'H/"C
correlations [18].

In addition to the tremendous potential of the HSQC experiment as an
analytical method for unambiguous chemical shift assignment, structure
characterization and validation, and mixture analysis, it has also demon-
strated to be very efficient for other purposes, such as the quantitative mea-
surement of ' J(CH) couplings, the determination of T}/ T, relaxation times,
or for quantitative studies by peak volume integration. For small molecules
in isotropic conditions, 'J(CH) values are large in magnitude (in the range of
~120-250 Hz) and positive in sign, and they can be quickly measured for
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the large doublet observed in coupled HSQC spectra. 'J(CH) has been
found to have interesting applications in many constitutional, configura-
tional, and conformational studies [19-22] and, in the last decade, a renewed
interest for the measurement of one-bond proton—carbon residual dipolar
coupling (RDC) constants (' D(CH)) has appeared when working in weakly
aligned anisotropic media [23—27]. The magnitude and the relative sign of
'D(CH) are determined from the differences obtained from the experimen-
tal isotropic versus anisotropic values according to 'D(CH)="J(CH)—
"T(CH), and they are strongly related to the CH bond orientation with
respect to the molecular tensor and the permanent magnetic field. On the
other hand, related NMR experiments based on the HSQC-TOCSY and
HMBC/HSQMBC pulses schemes have been proposed for the quantitative
measurement of smaller "J(CH) couplings.

The aim of this article is to compile all new HSQC-related NMR exper-
iments published in the last years that have been specifically designed and
applied to small molecules at natural abundance (Scheme 1). Special focus
will be made on novel HSQC schemes including concepts such as fast
NMR and pure shift NMR. In addition, reference to improved
J-compensated HSQC sequences will be made, discussing the effects of
the intensity and phase signal modulation dependence with respect to
'(CH) and/or J(HH) which are generated during INEPT periods.
A particular analysis will be also made on modern NMR methods designed
for the quantitative measurement of 'J(CH) and/or 'D(CH) and, by

Qualitative analysis Fast NMR

Chemical shift assignment R
Structure characterization UF-H50C. ASAP-HSQC
and validation
Pure shift -
saps | HsQC i Quanttative
HsQC _
LR-HSQMBC Hsac
COB-HSQC
PIP-HSQC
HSQMBC PIP-HSQMBC | J(CH) measurement

CLIP-selHSQMBC
selHSAQMBC-IPAP
selHSQMBC-TOCSY

Scheme 1 Graphical representation of some recently reported HSQC/HSQMBC-related
NMR methods.
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extrapolation, for the determination of the magnitude and/or the sign of
small "J(CH) coupling constants. Finally, miscellaneous HSQC/HSQMBC
methods to obtain semiquantitative spectra suitables for a direct peak volume
integration, to achieve optimum signal resolution in F1 and/or F2 dimen-
sions, or to observe very long-range heteronuclear connectivities will be
commented.

2. THE BASIC HSQC EXPERIMENT

Figure 1 shows the five basic independent steps that can be identified
in a standard 2D gradient-selected HSQC pulse scheme. Step 1: The
pre-scan period is usually defined by a long recycle delay (some seconds
of duration, accordingly to the existing T;('H) relaxation times) to allow
the recovery of the "H magnetization to a pre-equilibrium state just before
to start the sequence. Step 2: After the initial "H excitation, heteronuclear
transfer via J(CH) takes place using an INEPT element. Step 3: Antiphase
(AP) °C SQC evolves during a variable #; period under the effect of '°C
chemical shift, whereas the evolution of heteronuclear J(CH) couplings is

© 6 o o0 O

Recycle 'H-to-"C “C sac "C-to-"H

Delay INEPT Evolution INEPT AWU'S'NW
Figure 1 Schematic representation of the different steps involved in a standard 2D
"H-'3C HSQC pulse sequence. Thin and thick vertical rectangles represent 90° and
180° hard pulses, respectively. The delay 4 should be set to 1/(2*'J(CH)), and & repre-
sents the duration of the PFG and its recovery delay. In this scheme, coherence selection
is performed by the gradient pair G1/G2 using the echo-antiecho protocol.
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decoupled by the central 180° 'H pulse. Step 4: During the retro-INEPT
element, '’C magnetization is initially reconverted to 'H magnetization,
whereas the subsequent J(CH) evolution generates in-phase (IP) magnetiza-
tion prior to acquisition. Step 5: The sequence ends with a 'H detection
period under optional broadband heteronuclear composite pulse decoupling
(CPD). This scheme deserves some additional comments because it is used as
a pattern for most experiments described in this report. First, it uses coher-
ence selection by PFGs using the echo—antiecho approach, where the
encoding gradient G1 (of duration &) is located into a '>C spin-echo period
to avoid any evolution during this application. The decoding gradient G2
applied during the last evolution period is optimized according to the
refocusing gradient condition (G1 = (y/7c)*G2).

The interpulse INEPT delay is optimized to a single J value, according to
A=1/(2*'J(CH)), and therefore, the cross-peak intensities do not show an
uniform response owing to the variable and wide range of ' J(CH) coupling
values. The magnitude of 'J(CH) is a direct measurement for the degree of
hybridization of the involved carbon atom, presenting approximate values of
~120~140 Hz for aliphatic sp> carbons, ~150~170 Hz for olefinic systems
or 240-270 Hz for acetylenic functional groups. The practical use of ' J(CH)
has found a wide interest for structural analysis of small molecules including,
for instance, the distinction of axial and equatorial protons in cyclic systems,
of anomeric protons in carbohydrates, or the use of RDCs as angular con-
straints, among other.

For a proper knowledge how the HSQC pulse scheme works, the signal
intensity and phase dependences generated during the INEPT periods can
be easily analyzed by the product operator formalism [28]. At the end of the
refocusing '*C-to-"H INEPT period and just before acquisition (point a in
Fig. 1), the observable 'H magnetization for an isolated '"H—">C two-spin
system, with a mutual coupling of 'J(CH), can be described as a mixture
of IP and AP components:

Hxs/2 (TermI) — 2H,C.s'¢(TermII) )

where ¢ is cos(zJ(CH) 4), s’ is sin(zJ(CH) A), and A is the J evolution INEPT
period. The term Il in Eq. (1) can be removed by heteronuclear CPD during
acquisition. To understand the effects of J(HH) in an HSQC experiment,
each INEPT block can be considered as an spin-echo period for protons
and therefore, the undesired J(HH) evolution during the overall A period
can be assessed by considering a heteronuclear three-spin Hy, H,, and
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C system, with active J(H{Hj) and J(CH;) couplings. In this case, the mag-
netization of spin H; at point a in Fig. 1 can be now described as:

H1xczs'2 (TermI) — 2H1yCZczs'cl(Term 1) + 2H1),H22c55/2 (Term I1I)
+ 4H, H,.C.css' (Term IV)

where ¢ is cos(zJ(CH,) A), 5 is sin(zJ(CH,) A), cis cos(zJ(H;H,)A), and s is
sin(zJ(H{H,) A4). Although that terms Il and IV in Eq. (2) can be removed by
heteronuclear CPD during acquisition, this more complex signal intensity
dependence usually hinders any attempt for the quantitative use of standard
HSQC data, requiring the design of more robust J(HH)- and J(CH)-
compensated INEPT sequences to improve/avoid such anomalies (see
Section 5.1.2).

3. SPEEDING-UP HSQC DATA ACQUISITION

There has always been a general interest to develop fast NMR
methods to reduce the experimental time required for a complete 2D acqui-
sition and to economize valuable spectrometer time. There are two main
factors that determine the overall duration of a given 2D experiment:
(1) the long recycle delay (typically in the order of some seconds) needed
to achieve a preequilibrium proton polarization and (ii) the number of var-
iable linearly sampled #; increments required for an optimum resolution in
the indirect F1 dimension. Several approaches to accelerate data acquisition
in HSQC experiments have been reported.

3.1. ASAP-HSQC Experiment

In conventional HSQC experiments, the preparatory recycle period is
determined as a function of the T;('H) values, typically 1-2's in routine
analysis. Thus, a simple solution to speed up data acquisition should be
the reduction of the recycle delay between scans to some milliseconds.
However, fast pulsing generates partial signal saturation and the overall sen-
sitivity can be significantly decreased.

Fast acquisition of "H=""N HSQC spectra in proteins has been per-
formed using the SOFAST or BEST approaches, which is based on the
replacement of all hard "H pulses by region-selective 90° and 180° 'H
(°N) pulses in order to reduce the longitudinal T;("HN) relaxation
[29,30]. This allows the combined use of very short recycle delays with
an optimized Ernst-angle excitation to achieve optimal sensitivity per time
unit. However, this region-selective excitation strategy is not of general
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Figure 2 Two different approaches to achieve fast recording of HSQC spectra: (A) ASAP-
HSQC experiment and (B) single-scan Ultrafast HSQC (UF-HSQC) experiment.

application to small molecules. Recently, a fast ASAP-HSQC experi-
ment [31] (ASAP stands for Acceleration by Sharing Adjacent Polarization)
(Fig. 2A) has been proposed to quickly obtain a 2D HSQC map in less than
30 s for relatively concentrated samples, and it has been demonstrated that
better spectral and cross-peak quality is obtained than a previous ASAP-
HMQC experiment [32|. The ASAP method [33] uses a short (40 ms)
PFG-flanked isotropic mixing period instead of the conventional long
recycle delay and it can be combined with the use of an optimized
Ernst-angle pulse excitation (f) and shorter A’ delays during the first
defocusing INEPT periods. The main originality of the sequence relies
in the management of 'H magnetization just after the evolution of '°C
SQC during the variable #; period, which retains the polarization reservoir
for all the passive spins not directly bound to the NMR-active
heteronucleus. This modified experiment applies a 90°('H) pulse of the
backtransfer step with —x phase before the actual coherence order selection
and echo—antiecho encoding. As described in the original publication, this
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way the polarization reservoir is flipped along z, ensuring that it is not
affected by the gradients. Coherence order selection is then achieved by
dephasing either zero-quantum or double-quantum coherences with a
proper setting of the involved gradient strengths. The fast acquisition of
HSQC spectra allows the averaging over many more scans or to acquire
a large number of #; increments for the same experiment time. Overall,
the ASAP-HSQC shows a moderate gain in SNR per time unit when
compared to the standard HSQC recorded into the same experimental
time. It must be emphasized that for long acquisitions, precautions should
be taken because rapid pulsing could generate sample heating and damage
probe components.

The original ASAP-HMQC pulse sequence has been evaluated for rapid
screening of natural products [34], and an ASAP version of the HMBC
experiment (defined as IMPACT-HMBC) has been also reported and fur-
ther tested for analyzing silylated derivatives [35] and for monitoring hydro-
gen bonding in peptides [36].

3.2. Non-uniform Sampling

It is recognized that one of the major inconveniences of any 2D experi-
ment is the need to record a minimum number of #; increments, which
determines the resolution achieved in the indirect dimension and also
influences the overall experimental time. Several approaches have been
proposed to improve the resolution along the indirect dimension of an
HSQC experiment and to reduce spectrometer times: (i) the use of band
selection in the indirect dimension that allows the use of a reduced >C
spectral width [37,38]; (ii) the application of data processing techniques
such as zero-filling or linear prediction; (iii) the use of a deliberate reduced
°C spectral width to achieve spectral folding or spectral aliasing which
depends on the acquisition mode [39—42]; or (iv) the use of non-uniform
sampling (NUS) [43,44] techniques. For small molecules, NUS can facil-
itate significant reductions (~50%) in the time needed to collect 2D
HSQC spectra by using ~50% of sampling density, or otherwise offering
gains in spectral resolution along the indirect '*C dimension by recording
less number of # increments. Some of these algorithms are already
implemented in modern NMR software packages, and non-experienced
users can use them in a fully transparent and automatic way without any
further modification of the standard pulse programs or general setup
parameters. The quality of the resulting spectra depends crucially on the
sampling schedules and the algorithms for data reconstruction. However,
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precaution should be taken for the presence of unwanted artifacts that can
generate distorted or false cross-peaks.

An accelerated 3D HSQC-DOSY experiment has been proposed to
obtain individual 2D HSQC maps of each component in a mixture by joint
sparse sampling of the diffusion and time dimensions [45].

3.3. Ultrafast HSQC

The spatially encoded single-scan or Ultrafast (UF) NMR technique allows
performing 2D experiments in a single scan, within a few seconds, provided
that sensitivity and sample concentration are sufficient [46—49]. Since its ear-
liest days, an important number of new developments and applications have
converted UF-NMR as a powerful analytical tool for real-time monitoring
of chemical and biochemical processes [50-52]. Several UF-HSQC pulse
sequences have been proposed where the key elements are the use of spa-
tially encoding gradients during Step 3 of the basic HSQC scheme (see
Fig. 1) and an echo planar imaging acquisition mode as traditionally
implemented in magnetic resonance imaging applications (Fig. 2B). In prac-
tice, a general applicability of the UF-HSQC experiment in routine proto-
cols of small molecules is hampered because the UF dimension window is
limited by the strength of the encoding/decoding gradients and also by the
severe sensitivity losses due to slice selection. Experimentally, the spectral
width observable in the C dimension is limited to a few tens of ppm
[53,54] although that an improved version has been reported that combines
spatial encoding with iterative compressed-sensed reconstruction [55].
UF-HSQC has been successfully applied for the real-time mechanistic mon-
itoring of chemical reactions [56], for the fast measurement of 'J(CH)/'D
(CH) in oriented media [57] and combined with ex sifu dynamic nuclear
polarization (DNP) [58]. Although these experiments can be currently
defined as non-routine techniques due to their apparent complexity, valu-
able documentation describing the experimental details (the step-by-step
protocol, pulse sequences and processing programs) required to implement
UF-HSQC experiments in modern spectrometers is available [59-61].

4. HIGH-RESOLVED HSQC USING PURE SHIFT NMR
4.1. PS-HSQC Experiments

In the last years, the old idea of broadband homodecoupling [62] has
emerged in the field of small molecule '"H NMR spectroscopy under the
acronym of pure shift NMR. [63-66] A number of homodecoupled
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versions of the most traditional 1D and 2D NMR experiments have been
proposed providing the collapse of the typical J(HH) multiplet patterns to
simplified singlet lines along the detected dimension. Among the different
homodecoupling approaches developed over the years, the Zangger—Sterk
(ZS) experiment has become one of the most powerful approaches to efti-
ciently improve signal resolution. It is based on the combination of a hard
180° pulse and a selective inversion element applied in the center of an echo
period to allow the exclusive evolution of 'H chemical shifts of the active
protons (those experiencing the selective inversion perturbation), whereas
all their passive J(HH) couplings are refocused. The implementation of
the ZS method involves a pseudo-2D acquisition scheme that usually
requires the collection of 16-32 measurements and a special free induction
decay (FID) reconstruction of an 1D homodecoupled FID from the concat-
enation of the initial chunk of each increment with a duration 1/SW,
where SW is about twice the width of the widest multiplet to be decoupled
(typically about 10 ms) [63,67]. Alternatively, a real-time 1D acquisition
scheme that requires conventional data processing offers a considerable gain
of sensitivity per time unit ratios but at some cost in spectral quality and res-
olution and limited to the use of short selective pulses [62,64,68]. In prin-
ciple, the direct implementation of these ZS methods should be suitable for
all known 1D and 2D experiments involving IP magnetization with respect
to J(HH), such as TOCSY, NOESY, ROESY, and HSQC experiments,
but would fail for those involving AP magnetization such as traditional
COSY or HMBC/HSQMBC experiments. Thus, HSQC has been a good
target to evaluate the performance, the advantages, and also the limitations
of such implementations, and a number of different pure shift HSQC
(PS-HSQC) experiments have been reported incorporating the pseudo-
2D or real-time acquisition strategies, using either a BIRD element to invert
selectively '"H-">C versus '"H-">C [62] or spatially encoded frequency-
selective pulses.

The first proposal RESET-HSQC experiment [69| implemented the
original pseudo-2D ZS element just prior to acquisition, using a BIRD ele-
ment as selective inversion module to homodecouple "H—">C protons from
those belonging to 'H-'>C. An improved version offering better suppres-
sion of strong coupling effects and better tolerance to the mismatch
INEPT/BIRD delays optimization has been further proposed
(Fig. 3A) [70]. As a main drawback, this approach uses a 3D acquisition
scheme, and therefore, the gains associated with multiplet collapsing are
strongly minimized by the need of extra spectrometer time to record
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Figure 3 Pulse schemes to obtain pure shift HSQC spectra. (A) HSQC-RESET experi-
ment which uses a pseudo-3D BIRD-based ZS acquisition scheme; (B) PS-HSQC exper-
iment using real-time homodecoupling by the combination of a hard 180°('H)-BIRD
element during data acquisition; (C) sensitivity-improved PS-HSQC; (D) HOBS-HSQC
experiment using real-time homodecoupling during detection achieved by applying
a pair of hard/band-selective 180° "H pulses (represented as solid and shaded shapes).
In (B-D), the homodecoupling element is applied at the middle of 2z=AQ/n periods,
where AQ is the acquisition time and n is the number of concatenated loops. See orig-
inal publications for a more detailed description.
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the homodecoupled "H dimension. F2-heterocoupled versions of the
RESET-HSQC experiment have been also reported for the measurement
of 'J(CH) couplings (see Section 5.1.5).

An enhanced approach of the PS-HSQC experiment uses the real-time
detection method where the homodecoupled BIRD-based inversion ele-
ment is applied into short echo periods during the acquisition period
(Fig. 3B) [71]. This real-time BIRD-based technique was initially proposed
as a 1D method [62,68] to avoid the strong coupling effects associated with
slice selection, but it also delivers two orders of magnitude of sensitivity lost
when compared to a conventional 'H spectrum due to the unavoidable
editing of 'H-"C magnetization at natural abundance (1%). However,
the incorporation of this module in a 2D HSQC scheme affords the max-
imum attainable sensitivity and improved resolution than the regular exper-
iment because the HSQC pulse train by itself acts as a 'H=">C filter and the
homodecoupled element applied during the acquisition period only decou-
ples these selected protons from the passive 'H—'>C. It is important to men-
tion that real-time broadband homodecoupling is fully compatible with
classical broadband heteronuclear decoupling which is applied during the
FID periods.

Experimentally, it has been shown that pure-shift approach can afford a
general sensitivity enhancement by 10-40% through collapse of the multi-
plet structure, and a substantial signal enhancement for CH cross-peaks can
be achieved with the sensitivity-improved PS-HSQC experiment
(Fig. 3C) |72]. However, the BIRD cluster is not able to suppress the effects
of geminal homonuclear couplings and protons belonging to diastereotopic
CH, groups appear partially homodecoupled with characteristic doublets
due to the active *J(HH) splitting (Fig. 4). Broadband homodecoupling
could be incorporated in any type of HSQC-like experiments as reported
originally ~with  the multiplicity-edited HSQC  (PS-edHSQC)
experiment [71].

4.2. HOBS-HSQC: Homodecoupled Band-Selective HSQC

Band-selective NMR spectroscopy experiments are really useful for peptides
and proteins because a set of equivalent spins (amide NH, H,, or aliphatic
side-chain protons) appear in well-separated regions. Another alternative to
obtain PS-HSQC spectra is by implementing the HOmodecoupled Band-
Selective (HOBS) detection scheme [73,74|. This technique has been
successfully implemented in a suite of NMR_ experiments involving IP 'H
magnetization, such as Inversion-Recovery and CPMG-Project experiments
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Figure 4 Selected areas corresponding to the (A) conventional HSQC and (B) pure-shift
HSQC spectra of strychnine (1). One-dimensional traces are shown for selected CH
and CH, spin systems. Data were acquired, processed, and displayed with the same
conditions to allow a quantitative comparison.

to measure Ty and T relaxation times in overlapped signals [75] or in homo-
nuclear 2D TOCSY [73], NOESY [74], and ROESY [76] experiments. Sim-
ilarly, a band-selective version of the PS-HSQC experiment has been also
reported, the so-called HOBS-HSQC experiment [73,74|, where a region-
selective 180° '"H pulse is used instead of the BIRD element as a selective
inversion element (Fig. 3D). The HOBS method is based on the real-time
instant ZS experiment proposed by Meyer and Zangger [64] but yields full
sensitivity because the original spatially encoding gradient applied simulta-
neously to the selective 180° 'H pulse is omitted. Similarly as described above
for the BIRD element, the homodecoupling scheme consists of n
concatenated loops that include a pair of hard/region-selective 180° 'H pulses
(each one flanked by strong G1 and G2 gradients) applied at intervals of 27
period (7 is set to AQ/2n).

The HOBS-HSQC experiment has demonstrated its usefulness for a
natural-abundance sample of cyclosporine (2) (Fig. 5). The collected data
allow conventional data processing and the best results in terms of selectivity
and optimum relaxation were obtained using 180° REBURP semiselective
"H pulses of 5-7.5 ms and decoupling intervals of 2z=10-15 ms. The
method affords broadband homodecoupling for all protons into the selected
region, except those that are mutually J coupled which will show their
corresponding doublet pattern, as shown for the excitation of the Hy region
in 2. Note the improved sensitivity and signal resolution obtained from the
selected 1D slice in Fig. 5. In a similar implementation, a TH-N HSQC
technique for measuring ' D(NH) RDCs in protonated '>N/'*C-enriched
ubiquitin weakly aligned in Pfl has been reported [74]. A spatial-encoded
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Figure 5 (A) Conventional and (B) fully homo- and heteronuclear decoupled HOBS-
HSQC spectra of the peptide cyclosporine (2) after selection of the H, region. Note
the residual doublet splitting of the two mutually J(HH) coupled olefinic protons belong-
ing to the residue 1 in (B). Adapted from Ref. [73].

homodecoupled version of a constant-time HSQC experiment has been also
proposed using the instant detection technique and applied to a '*C-labeled
intrinsically disordered protein but this approach sufters from high levels of
sensitivity losses due to slice selection [77].

4.3. SAPS-HSQC: Spectral Aliasing and Pure-Shift NMR

A very simple experimental trick based on the reduction of the '*C spectral
width in HSQC experiments (for instance, from the typical 160 to 5 ppm)
is extremely useful to improve digital resolution and signal dispersion by
one or two orders of magnitude (for a given number of #; increments)
along the indirect dimension of an HSQC map, without a substantial mod-
ification of the total experimental time. Signals outside of the selected spec-
tral width appear folded or aliased depending on the acquisition
scheme [42,78-80]. Recently, a highly resolved Spectral Aliased Pure Shift
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(SAPS-HSQC) |72 method has proved to be a fast and very efficient tool for
the detection and accurate differentiation and quantification of very small AAS
values simultaneously for '"H and '°C (Fig. 6). The method combines the
complementary features of the pure shift approach that enhances signal
resolution in the alternate 'H dimension with those related to spectral aliasing
in the °C dimension. This approach has been successfully applied to
enantiodifferentiation studies and it can found interest in the analysis of com-
plex mixtures or the distinction of isomers with very similar NMR spectra.

Enantiodifferentiation analysis through the SAPS-HSQC spectrum
has been shown to be superior than the conventional 1D 'H, the con-
ventional >C, or even the broadband homodecoupled 1D 'H ZS spectra.
SAPS-HSQC data allow the detection of enantiodifferentiated signals
even in the case that AAS('H) or AAS(*’C) is close to 0, whenever one
of these two wvalues is sufficiently dispersed. In a previous work, 1D
pure shift '"H NMR already demonstrated its practical usefulness in
enantiodifferentiation studies to distinct signals separated by more than
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Figure 6 (A) Expanded areas comparing some cross-peaks in SA- and SAPS-HSQC spectra
of the racemic compound (3)/R-PA (Pirkle Alcohol) mixture acquired with a reduced "3C
spectral width of 2.5 ppm. (B) Experimental line widths and relative sensitivities obtained
in conventional HSQC, pure shift HSQC (PS-HSQC) and pure shift sensitivity-improved
HSQC (PS-HSQGsi) experiments. One-dimensional traces correspond to the H12/C12
cross-peak. Adapted from Ref. [72].
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2 Hz [81]. Similarly, a conventional fully decoupled 1D ">C spectrum is
one of the oldest pure shift experiment and it has been shown that
enantiodifferentation can also be accomplished with signals above 2 Hz
in a 600-MHz spectrometer [82]. To quantify the Dbetter
enantiodifferentiation and signal dispersion achieved in a 2D HSQC
cross-peak, a new parameter AAS(CH)? = AAS('H)*+AAS(°C)? has been
defined. It can be stated that both AAS('H) and AAS('>C) values can be
measured when AAS(CH) > 5 ppb, even in the case that signals are not dif-
ferentiated in the conventional 1D 'H or °C spectra. In terms of spectral
quality, homodecoupling during acquisition in PS-HSQC experiments
generates sidebands at specific frequencies around the main signal and a
slight broadening of the signal (~3 vs. ~3.5 Hz) when compared to regular
experiments (Fig. 6B). In practice, this does not affect the AAS determi-
nation, and signal discrimination less than 1 Hz can be achieved in a 600-
MHz spectrometer, even for those NMR signals with no apparent splitting
in the "H and/or in the °C spectrum (<2 Hz). For instance, the H9/C9
and H13/C13 signals are two excellent examples showing how two carbon
signals that do not appear split in the 1D ">C spectrum can be clearly dis-
tinguished with AAS('>C) values of 0.7 and 1.4 Hz (4.6 and 9.2 ppb),
respectively, from the 2D cross-peak analysis. In the example shown in
Fig. 6A, only 5 of the 16 available proton signals were clearly
enantiodifferentiated in the conventional 'H spectrum, 10 in the 1D ZS
spectrum, and 15 in the SAPS-HSQC spectrum. On the other hand, 6
of the 11 protonated carbons were enantiodifferentiated in the 1D "°C
spectrum acquired overnight, whereas 10 signals were distinguished in
the SAPS-HSQC data collected in only 10 min.

The improved signal dispersion achieved due to the combined eftects of
"H and °C § differentiation and the enhanced multiplet pattern simplifica-
tion provided by both homo- and heteronuclear decoupling in both dimen-
sions is also illustrated in Fig. 7. The H-15 methyl signal consists of two
overlapped triplets where it is difficult to extract the exact chemical shift
values in both 'H and conventional HSQC spectra. Note the superior
performance of the SAPS approach for an automated peak picking to
determine a more accurate and simultancous determination of &('’H),
5(°C), AAS('H), and AAS("’C) and to quantify each individual singlet
signal by direct peak volume integration.

In analogy, small >C chemical shift differences for quaternary carbons
can also be determined by implementing spectral aliasing in HSQMBC
experiments. Unfortunately, a real-time broadband homodecoupling
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Figure 7 (A) Expanded area showing the C15/H15 cross-peak enantiodifferentiation of
(3) by using in (top) SA-HSQC and (bottom) SAPS-HSQC spectra. (B) Definition of the
new AAS(CH) enantiodifferentation parameter. Adapted from Ref. [72].

acquisition scheme as described previously for the HSQC scheme cannot be
implemented in conventional HSQMBC sequences because the detected
"H signals are directly attached to '>C and the BIRD element is not able
to distinguish between different J(HH)-coupled 'H('*C) protons. However,
two different approaches have been reported to achieve pure shift long-
range heteronuclear correlation experiments: (i) A band-selective version
based on the HOBS technique (HOBS-HSQMBC), which is described
in detail in Section 6.5 and (ii) a broadband homodecoupled HMBC spec-
trum based on a 3D J-resolved HMBC experiment [83]. In this latter case, a
special data processing and the requirement for a longer 3D acquisition time
can limit its practical use.

Finally, the incorporation of spectral aliasing in HSQC-TOCSY exper-
iments also shows to be complementary to the HSQC counterparts
for unambiguous chemical shift assignments of signals belonging to
each enantiomer. As discussed before, it has not been reported any NMR
method incorporating broadband homodecoupling in the HSQC-TOCSY
experiment, mainly due to the same reasons as given for the long-range cor-
relation experiments. However, broadband homodecoupled HSQMBC
and HSQC-TOCSY experiments could be designed using the real-
time instant or the pseudo-2D ZS strategy based on slice selection but
they would become prohibitive in terms of sensitivity and overall
experimental time.
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5. HSQC METHODS FOR MEASURING "J(CH)

The HSQC experiment has been largely used for the sensitive
measurement of ' J(CH)/' D(CH) coupling constants in solution and aniso-
tropic media, respectively, of both small molecules at natural abundance
and large labeled biomolecules [84-86]. A comparison of standard F1-
and F2-coupled HSQC methods to measure 'J(CH) and 'T(CH) in dia-
stereotopic protons of strychnine was reported some years ago [87], and
more recently, the pros and cons of new HSQC methods have been eval-
uated, with special focusing on the design of robust NMR methods to per-
form such measurements in an easy, user-friendly, and accurate way, and
considering some relevant aspects such as (i) the discussion about whether
the 'J(CH) splitting should be measured from the direct F2 ("H) or the indi-
rect F1 (°C) dimension of a 2D HSQC spectrum, (ii) the optimum mea-
surement when a large variation of 'J(CH)/'T(CH) values are present,
(iii) the determination of 'J(CH) for individual protons in diastereotopic
CH, or NH; groups, (iv) the simultaneous determination of additional cou-
pling constants from the analysis of the same cross-peak, being the maximum
interest the sign-sensitive determination of geminal *J(HH) values, and
(v) the detection and recognition of the presence of undesired strong cou-
pling effects and evaluation of their influence on the accuracy of the
measurement.

5.1. F2-Coupled HSQC Experiments

The easier method to measure 'J(CH) is from the detected dimension of a
conventional HSQC experiment recorded without heteronuclear
decoupling during proton acquisition, referred here to as F2-HSQC exper-
iment (Fig. 8A). The main advantages of such an approach are its easy and
direct measurement due to the presence of large doublets (Fig. 9A), the high
levels of digital resolution readily available in the proton dimension and dif-
ferent peaks belonging to diastereotopic CH, groups can be individually
analyzed. The drawbacks are that signals exhibit the typical J(HH) multiplet
pattern structure, and therefore, the lack of a well-defined multiplicity J sub-
structure or undesired line broadening effects can preclude accurate deter-
minations, factors that are emphasized in anisotropic media due to the
important HH dipolar contribution. In addition, strong coupling effects
can be quickly recognized by the distortions observed in one of the two
components, as shown in Fig. 9B, hindering an accurate measurement.
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Figure 8 Basic pulse schemes to obtain F2-heterocoupled two-dimensional "H-">C
HSQC spectra: (A) CLIP-HSQC, (B) perfect-CLIP-HSQC, and (C) PIP-HSQC experiments.
Narrow and broad pulses represent 90° and 180° pulses, respectively, with phase x,
unless specified explicitly. The interpulse delay 4 is set to 1/(2*'J(CH)) and a basic
two-step phase cycling is executed with ¢;=x,—x and receiver ¢,=x,—x. Gradients
for coherence selection using the echo-antiecho protocol are represented by G1 and
G2 and 6 stands for the duration and the gradient and its recovery delay. A purge gra-
dient G3 is placed for zz-filtering whereas the final and optional 90°(*3C) stands for the
so-called CLIP pulse to remove heteronuclear AP contributions. F2-heterodecoupled
versions of all three HSQC schemes should be obtained by applying broadband hetero-
decoupling during the acquisition period. In such cases, the CLIP pulse in (A) and (B) is
not required.
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Figure 9 (A) Conventional F2-coupled CLIP-HSQC spectrum of (1) recorded in a 500-
MHz spectrometer. 'J(CH) can be easily measured from the large doublet along the
detected dimension, as shown in the inset. (B) One-dimensional slices showing dis-
torted signals due to the presence of strong-coupling effects.

The effects on the phase and the intensity observed in different HSQC
cross-peaks as a function of the magnitudes of J(HH), ' J(CH), and the delay
A optimization for several F2-HSQC schemes have been studied by 1D
spectral simulations (Fig. 10). Thus, the phase anomalies observed in con-
ventional F2-HSQC cross-peaks (Fig. 10A) result from the mismatch
between the optimized A delay and the active 'J(CH) value (terms II and
IV derived in Eq. 2), and from the evolution of J(HH) during the echo
INEPT periods (term IIl in Eq. 2). Such distortions limit any attempt to real-
ize an accurate analysis in terms of signal quantification via peak integration
or direct 'J(CH) and J(HH) measurements.

5.1.1 CLIP-HSQC
A simple solution to partially solve these phase distortions was proposed with
the CLean IP HSQC (CLIP-HSQC) experiment [88], which applies a 90°
°C pulse (from the x-axis) just prior the acquisition (Fig. 8A). In this way,
the AP contributions due to 'J(CH) are converted to multiple-quantum
coherences (terms II and IV) and, apparently, clean IP patterns should be
obtained in the absence of any J(HH) coupling.
90° (. °C) 2.2 20

Eq.(2) —— Hj, s (TermI) + 2H;,C,c*s'¢’ (TermII)

+ 2H1),H22635l2 (TermIIl) —4H;H,.C,csd's (Term1V)

)
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Figure 10 Simulated 1D spectra showing the phase peak distortion effects in several
140-Hz optimized F2-heterocoupled HSQC experiments: (A) Conventional HSQC,
(B) CLIP-HSQC, (C) perfect-HSQC, and (D) perfect CLIP-HSQC. Six protons belonging
to three different diastereotopic CH, groups have been simulated with a wide range
of J(HH) and 'J(CH) values, as shown in the upper part. Adapted from Ref. [95].

However, in the presence of J(HH), a mixture of observable IP and AP
components (Hy,.+2H; H,.) are still active, as shown in the simulated spec-
trum of Fig. 10B. In practice, due to the large difference of magnitudes
between 'J(CH) and J(HH), these unwanted contributions are small and
they have been traditionally omitted in cross-peak analysis in CLIP-HSQC
or in conventional decoupled HSQC experiments. A simple calculation
shows that these effects may become important. For instance, the relative
percentage of the term III with respect to term I in an 140-Hz optimized
CLIP-HSQC experiment is of 5.6% and 17% for J(HH) values of 5 and
15 Hz, respectively. Such percentages can be more pronounced when mea-
suring RDCs in anisotropic media, where higher values of HH couplings are
usually involved.

Enthart ef al. also introduced the IPAP technique into the F2-HSQC
(CLIP/CLAP-HSQC experiment) [88] to edit the two components of
the doublet in two separate spin-state selective o/ spectra in order to avoid
accidental signal overlap. Similar IPAP techniques have been also
implemented in  broadband  homodecoupled F2-HSQC  (see
Section 5.1.5) and selHSQMBC (see Section 6) experiments. The robust-
ness of the CLIP/CLAP experiments has been also tested using optimized
designed broadband 90° and 180° pulses.

5.1.2 J(HH)-Compensated INEPT: Perfect-HSQC
The evolution of J(HH) during homonuclear or heteronuclear echo periods
also generates AP components that distort the phase of the signal. The
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product operator analysis of a conventional echo element (Fig. 11A) for a
weakly coupled AX H;/H, two-spin system, with a mutual J(H{H,)
coupling, can be summarized as:
A—180—4 4
—H;, —H;,——— —Hj,cos (z]A) +2H; Hy.sin (z]A) )
—Hs,cos (] A) + 21, Iy.sin (7] A)

An interesting general NMR building block, referred to as perfect echo,
has shown a renewed interest in the last years because the J(HH) effects gen-
erated during a spin-echo period can be efficiently refocused for a spin AX
system (Eq. 5). Basically, it is a double spin-echo scheme separated by an
orthogonal J-refocusing 90° pulse, with the interpulse delay set to A <1/
JHH) (Fig. 11B) [89].

Eq.(4) L(Y)> —Hjycos (] A) — 2H;.Hoysin (7] A) — Hoycos (7] A)

—2H,.Hy,sin(z]A)

4-180-4 —Hj,cos*(z]A) +2H;Hs.cos (z]A)sin (2] A)
—2H;.Hy,sin (7] A)cos (] A) — szsin2 (z]A) ®)
—Hy,cos?(nJA) + 2Hp, Hy.cos (z] A)sin (z]A)
—2H, . Hy,sin (z]A)cos (z]A) — Hy,sin?(z]A)

=—Hiy —Hy,
A Echo -E Perfect echo
w o] i d
C Gradient echo D Perfect gradient echo
" tIl | | k. .‘I‘E‘I..
o 4 a, f
E Heteronuclear echo | F Perfect heteronuclear echo
il bk
Jil B 3

Figure 11 NMR building blocks comparing conventional versus J(HH)-compensated
spin-echo elements.
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The concept of perfect echo has been successtully implemented in a series
of NMR applications to solve some traditional issues, such as the determina-
tion of T, relaxation times from undistorted multiplets in “perfect-echo
CPMG” experiments [90], the elimination of peak distortion caused by
J(HH) in diftusion NMR experiments [91], the suppression of J(HH) evolu-
tion during the solvent-suppression period in a “perfect WATERGATE”
method [92], or during the variable ¢ period in “perfect-HMQC” experi-
ments to remove the typical cross-peak tilting along the indirect dimen-
sion [93]. In the heteronuclear case, a J(HH)-compensated INEPT
sequence called “perfect-echo INEPT” element (Fig. 11F) has been intro-
duced to refocus J(HH) modulations appeared during INEPT elements and
it has been applied to improve long-range heteronuclear transfers in conven-
tional 1D refocused '°C INEPT experiments [94].

The JHH) interferences present in conventional HSQC experiments
have been efficiently minimized in a perfect-HSQC pulse scheme
(Fig. 8B) which replaces the classical INEPT by a J(HH)-compensated
perfect-echo INEPT module consisting of a double echo period in both
defocusing/refocusing heteronuclear transfer periods [95]. JHH) is
refocused at the end of each double echo period, and therefore, the signal
amplitude is only modulated by the effect of 'J(CH). Thus, in contrast to
the conventional HSQC experiment (see Eq. 2), the magnetization just
prior to acquisition in the perfect-HSQC experiment is defined exclusively
by only two components, as similarly described in Eq. (1). The resulting 2D
perfect-HSQC spectra afford pure IP cross-peaks with respect to both
'J(CH) and J(HH) and, in addition, peak volumes are not influenced by
J(HH), rendering practical applications such as phase correction, signal inte-
gration, and multiplet analysis more convenient and accurate.

Figure 10C shows that the simulated F2-coupled perfect-HSQC spec-
trum without the CLIP pulse still shows some phase distortions provided
A does not match the corresponding ' J(CH) value. For instance, deviations
of 10 and 20 Hz between 'J(CH) and the A delay optimization generate
antiphase contributions of about 11% and 23%, respectively, in a 140-Hz
optimized experiment. Such distortions can be efficiently suppressed using
the perfect-CLIP-HSQC pulse scheme (Fig. 8B), affording perfect pure IP
multiplet patterns for all peaks independent of their J(HH) and J(CH) values
(Fig. 10D).

Figure 12 compares some experimental multiplets extracted from equiv-
alent 140-Hz optimized heteronuclear decoupled HSQC and perfect-
HSQC spectra. Significant AP J(HH) contributions are observed in those
HSQC peaks presenting large J(HH) values that distort the signal phase
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Figure 12 Comparison of perfect-HSQC (left) and HSQC (right) signals of (1), both
acquired under the same experimental conditions. Phase distortions and decreased
sensitivity in conventional HSQC multiplets are due to J(HH) modulation during the
INEPT blocks. Adapted from Ref. [95].

and decrease their relative intensities. The H16 proton can be taken as a ref-
erence for a resonance which does not show large values, and therefore, a
practically equal multiplet pattern and signal intensity are obtained in both
spectra. For instance, differences up to 20% in signal intensity were observed
for the diastereotopic H15a and H15b protons and distortions could be also
observed for the methine H8 peak.

The main disadvantage of the perfect-HSQC experiment arises from the
longer duration of the perfect-echo INEPT versus the conventional INEPT
(24 vs. A, respectively) that can lead to some signal loss due to additional T,
relaxation. The overall duration of the sequence is extended about 3.6 ms
for each perfect-echo INEPT period in a 140-Hz optimized experiment
but this does not represent a serious issue for small molecules having reason-
ably long T, relaxation times (some hundreds of milliseconds).

5.1.3 J(CH)-Compensated INEPT: COB-HSQC

Traditional HSQC experiments use a single heteronuclear echo element for
both defocusing and refocusing magnetization transfer which are optimized
for a single ' J(CH) value. Thus, the efficiency of such transfer and therefore
the observed signal intensities can vary considerably depending on the
matching between the interpulse delay optimization and the active
'J(CH). Several attempts have been made to compensate for variation of
'J(CH) values in HSQC experiments: (i) by adding data acquired with dif-
ferent delays, (i1) by exploiting the time-dependent inversion that is charac-
teristic of adiabatic inversion pulses to apply different refocusing delays to
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different '’C chemical shifts [96,97], or (iii) by designing alternative
J-compensated INEPT sequences that usually require a much number of
rf pulses and delays, increasing the overall duration of the element and mak-
ing it more sensitivity to rf inhomogeneities (Fig. 13B) [98,99]. Signal inten-
sity also depends on the imperfections due to carbon chemical shift offsets
and B, field inhomogeneities, and all these can be improved by replacing
the hard rectangular 180° "°C pulse by adiabatic or broadband inversion
pulses [100].

In order to improve the broadband response in HSQC experiments, sev-
eral modified INEPT transfer elements that compensate for a wide range of
couplings, offsets, and Bi-inhomogeneities (COB) have been reported
[101]. The initial COB-INEPT element (Fig. 13C) takes profit on the avail-
ability of effective optimization of shaped broadband pulses and the com-
pensation covers all the needs of HSQC-type experiments of small
molecules with, e.g., scalar coupling constants in the range of
120-250 Hz [102]. The same authors have recently proposed improved
COB3-INEPT elements that are able to cover a much wider range of
'J(CH) couplings (120-750 Hz) for all different CH, CH,, and CH3 mul-
tiplicities (Fig. 13D) [103]. In general, it has been shown that these J(CH)-
compensated sequences strongly require the use of broadband, specifically
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Figure 13 Basic 'J(CH)-compensated INEPT elements using hard pulses: (A) conven-
tional; (B) J45+90A INEPT; (C) COB-INEPT, and (D) COB3-INEPT. Delays: A=1/
(@ J(CH)); Ay =2.68/"J(CH); A,=134/"J(CH); As=1.469/"JCH); A;=2.134/"JCH);
As=0.394/"J(CH); A¢=1.07 ms; A, =1.065 ms; and Ag=0.54 ms. All original COB-INEPT
elements were described using shaped-optimized 'H and '3C pulses.
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designed, and optimized broadband pulses for an optimum and uniform
intensity response. These transfer elements are quite robust due to the appli-
cation of offset and field B;-compensated point-to-point (PP) pulses such as
BEBOP [104-107] universal rotation (UR) pulses such as BURBOP
[108,109], and broadband excitation (BEBE) and broadband UR and broad-
band inversion (BUBI) pulses [110]. Potential applications of such methods
have been proposed for the measurement of any type of heteronuclear cou-
pling constants with particular emphasis to the determination of ' D(CH)
RDC:s of partially oriented molecules in anisotropic media. For instance,
it has been shown that whereas in a 145-Hz optimized conventional HSQC
experiment only cross-peaks corresponding to couplings up to 200 Hz are
visible, signals corresponding to couplings up to 375-400 Hz are observed
with optimum sensitivity in a COB3-HSQC spectrum of a partially aligned
sample of a tetrasubstituted pyrrolidine dissolved in a liquid crystalline
PBLG/CDCI; phase. However, all these approaches do not consider the
effect of J(HH) modulation and they are not suitable as an accurate quanti-
tative NMR method.

5.1.4 PIP-HSQC Experiment

Another simple and general solution to obtain heteronuclear correlation
spectra that yield truly pure absorption line shapes and IP multiplet structures
for all available cross-peaks with respect to both J(CH) and all passive J(HH)
coupling constants along the detected dimension is the so-called Pure
In-Phase HSQC (PIP-HSQC) experiment [111]. The key point is an
appended adiabatic zero-quantum filter (ZQF) [112] applied just before a
refocusing gradient perfect-echo element and the acquisition. Thus, after
the 9O°y(1H) pulse (point b in Fig. 8C) the above four components derived
from Eq. (2) are converted to

Eq. (2) — —leczslz (Terml) — 2H1yCZczslcl(TermH)

6
+ 2H1yH2Xcss/2(Term 1) — 4H; . Hp, C.cs's' (Term IV) (©)

where the second and fourth terms represent transverse AP heteronuclear
magnetization and the third element represents a mixture of homonuclear
ZQ and DQ coherences, which are also eliminated by the effect of the
simultaneous adiabatic 180° 'H pulse and the purging GO gradient pair.
As a result, only the first term representing the desired IP magnetization
remains detectable after the z-filter (point ¢ in Fig. 8C). To maintain the
pure IP character during detection, the classical gradient echo block has been
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replaced by a perfect gradient echo element (see Fig. 11C vs. D) where
J(HH) should be fully refocused. Such distortions could become critical
when measuring J(CH) in the presence of large J(HH) values, as could be
found in the measurement of RDCs, or in experiments involving longer
A delays (see PIP-HSQMBC experiment in Section 6.6). Table 1 shows
the experimental 'J(CH)/' D(CH) values obtained for a sample of strychnine
weakly aligned in a poly(methyl methacrylate) (PMMA) gel swollen in
CDCl; using the reversible compression relaxation method (Fig. 14). It
has been shown that errors up to 10% Hz can be introduced from the analysis
of distorted cross-peaks in conventional F2-coupled CLIP-HSQC and
F2-decoupled HSQC spectra.

5.1.5 F2-Coupled Pure Shift HSQC Experiments

Several F2-coupled versions of the previously described PS-HSQC
schemes (see Section 4) have also been proposed for the measurement
of 'J(CH) from simplified homodecoupled doublets (Fig. 15A—C). As dis-
cussed before, the use of a pseudo-3D acquisition mode produces long
acquisition times when compared to 2D HSQC analogs but the obtention
of simplified doublets can facilitate the semi-automated peak picking and
the measurement from simple frequency differences between singlet peak
maxima. Two very similar schemes of the real-time PS-HSQC experiment
using a BIRD element with broadband pulses that is not compensated
for 'J(CH) variations have been simultaneously reported [70,113]. The
CLIP/CLAP-RESET HSQC method (Fig. 15A) [113] leads to complete
homonuclear decoupling for CH groups and CHj; groups in isotropic
samples but leaves residual splittings with AP contributions for CH, groups
due to *J(HH) coupling evolution that is not decoupled by the BIRD
element. In terms of experimental times, whereas a conventional HSQC
was obtained in 6 min, the corresponding CLIP-RESET spectrum acquired
with 16 increments of the homodecoupled dimension required 1h and
25 min. Pure shift HSQC versions using the COB-INEPT element and
broadband-shaped excitation, inversion and refocusing pulses were also
introduced to provide a much better uniform response and to obtain a much
cleaner IPAP editing (COB-CLIP-RESET experiment) [113]. Alterna-
tively, a more sophisticated constant-time version (CT-CLIP-RESET
experiment) was also proposed with full homonuclear decoupling for weakly
coupled CH; spin systems, but sensitivity was further compromised. Unfor-
tunately, J(CH)-compensated BIRD elements are not yet available. The
authors make a comparative study between different CLIP methods to
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Table 1 Experimental 'J(CH)/'T(CH) values extracted from the PIP-HSQC spectra of
strychnine (1) recorded in isotropic and anisotropic conditions.

Isotropic  Anisotropic Predicted®
o o 1JCH 1TCH 1DCH 1DCH
C (ppm) H (ppm)  (Hz) (Hz) (Hz) (Hz)
C1 122.3 H1 7.16 158.3 174.8 +16.5 +12.2
C2 1242 H2 7.09  160.8"  163.7° 429 422
C3 128.6 H3 7.25 159.2" 163.5"  +4.3 +3.2
C4 116.2  H4 8.08 168.4 187.1 +18.7  +13.9
C8 60.1 HS8 3.86 144.9 133.7 -11.2 -8.6
C11 425 Hilla 3.12 135.4 143.1 +7.7 +5.9
H11b 2.66 125.5 107.6 —-18.2 —14.1
C12 776 H12 4.28 150.0 134.2 —-158 —123
C13 482 H13 1.27 124.8 118.9 —-5.9 —4.6
C14 316 H14 3.15 131.3 117.9 —-134 —-104
C15 268 H15a 2.36 130.9 135.0 +4.1 +3.2
H15b 1.47 129.9 131.0 +1.1 +0.9
C16  60.2 H16 3.98 146.7 158.2 +11.5  +9.0
C17 428 H17a/b  1.90 133.2 139.1 +5.9 +4.6
C18 50.3 H18a 3.25 146.3 148.1 +1.8 +1.4
H18b 2.88 131.7 143.4 +11.7  +9.0
C20 527 H20a 3.73 138.8 ov® —7.7
H20b 2.76 138.7 132.9 —6.2 —4.6
C22  127.6 H22 5.93 158.8 156.4 —2.4 —1.8
C23  64.6 H23b 4.15 145.5 148.9 +3.4 +2.6
H23a 4.05 137.2 111.7 —255 —194

"The predicted values have been calculated with MSpin program (MESTREALAB RESEARCH SL,
Santiago de Compostela, Spain. http:/www.mestrelab.com).

PStrong coupling effect.

“Overlapped with PMMA signals.
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Figure 14 1D traces extracted at the C11 chemical shift of (1) in isotropic and aniso-
tropic conditions showing the signal distortions originated in (A) conventional HSQC,
(B) CLIP-HSQC, and (C) PIP-HSQC spectra recorded with A set to 3.6 ms ('Jcy = 140 Hz).
Adapted from Ref. [111].

measure ' J(CH) on a sample of menthol, and some guidelines to identify the
effects of strong coupling effects were presented and discussed.

Non-refocused and refocused versions of the F2-coupled HOBS-
HSQC experiment described in Section 4.2 have also been reported (see
pulse diagram in Fig. 15C), and the important sensitivity and resolution
enhancements as well as the multiplet simplification can be quickly
evidenced when comparing the selected 1D slices in Fig. 15D versus E.
In addition, analogs counterparts of the previously described 2D perfect-
HSQC (Section 5.1.2) and PIP-HSQC (Section 5.1.4) experiments could
be easily designed by incorporating BIRD-based or HOBS broadband
homodecoupling as outlined in Fig. 15B and C, respectively.

A modified version of the non-refocused HMQC pulse train has been
proposed to measure 'J(CH) from the direct dimension using a pseudo-
homodecoupling approach based on the scaled evolution of J(HH) during
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Figure 15 F2-heterecoupled PS-HSQC experiments: (A) pseudo 3D RESET-HSQC;
(B) PS-HSQC using a BIRD inversion element during acquisition; (C) HOBS-HSQC using
a band-selective pulse as the inversion element; (D,E) F2-coupled conventional HSQC
and HOBS-HSQC spectra of (2). Figure partially adapted from Ref. [73].

the indirect f; period. In this HR-HSBC experiment [114], which is based
on an early HR-HMBC experiment [115], the analysis of the resulting tilted
cross-peaks in a specific row of the detected dimension avoids the complex-
ity of the overall multiplet substructure.

5.2. F1-Coupled HSQC Experiments

The measurement of ' J(CH) exclusively along the indirect F1 dimension of
a HSQC spectrum is recommended to avoid the interferences of J(HH)
splittings, but a major inconvenient arises for the need of a large number
of t; increments, and therefore longer acquisition times. The successful
use of NUS, J scaling factors or spectral folding/aliasing can speed up data
acquisition and/or increase the digital resolution in the F1 dimension. Sev-
eral F1-coupled HSQC pulse schemes have been compared and evaluated
by Thiele and Bermel [116]. The most simple approach results from the
removing of the central 180° "H pulse placed in the middle of the #; evo-
lution period in the conventional HSQC experiment, referred to as
F1-HSQC experiment (Fig. 16A). A more convenient method incorporates
a G-BIRD" module to allow the simultaneous evolution of both ' J(CH) and
°C chemical shift evolution while contributions from "J(CH) are efficiently
refocused [117]. The better line shapes along the indirect dimension allow
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Figure 16 Several pulse schemes to achieve F1-heterocoupled HSQC spectra:
(A) F1-HSQC, (B) BIRD-HSQC, and (C) F1-iINEPT experiments. Inversion and refocusing
180° '3C pulses can be applied as adiabatic or BIP pulses and the §(*3C) evolution period
is optional. The interpulse delays in INEPT and BIRD elements are optimized according
to A=1/(2*"J(CH)) and a small flip angle (§=236°) generates E.COSY cross-peaks for
2J(HH) couplings.
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the determination of ' J(CH) by simply measuring the frequency difference
between the peak maxima of singlets instead of the centers of complex
multiplets.

The accurate measurement of the two ' J(CH) values and particularly the
geminal >J(HH) coupling in diastereotopic CHHj; groups has always been a
challenging task, particularly for F1-HSQC experiments. Several methods
have been proposed for measuring them either from the F1 or from the
F2 dimension, but they all present some drawbacks that have prevented their
general use. For instance, the passive ' J(C-Hy) value can be separately mea-
sured into the active Ha cross-peak, and vice versa, along the F1 dimension
of a J-resolved HMQC experiment [118]. In addition, the large doublet is
further split by the *J(HaHp) coupling yielding a doublet of doublet. The
disadvantage is that additional experiments can be required to measure
'J(CH) for CH or CHj spin systems, and significant distortions on the
cross-peaks (banana shape peaks) are frequently observed in the spectra of
complex small molecules. Another important group of NMR experiments
are those based on spin-state selection specifically designed for methylene
groups that yield simplified coupling patterns, and where the sign and the
magnitude of the geminal *J(HH) can sometimes be additionally extracted
[119-129].

5.2.1 BIRD-HSQC Experiment

The BIRD-HSQC approach uses two sequential blocks to separate the con-
tributions from 8('>C) and {](CH) evolution during the heteronucleus fre-
quency labeling period (Fig. 16B) [116,130]. This strategy presents several
advantages: (i) the J(CH) evolution period can incorporate a BIRD element
to remove long-range contributions; (ii) the J(CH) splitting in the indirect
dimension can be scaled by a factor k; and (iii) the experiment can be option-
ally recorded with a very narrow spectral width in the indirect dimension
(about 500 Hz) by omitting the 8('°C) evolution period, affording a
J-resolved HSQC format [131] with a considerable resolution gain by
one of two orders of magnitude, whereas a reasonable number of ¢; incre-
ments can be collected in a shorter experimental time. A similar procedure
has been reported where the ' J(CH) evolution period is inserted in the initial
INEPT period [130]. The utility of these J-resolved HSQC-BIRD spectra
has been demonstrated by differentiating enantiomeric derivatives dissolved
in anisotropic media from their different 'J(CH) splitting sizes along the
indirect dimension [132,133].
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A major inconvenient in all F1-HSQC experiments is that the central
lines of the F1—multiplet corresponding to a CH, group are not observed,
and therefore, only the sum of the two 'J(CH) can be determined from the
indirect dimension. The BIRD-HSQC experiment can be analyzed consid-
ering an isolated diastereotopic CHaHjy spin system defined with three dif-
ferent 'J(CH,), 'J(CHp), and *J(HAHy) coupling constants. The sequence
starts with an initial 90°('°C)-gradient element to remove any contribution
coming from the '°C Boltzmann polarization. After the 'H-to-'>C INEPT
transfer, AP '°C magnetization is present as a mixture of 2H.C,+2Hg.C,,
which evolve under the effects of ' J(CH) and 8('>C) in a sequential mode, by
using separated and synchronously incremented time periods. Thus, the mag-
netization evolves first under the effect ofa BIRD** element [134] flanked by
a variable J-scaled t; evolution period (defined by a scaling factor k) to allow
the exclusive evolution of ' J(CH), whereas '°C chemical shift and long-range
CH contributions are refocused, and then '*C chemical shift can evolve from
an optional #; 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 >C
chemical shift #; evolution period are neglected for the sake of clarity. Thus,
for a single H spin, the evolution during the variable BIRD-based #; period
(k=1) is described by 2Ha.C,cos(z(' [CHa+'J(CHg))#,), meaning that only
the outer lines of the theoretical triplet or double—doublet coupling pattern of
the methylene proton cross-peak would be observed and, therefore, only the
sum of the both couplings (‘J(CHA+'J(CHg)) will be observed as an IP
doublet along the indirect dimension. This signal dependence with respect
to the cosine function makes that multiplet patterns with relative intensities
of 1:1 for CH, 1:0:1 for CH,, and 3:1:1:3 for CH; will be displayed along
the F1 dimension. The combined use of the J-scaled BIRD-HSQC and
J-scaled BIRD-HSQC/HMQC experiments have been used to define a
new strategy to assign unambiguously the diastereotopic CH, protons of
strychnine from RDC data [135].

An optional but very useful feature in the BIRD-HSQC experiment is
the use of a small flip 'H pulse angle (= 36°) in the last retro-INEPT block
which generates simplified E.COSY multiplet patterns for non-equivalent
protons in CH, and CHj spin systems, allowing the determination of the
sign and the magnitude of >J(HH) in these spin systems as a function of mul-
tiplet pattern slope. This idea comes from a time-optimized non-refocused
version of an F1-F2 fully coupled HSQC experiment which has been pro-
posed to measure 'J(CH) and *J(HH) in diastereotopic CH, systems. The
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major inconvenient of this simple Pure Exclusive HSQC (P.E.HSQC
experiment) scheme is the number of multiple lines into a single cross-peak,
requiring high levels of digitization in both dimensions and increasing the
probability of accidental signal overlapping [136].

5.2.2 iINEPT Experiment
A simple modification of the small flip-angle BIRD-HSQC experiment has
been reported for detecting the missing central lines in diastereotopic CH,
cross-peaks. The resulting cross-peaks in this new 2D Fl-coupled inverse
INEPT experiment (referred to as F1-iINEPT) [137] present a characteristic
E.COSY multiplet pattern that facilitates the straightforward measurement
of both individual 'J(CH,) and 'J(CHg) values, as well as the sign and mag-
nitude of the geminal *J(HH) coupling. Figure 17A summarizes the
expected cross-peak pattern for a single diastereotopic CHAHg proton using
the different F1-HSQC and F1-iINEPT approaches with f=90° and 36°
(compare Fig. 17A vs. B). The sequence avoids the initial INEPT transfer,
starting exclusively from the '°C Boltzmann polarization (Fig. 16C). The
experiment works for all multiplicities and it is easily adapted for a J-resolved
presentation (referred to as F1-iINEPT-J) which allows to obtain higher
levels of resolution within the same experimental time by the use of a
reduced spectral width in the indirect dimension (Fig. 17F).

The initial 90° *C pulse generates IP —C, magnetization which evolves
under the effect of 'J(CH) during the variable #; BIRD-based period:

2H.C,[sin (7' J(CHa)t; ) cos (z'J(CHg )t

— 2Hp.C,cos (ﬂlj(CHA)Z1 )Sin (”U(CHB)t1 )] v

The resulting pure absorptive 2D F1-iINEPT spectra display double—
doublet coupling patterns along the F1 dimension for each individual Hu
or Hp cross-peaks, which initially would consist of eight different compo-
nents as shown in Fig. 17C. Analyzing only the Ha spin will show an
anti-phase doublet pattern with respect to 'J(CH,) (sine modulated) and
an additional IP doublet pattern with respect to ' J(CHp) (cosine modulated)
along the F1 dimension. As discussed before, the effect to apply a small flip
angle (f =36°) will generate a simplified four-component cross-peak with a
characteristic E.COSY multiplet pattern due to the mutual *J(HAHp)
(Fig. 17D), which facilitates both the multiplet interpretation and analysis.
Thus, the active 'J(CH,) coupling is directly extracted from the antiphase
1:—1 pattern along the same row in F1, whereas the passive 'J(CHg)
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coupling can be also extracted directly by measuring the IP components in
each part of the E.COSY pattern. Otherwise, the sign and the magnitude of
J(HH) are easily extracted from the frequency separation between tilted
peaks along the F2 dimension (Fig. 17F). For CH groups, a doublet with
relative 1:—1 intensities is obtained whereas a 1:1:—1:—1 coupling pattern
is displayed for a CHj group. A related HSQC sequence using a refocused
INEPT as a preparation period has been also published providing a 1:3:3:1
quartet for AX; spin system and a 1:2:1 triplet for AX,. Experimental results
are illustrated for NH, and NH; * groups in '*N-labeled proteins [138]. The
success of the method has been demonstrated for the measurement of small
'D(CH) and *D(HH) values of 1 in PMMA/CDCl; (Fig. 17E). Of the
five diastereotopic CH, groups, three have negative *D(HH) values
CD(H11a-H11b)=—12.5Hz,  >D(H20a-H20b)=—20.1 Hz,  and
*D(H23a—H23b) = — 16.2), whereas two are positive (*D(H15a-H15b) =
+13.2 Hz and *D(H18a—H18b) = +8.9 Hz), clearly evidencing their rela-
tive orlentation with respect to the molecular tensor and the magnetic field.
Similarly, ' J(CH) provides distinctive results between diastereotopic protons
('D(C11-H11a)=+7.7 Hz vs. 'D(C11-H11b)=—18.2 Hz, and ' D(C23—
H23a) = +3.4 Hz vs. ' D(C23-H23b) = — 25.5 Hz).

Pure shift versions of the F1-HSQC and F1-iINEPT experiments have
not been published but they are easy to design and implement with the aim
to achieve automated peak picking and automated extraction of ' J(CH) and
J(HH) coupling constants.

5.3. Strong Coupling Effects in HSQC Experiments

It has been recognized that strong J(HH) coupling effects can introduce
severe systematic errors in the measurement of 'J(CH) from F2-coupled
HSQC spectra because a certain degree of asymmetry between the high-
and low-field multiplet lines can be introduced. This is due to changes in
the resonance frequency and relative intensities, line shapes, and/or phases
of cross-peaks. Freedberg and coworkers have demonstrated by product
operator formalism and spectral simulations that these effects can be present
either in the direct or in the indirect dimension of an HSQC spectrum [139].
They reported errors by up to 4 Hz when comparing experimental ' J(CH)
measured from the F1 and F2 dimensions of HSQC spectra. In addition,
strong discrepancies up to 7 Hz were found between values measured in
the "H dimension versus those in the '*C dimension. However, from an
experimental point of view, the use of this strategy based on spectral
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simulations and fitting can become time-consuming, and the requirement
for individual simulations for each particular case severely limits its wide-
spread use, particularly when applied to the measurement of RDC:s.

To avoid a direct measurement by determining frequency differences, a
'J(CH)-modulated constant-time INEPT CT-HSQC (CTi-CT-HSQC)
method has been proposed to measure experimentally accurate
'J(CH)/'D(CH) in the presence of strong J(HH) coupling effects [140]. This
method avoids the phase distortions of the signals of interest or the presence
of spurious peaks due to strong coupling, and also improves the analysis of
the multiplet structure in broad or complex signals or when large contribu-
tions of RDCs can generate poorly defined multiplets that difficult accurate
measurements.

The originality of the method relies in a CT-INEPT transfer module
with a constant duration of A, where the 180° '>C pulse is moved away from
the central 180° "H pulse for a period 7. Thus, 'J(CH) evolves only during a
(A —21) period. Signal intensity during the INEPT element depends on
three variables: T>('H) relaxation times, 'J(CH), and J(HH) modulations.
Thus, recording multiple datasets with different 7 optimizations, a pure sig-
nal intensity dependence with respect to sin*(zJ(CH)(A — 27)) is obtained
keeping the relaxation effects and the J(HH) modulation during the overall
period A independent of 7 for all data. It has been shown that the fitting of
the J-modulation curve yields accurate 'J(CH) values with minimum devi-
ations due to strong J(HH) coupling interference. Experimentally, the major
inconvenience is the requirement for a collection of multiple 2D
J-modulated data that means large experimental times [114].

6. HSQMBC EXPERIMENTS FOR MEASURING "J(CH)

The measurement of "J(CH) in small molecules at the natural abun-
dance has been another hot topic of interest in small molecule NMR.
[141] A comprehensive overview on the different NMR methods and appli-
cations to structural, configurational, and conformational studies appeared in
the last decade has been recently published [142]. Most of these available
long-range methods rely on the basic HMQC and HSQC pulse schemes
where the interpulse delay is optimized to a "J(CH) value instead of the orig-
inal 'J(CH), or on related hybrid HSQC-TOCSY experiments with a lim-
ited application to protonated carbons. Figure 18 shows different spin
topologies defining the transfer mechanism followed in HSQC/HSQMBC-
based experiments designed to measure J(CH). The HMBC experiment
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[143—145] usually gives better sensitivity ratios but, in many cases, the equiv-
alent HSQMBC is the preferred technique because it generally affords a bet-
ter performance in terms of simplicity, peak phase behavior, and pulse
sequence analysis.

The basic HSQC pulse train can be easily tuned to detect and measure
quantitatively long-range proton—carbon interactions, which typically are in
the range of 0—15 Hz in magnitude. In its basic form, the only requirement is
the re-optimization of the interpulse A delay to a small coupling value, about
typically 6-10 Hz. Under these conditions, the undesired effects of J(HH)
evolution during the long INEPT periods (typically about 50-80 ms)
become very important because the magnitude of J(HH) and "J(CH) cou-
pling values is similar in size. The HSQMBC experiment has been tradition-
ally used in a non-refocused mode [16]. This minimizes losses by T,
relaxation but multiplet patterns appear strongly phase distorted because
of the AP character with respect to "J(CH) and the mixed phase due to
the effects of J(HH) modulation during the long INEPT period. In addition,
cross-peak intensities strongly depend on the mismatch between this A opti-
mization and the corresponding "J(CH) values and also of the potential losses
by relaxation. The experimental result is the obtention of highly distorted
cross-peaks with complex phase and variable intensities, even for some of
the expected cross-peaks that can be missing in the final spectrum. The hard
analysis of these complex multiplets has prevented its general use in a routine
and easy task.

With the main objective to develop simpler methods, a suite of new
HSQMBC pulse schemes have been proposed to measure "J(CH) in a more
straightforward way, without need of sophisticated and time-consuming
post-processing tasks [146,147]. These new selHSQMBC methods
(Fig. 19) avoid all typical problems associated with accidental line cancel-
ation or complex analysis of AP multiplets, work for both protonated and
non-protonated carbons, and the measurement is performed along the
detected F2 dimension where resolution is not critical and therefore the
number of required # increments is only dependent on signal congestion
in the °C dimension. The selHSQMBC experiment is basically a standard
HSQC pulse train in which the central hard 180° 'H pulse in the INEPT
periods has been replaced by frequency-selective 180° 'H pulses to prevent
the undesired J(HH) coupling evolution, whereas selective heteronuclear
polarization transfer for the selected protons is achieved. The main limitation
of these experiments relies on the selective concept because not all the pro-
tons can be simultaneously excited/observed or decoupled/unmodulated at
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the same time and several experiments may be needed to measure all the
targeted couplings. However, multiple protons can be simultaneously stud-
ied in a single experiment using region-selective or multiple frequency-
selective pulses, provided that all excited protons are not mutually J-coupled.

6.1. CLIP-HSQMBC

The basic selHSQMBC experiment is the 2D CLean In-Phase HSQMBC
(CLIP-HSQMBCQ)] [148] (Fig. 19A) that yields undistorted IP '"H multiplets
with pure absorptive line shapes along the detected dimension from which
the easy, direct, and accurate measurement of "J(CH) can be performed. The
resulting cross-peaks show an additional splitting compared to the conven-
tional "H multiplet arising from the active proton—carbon coupling because
proton acquisition is performed without heteronuclear decoupling. As dis-
cussed before for other CLIP experiments, the key point of this sequence is
the 90° °C pulse applied just prior to acquisition, which efficiently converts
the existing dispersive AP contribution to non-observable multiple-
quantum coherences. Figure 20 clearly shows that for simple and well-
resolved multiplets, the magnitude of "J(CH) can be extracted directly by
analyzing peak frequency separation as usually made for conventional 'H
multiplets. The phase properties of the multiplet and therefore the accurate
extraction of "J(CH) are independent of experiment optimization, with a
small uncertainty of 0.1-0.2 Hz, but important errors of 20-30% should
be easily introduced when omitting the CLIP pulse. In practice, a perfect
match between "J(CH) and the experiment optimization is not critical,
cross-peaks show a clear dependence with the sin*(z"J(CH)A) function,
and "J(CH) values in the range 3—10 Hz can be measured in a 6—8 Hz opti-
mized selHSQMBC experiment.

For more complex multiplets, the separation of the outer peaks of the
multiplet can be compared to that in the 'H spectrum to indirectly extract
the additional splitting or, alternatively, a simple fitting procedure taking the
internal satellite 'J(CH) component as decoupled reference multiplet can be
applied. On the other hand, a double-selective 1D version of a refocused
HSQMBC experiment has been also proposed for the fast and accurate mea-
surement of specific "J(CH) values from pure IP 1D multiplets [149].

6.2. sel[HSQMBC-IPAP

A powerful alternative for the simple and direct of "J(CH) in broad, unre-
solved, or highly selHSQMBC multiplets is based on the incorporation of
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the IPAP principle (sel HSQMBC-IPAP) that relies on the separate acqui-
sition of complementary IP and AP datasets [150,151]. The IP data are gen-
erated as described for the CLIP-HSQMBC experiment (¥ =y and £ = on),
whereas the AP data (with a sin(z"J(CH)A) signal intensity dependence)
are obtained using the same scheme with ¥ =x and omitting the last
180° and 90° "°C pulses to avoid "J(CH) refocusing (e = off ). Time-domain
data combination (IP£AP) affords two separate pure-phase oo— and
B-selHSQMBC subspectra where the "J(CH) value can be extracted by
direct analysis of the relative frequency displacement between these o/
cross-peaks along the highly resolved F2 dimension. Figure 21 summarizes
this protocol for the broad pseudo-triple H22 proton of 1. Accurate "J(CH)
values can be easily extracted, irrespective of the multiplet complexity and
avoiding the typical overestimation associated to the direct analysis of AP
signals or the lack of multiplet definition in IP signals.

The success of the IPAP technique relies on the complementarity
between the IP and AP data, and the percentage of undesired cross-talk gen-
erated during IPEAP data combination will be proportional to a
sin’(z"J(CH)A)-sin(x"J(CH)A) factor. The use of individualized scaling fac-
tor (AP £ k*IP) factors can compensate unbalanced IPAP cross-peaks. As a

Figure 19—Cont'd Several 'H-selective 2D HSQMBC schemes designed to measure
long-range proton-carbon coupling constants: (A) sel[HSQMBC, (B) sel[HSQMBC-COSY,
(C) sel[HSQMBC-TOCSY, and (D) HOBS-selHSQMBC experiments. Frequency-selective
180° 'H pulses represented as shaped pulses are applied in the middle of the INEPT
blocks (A =1/(2*"J(CH)) =A’+p180 where p180 is the duration of the selective 180°
"H pulse that must be set accordingly to the required selectivity in each case). 'H data
are acquired without '3C decoupling. CLIP versions of the experiments are obtained
using (¥ =y and e =on). Alternatively, the IPAP methodology can be applied: Two inde-
pendent IP and AP data are separately collected as a function of the pulses marked with
e IP (F=y and e=on) and AP (¥ =x and e=off). a/f data are obtained after time-
domain addition/subtraction data (AP+IP). A minimum two-step phase cycle was
applied: ¢ =x,—x and ¢ec=X,—x, all other unlabeled pulses are from the x-axis. In
(A-C) gradients G1 and G2 are used for coherence selection using echo-antiecho, G4
acts as a zz-filter, G3 and G5 flank the inversion proton pulses to generate pure
refocusing elements and G8 is simultaneously applied to a and adiabatic CHIRP pulse
to remove undesired ZQ contributions. In (D), the selective 180° 'H pulse applied at the
middle of INEPT periods and during detection have the same shape and duration and
we found that REBURP pulses in the order of 3-7.5 ms provides the best result as a func-
tion of the required selectivity. Homonuclear decoupling during the acquisition time
(AQ) is performed using a refocusing blocks including a pair of hard/selective 180°'H
pulses flanked with gradient G6 and G7 and applied at intervals of 2z=AQ/n, where
n is the number of loops.
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bonus, the IPAP methodology offers additional controls to confirm the
accuracy of the measurement or the presence of cross-talking. Three difter-
ent multiplets (IP, AP, and a/) are available for independent measurements
and proper data comparison and validation.
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Figure 20 (A) 2D CLIP-sel[HSQMBC spectrum after selective excitation of the H-20b proton
of (1). (B) Direct extraction "J(CH) can be made from pure in-phase cross-peaks, indepen-
dent of experiment optimization (from 4 to 10 Hz). Adapted from Ref. [148].
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Figure 21 sel[HSQMBC-IPAP experiments after selective excitation of the olefinic H-22
proton in 1: The acquired (A) IP and (B) AP datasets are added/subtracted to provide
(C) separate o/ subspectra. The relative displacement between o/p cross-peaks along
the F2 dimension provides a direct measurement of "J(CH) without any posterior anal-
ysis. Adapted from Ref. [142].

6.3. sel[HSQMBC-TOCSY

An enhanced CLIP-selHSQMBC-TOCSY experiment [ 148] has been pro-
posed where an appended TOCSY period consisting of a DIPSI mixing ele-
ment included into a ZQF [112] is inserted just prior to acquisition
(Fig. 19C). The method expands and improves the features of the original
selHSQMBC experiment because it uses a sequential transfer mechanism
based on a dual step via "J(CH;)+J(H;H,). Thus, starting from a selected
H1 proton, a relayed C-H2 cross-peak can be observed with an intensity
independent to its "J(CH,) coupling value. Due to the IP nature of the
TOCSY transfer, the resulting cross-peaks will also show IP multiplet pat-
terns from which small "J(CH) values could be determined. A simple com-
parison between selHSQMBC and selHSQMBC-TOCSY spectra acquired
under the same experimental conditions (Fig. 22) reveals a major number of
cross-peaks to be analyzed from a single experiment, even for those signals
appearing in overlapped regions where selective irradiation should not be
feasible.

The IPAP technique can be also implemented to yield a robust
selHSQMBC-TOCSY-IPAP experiment to determine coupling values
smaller than the linewidth [152]. As a major enhancement, the method
allows additionally the easy and direct determination of the relative sign
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Figure 22 Comparison between a (A) 2D selHSQMBC and (B) sel[HSQMBC-TOCSY spec-
tra of (1) after selective refocusing of the three overlapped protons (H14, H11a, and
H18a) resonating at 3.15 ppm. The mixing time in TOCSY was of 60 ms. Adapted from
Ref. [142].

of "J(CH) by analyzing the relative left—right or right-left displacement of
o/ multiplets, avoiding any complex and time-consuming fitting proce-
dure. The extraction of relative signs is only applicable when signals from
the same row are compared (the same carbon) but not for peaks of the same
column but different rows (different carbons). Figure 23 demonstrates the
powerful of the selHSQMBC-TOCSY-IPAP experiment by analyzing
the 1D traces from the carbonyl C10 carbon. Large negative values are rev-
ealed for H11a and H11b protons (—6.3 and —7.9 Hz, respectively) and a
small positive value for H12 (+2.0 Hz). On the other hand, the olefinic
C21 carbon at 140.5 ppm presents positive values for H13 (+7.6 Hz),
H15b (+6.5 Hz) and H15a (+1.3 Hz) and negative values for the two-bond
H14 (—5.8 Hz) and even for the tiny four-bond H16 (—1.0 Hz) correla-
tions. In addition, the optimum performance to work with IP multiplets
rather from AP multiplets is clearly evidenced by the better sensitivity of
the IP multiplets and the important cancelation eftects in AP multiplets,
as shown for the H12 proton.

Related 1D versions of the selHSQMBC-TOCSY experiment have
been published to measure the sign and the magnitude of heteronuclear cou-
pling constants in other nuclei than '>C in a very fast and efficient way [153].
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Figure 23 (A) Expanded area corresponding of the 2D selHSQMBC-TOCSY-IPAP spectra
of (1). (B) Conventional 1D "H NMR spectrum and (C-E) 1D slices extracted at the
C10 frequency showing the excellent pure-phase properties of (C) IP, (D) AP, and
(E) overlayed o/f data. Adapted from Ref. [152].

Two different approaches have been reported: (i) the Up&Down technique
relies on the direct analysis of antiphase multiplets whereas (i) the
Left&Right technique is based on the relative displacement between sepa-
rate IPAP components. Examples are provided for high-abundant ('°F and
>'P) and low-abundant ("’Se, *Si, and ''”Sn) heteronuclei demonstrating
that small J(XH) couplings and their corresponding signs can be determined
between remote spins separated for more than the conventional two- and
three-bond connectivities.

6.4. selHSQMBC-COSY-IPAP

The IPAP methodology also works when two mutually J-coupled protons
are simultaneously excited in selHSQMBC experiments. IP and AP data
only differ in the application of '’C pulses, and therefore, the resulting
o/P cross-peaks present the same relative phase distortion because J(HH)
modulation does not affect the addition/subtraction procedure [154]. Based
on this premise, a sel HSQMBC-COSY-IPAP experiment has been derived
by replacing the selective 180° 'H pulse in the refocusing INEPT period by a
hard 180° 'H pulse (Fig. 19B) [155]. In this way, simultaneous J(HH) and
"J(CH) evolution takes place during this period that generates COSY trans-
fer when a last 90°(y) 'H pulse is applied. The experiment retains the sim-
plicity in both acquisition and processing steps and maintains the same
overall duration of the original selHSQMBC experiment. Similarly as dis-
cussed by the TOCSY transfer, an increased number of coupling values with
their corresponding signs can be measured. Although the mixed phases are
present in the corresponding a- and p-COSY multiplets, this does not aftect
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the direct measurement because only the relative displacement between o/
signals is of interest. Very importantly, the sign of "J(CH) is also encoded as
the relative left/right (negative) or right/left (positive) frequency peak dis-
placement. Based on these fundamentals, broadband versions of the
HMBC-IPAP and HSQMBC-IPAP experiments have been reported
which do not require the use of selective pulses [156]. In addition, an excel-
lent complementarity has been demonstrated between HMBC/HSQMBC
and its counterparts HMBC-COSY/HSQMBC-COSY experiments
which are designed by simply adding a 90° 'H pulse at the end of the
sequence. This complementarity can be an interesting alternative to other
approaches to retrieve some missing cross-peaks, such as the use of different
delay-optimized experiments or the use of accordion spectroscopy.

6.5. HOBS-selHSQMBC

The incorporation of broadband homodecoupling in experiments detecting
antiphase HH magnetization components, like the regular COSY, HMBC,
or HSQMBC experiments, fails because multiplet components should be
partially or fully canceled. However, the excellent IP nature demonstrated
for the selHSQMBC experiment allows that homonuclear and/or heter-
onuclear decoupling can be implemented along the detected dimension
using the HOBS technique (see Section 4.2), obtaining simplified cross-
peaks without their characteristic fine J multiplet structure. Figure 19D
shows the 'H-homodecoupled band-selective HSQMBC (HOBS-
selHSQMBC) pulse scheme, which represents a new way to measure "J
(CH) from the simplified IP doublets generated along the detected dimen-
sion [157]. The selective 180° pulses applied in the INEPT and during
detection have the same shape and duration, minimizing the requirements
for additional experimental setup. Thus, all protons selected by the region-
selective 180° "H pulse appear homodecoupled from all other protons that
do not experience this pulse, and the result is a band-selective
homodecoupled observation of a specific region of the 'H spectrum.
Figure 24 compares the band-selective CLIP-HSQMBC versus CLIP-
HOBS-selHSQMBC spectra of cyclosporine after applying a 5ms
REBURP 180° pulse on the Hy proton region. It can be observed how
the "H-"H J multiplet structures of all H, resonances along the detected
dimension are collapsed because of the effective homodecoupling of H,—
NH and HeHg coupling constants, affording enhanced resolution and
improved sensitivity as shown from the 1D slices.
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Figure 24 (A) Conventional band-selective HSQMBC and (B) HOBS-sel[HSQMBC spectra
of (2) acquired under the same experimental conditions. A selected 1D slice is plotted
for each spectrum at the same absolute scale to compare the relative sensitivity and
resolution achieved in the 2D spectra. Adapted from Ref. [157].

A detailed inspection shows that HOBS-HSQMBC cross-peaks are
simplified to IP doublets due to the active "J(CH) coupling (Fig. 25).
The direct and semi-automated extraction of the "J(CH) can be made
by direct analysis of cross-peaks if the multiplet is resolved enough. In cases
of poor resolved multiplets or when the accuracy of the measurements may
be doubttul, the application of the IPAP methodology described above can
offer a better solution. A perfect agreement between the "J(CH) values
measured directly from the proposed HOBS and HOBS-IPAP methods
with those extracted from selHSQMBC-TOCSY spectra has been
reported.

The HOBS-selHSQMBC experiment is also compatible for broadband
heteronuclear decoupling during acquisition. Figure 26 shows the substan-
tial sensitivity and resolution enhancements achieved by sequential imple-
mentation of hetero- and homodecoupling in a regular selHSQMBC
experiment. An average enhancement by factors of 1.2 (with heteronuclear
decoupling), 1.6 (with homonuclear decoupling), and 2.4 (with both homo-
and heteronuclear decoupling) when compared with fully coupled data
(normalized average factor of 1) has been reported.
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Figure 25 In-phase HOBS-sel[HSQMBC spectra of (2) showing how the value of J(CH) for
all direct and long-range cross-peaks can be extracted directly from the analysis of the
clean IP doublets along the detected dimension. Adapted from Ref. [157].

6.6. PIP-HSQMBC

A broadband Pure In-Phase HSQMBC (PIP-HSQMBC) experiment yield-
ing pure IP multiplet patterns for all long-range cross-peaks has been
recently reported (Fig. 27) [111]. Itis an extension of the PIP-HSQC exper-
iment described in Section 5.1.4, where the interference due to undesired
JHH) evolution during the longer heteronuclear transfer periods is more
pronounced than the HSQC counterpart because the size of "J(CH) and
J(HH) is of the same order. As largely reported for older HSQMBC exper-
iments, the standard INEPT transfer can be replaced by other schemes such
as INEPT-BIRD, CPMG, or CPMG-BIRD elements (Fig. 27B-D). In all
these versions, pure IP multiplets would be obtained but with a different
signal intensity dependence as a function of the chosen transfer element.
As shown previously for PIP experiments, the key element is the adiabatic
z-filter that removes any AP contribution due to J(HH) and unmatched "J
(CH) couplings evolution. The importance of the adiabatic z-filter is illus-
trated with the superior performance of the 8-Hz PIP module over conven-
tional, CLIP, and z-filtered HSQMBC experiments acquired under the
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Figure 26 Resolution enhancement effects after incorporation of homo or/and heter-
onuclear decoupling in "H,—"3CO HSQMBC spectra (2): (A) Conventional; (B) broadband
3C-decoupled, (C) HOBS-sel[HSQMBC, and (D) broadband '*C-decoupled HOBS-
sel[HSQMBC. At the bottom, 1D slices showing the experimental SNR and multiplet sim-
plification. Adapted from Ref. [157].

same conditions (Fig. 28). Note that dispersive components are observed in
all cases rendering complicated the cross-peak analysis, except in the PIP-
HSQMBC trace where pure IP pattern are observed for all signals.
Analysis of some selected 1D traces in the PIP-HSQMBC spectrum of
strychnine reveals that all cross-peaks display a clean IP character (Fig. 29B).
For instance, all PIP-HSQMBC cross-peaks belonging to the H8 and H20a
protons show well-resolved multiplets (Fig. 29C) that allow direct and easy
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Figure 28 (A) 'H NMR spectrum of (1); (B-E) 1D traces extracted at the C12 of (1) in 8-Hz
optimized (B) HSQMBC, (C) CLIP-HSQMBC, (D) z-filtered HSQMBC, and (E) PIP-HSQMBC
spectra. Adapted from Ref. [111].
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Figure 29 (A) 8-Hz optimized PIP-HSQMBC spectrum of (1); (B) 1D row slices taken
at different '3C frequencies showing in-phase multiplet patterns for all observed cross-
peaks; (C) Expanded area showing how the magnitude of "J(CH) can be easily determined
from direct analysis of undistorted and resolved IP peaks. (D) Comparison of several
methods for the extraction of "J(CH) values in non-resolved or complex PIP-HSQMBC mul-
tiplets: (from bottom to top) multiplets obtained with and without '3C decoupling during
acquisition; fitting process performed from the decoupled multiplets in (A) to match the
experimental coupled multiplets in (B); overlaid o and p multiplets obtained after IP+ AP
data combination in a HSQMBC-IPAP experiment, respectively. Adapted from Ref. [111].

measurements of "J(CH) values up to 2—-3 Hz. Doublets in the conventional
"H spectrum for these protons are converted to IP double of doublets for the
corresponding HSQMBC cross-peaks. As discussed previously, the extrac-
tion of "J(CH) in more complex or non-resolved multiplets becomes more
complicated but it can be performed (i) by measuring overall multiplet wid-
ths, (i) fitting/matching them to an external reference cross-peak obtained
from the same sequence with broadband '*C-decoupling during acquisition,
(it) from the internal satellite lines corresponding to the direct 'J(CH)
responses, if available, without need to acquire a second reference spectrum,
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or (iv) by implementing the IPAP technique. Figure 29D shows some exam-
ples to measure "J(CH) by using the coupled/decoupled fitting or the [IPAP
approach. The performance of the PIP-HSQC and PIP-HSQMBC
methods has been also verified for the efficient measurement of RDCs under
anisotropic conditions.

6.7. Simultaneous Measurement of Multiple Coupling
Constants

The selHSQMBC pulse scheme has also been modified to allow the simul-
taneous measurement of multiple homo- and heteronuclear coupling con-
stants from a single 2D cross-peak, thanks to the complementarity between
the E.COSY and the IPAP principles. In the P.E.HSQMBC experiment,
the sign and the magnitude of J(HH) can be measured along the direct dimen-
sion from the relative E.COSY -type multiplet pattern displacement due to the
passive 'J(CH) splitting generated in the indirect dimension [158]. On the
other hand, the corresponding "J(CH) is independently determined in the
detected dimension from the IPAP multiplet displacement. The sequence
combines in a single experiment (a) the accurate measurement of ' J(CH) along
the indirect dimension described for F1-coupled HSQC schemes; (b) the
sign-sensitive measurement of ' J(CH) and *J(HH) in E.COSY multiplets sim-
ilarly as reported in the P.E.HSQC experiment, and (c) the precise measure-
ment of "J(CH) using the IPAP methodology. The P.E.HSQMBC sequence
(Fig. 30) is basically a selHSQMBC applied on an Hu proton and signal inten-
sity will depend on the sin®(z"J(CHA)A') function. As an essential feature, a
"J(CH)-scaling BIRD element is applied during the evolution of the trans-
verse '°C magnetization and the last step a selective 90° pulses on H, proton
is employed to provide a characteristic E.COSY-like transfer.

In a similar way, a new J-selHSQMBC-IPAP experiment has been pro-
posed for the independent measurement of two different long-range
"I(CH,) and "J(CHg) coupling constants from the same 2D cross-peak
[159]. In addition, the E.COSY pattern provides additional information
about the magnitude and relative sign between J(HaHg) and "J(CHg) cou-
pling constants. The sequence is a selHSQMBC applied on an Hu proton,
and a selective inversion element on a different Hg proton is applied during
the evolution of the transverse '°C magnetization (Fig. 31). Thus, whereas
°C chemical shift is encoded in the usual way during the f; period, signal is
also modulated by a cos((z"J(CHg)kt;) factor that will cause an IP splitting
due to k*"J(CHp) in the F1 dimension. Each correlation can also show an
additional doublet with an apparent k*J(CHjp) splitting in the F1 dimension.
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Figure 30 (A) Pulse scheme for the P.E.EHSQMBC experiment. (B) Typical multiplet pat-
tern of a P.E.HSQMBC cross-peak, where three couplings ('J(CH), J(HH), and "J(CH)) can
be measured from a single cross-peak. General scheme of the IPAP procedure and the
corresponding IP, AP, and a/f multiplet patterns obtained from this experiment.
Adapted from Ref. [158].

Thus, two independent "J(CH,) and "J(CHp) coupling constants on the
same carbon can be independently measured from the analysis of a single
2D cross-peak. Moreover, additional information about J(HaHg) and the
relative sign between J(HaAHg) and "J(CHg) can be also extracted from
the E.COSY pattern generated by the passive Hy proton.

This same inversion element has also been implemented in a high-
sensitive selective J-scaled sensitivity-improved HSQC (SJS-HSQC) exper-
iment [160], which allows the simultaneous determination of the magnitude
and sign of both J(HAHg) and "J(CHg) in a CH, HSQC cross-peak. The
success of this experiment has been demonstrated by determining the rela-
tive configuration of the natural product 10-epi-8-deoxycumambrin B using
long-range CH RDCs.

A suite of coupled/decoupled versions of fluorine-detected triple reso-
nance '"F-"C{'H} HSQMBC and HMBC spectra of fluorinated compounds
to determine the size and the sign of J(CH), J(CF), and JHF) coupling
constants from E.COSY multiplet patterns has been also reported [161].
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Figure 31 (A) Pulse scheme for the J-sel[HSQMBC-IPAP experiment. (B) Several multiplet
patterns corresponding to the H16-C14 cross-peak of (1) after selective excitation of a
second proton. Adapted from Ref. [159].

7. OTHER METHODS
7.1. Quantitative HSQC

There is an enormous interest in the use of the HSQC experiment as a quan-
titative NMR tool and many different approaches have been proposed in the
last years [162—169]. In conventional HSQC spectra, peak volumes of dif-
ferent protons are variably modulated as a function of each individual J(HH)
coupling pattern. This non-uniform dependence causes a common source of
error during integration and quantification of response intensities. In the
perfect-HSQC experiment described in Section 5.1.2, there is a second
and very significant positive consequence for removing J(HH) interferences:
signal intensity is amplitude modulated only by the sin*(zJ(CH)4) factor,
and is therefore an excellent candidate to design future strategies for quan-
titative NMR studies. The proposed method is less aggressive than the use of
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CPMG-INEPT blocks where a train of simultaneous 'H/">C pulses are
applied at high repetition rates, and where the resulting peaks can include
unwanted dependences from offset eftects or the presence of TOCSY con-
tributions as well as deleterious effects on sample heating under extreme fast-
pulsing conditions.

To evaluate the 'J(CH)-compensated intensity strategy based on
the proper selection of multiple polarization transfer values, the perfect-
HSQC spectrum of a spin system consisting of several protons having
J(HH) in the extreme range between 10 and 30 Hz and 'J(CH) ranging
between 120 and 180 Hz has been simulated. From a single-A 140-Hz
perfect-HSQC experiment, a pure IP spectrum with peak volume differ-
ences up to 25% is obtained (Fig. 32A). On the other hand, Fig. 32B shows
the 'J(CH)-compensated perfect-HSQC spectrum after combining four
datasets acquired with A values of 2.94 ms (170 Hz), 2.86 ms (175 Hz),
2.86 ms (175 Hz), and 5.88 ms (85 Hz). Note that intensity differences
below 2% are obtained in the complete 'J(CH) range between 120 and
180 Hz.

7.2. LR-HSQMBC

HMBC and HSQMBC are traditionally used to trace out long-range
proton—carbon correlations. Most of the observed cross-peaks correspond
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Figure 32 Spectral simulations showing integration ratios in heterodecoupled perfect-
HSQC spectra: (A) optimized to a single A value of 3.6 ms, corresponding to 140 Hz;
(B) average spectrum after combining four datasets acquired with A values of
2.94 ms (170 Hz), 2.86 ms (175 Hz), 2.86 ms (175 Hz), and 5.88 ms (85 Hz). The simulated
protons have J(HH) and "J(CH) values in the range between 10-30 Hz and 120-180 Hz,
respectively. Enhanced boxes compare signal intensity integration for two different pro-
tons. Adapted from Ref. [95].
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to two- and three-bond away connectivities and attempt to use a 2- to 4-Hz
optimized HMBC experiment to find longer correlations results in a con-
siderable loss in sensitivity due to AP cancelation of responses. Classical alter-
natives such as HSQC-TOCSY or ADEQUATE experiments present some
limitations for a widespread use. Thus, a long-range HSQMBC
(LR-HSQMBC) experiment [170] has been proposed as a complement
to the classical HMBC to overcome its typical > J(CH) limitation, by exten-
ding the visualization of long-range correlation data to four-, five-, and even
six-bond long-range "J(CH) heteronuclear couplings, in a similar way as
achieved by 1,n~ADEQUATE experiments. This technique should prove
to be an effective experiment to complement HMBC for testing the struc-
ture of proton-deficient molecules.

The pulse sequence itself is a refocused and heterodecoupled modifica-
tion of the G-BIRD"*-HSQMBC pulse sequence optimized for the obser-
vation of very long-range correlations. Refocusing the desired "J(CH)
magnetization after the f; evolution time provides two advantages. First,
it generates IP "J(CH) correlations which avoid the AP cancelation of
responses with very small coupling constants. Second, refocusing the heter-
onuclear coupling allows the application of *C decoupling during the
acquisition time. This operation collapses the heteronuclear coupling of
the response and partially recovers some of the SNR lost as a result of relax-
ation processes encountered during the long duration of the delays opti-
mized for detection of very small "J(CH) couplings.

It has been reported that the 2-Hz optimized LR-HSQMBC experi-
ment acquired a provided a major number of very long-range correlations
than analogs HMBC and D-HMBC experiments. These data could be
obtained in 2-3 h from a 4.9 mg sample of strychnine (10.5 pmol) dissolved
in 40 pL of CDCl; in a 600-MHz spectrometer equipped with a 1.7-mm
MicroCryoProbe. Data were also compared with an equivalent dual opti-
mization inverted 'J(CC) 1,n-ADEQUATE spectrum acquired in about
24 h [171]. In comparison, 29 of the ADEQUATE correlations were miss-
ing in the LR-HSQMBC data (23.6%), but additional 62 new correlations
(50.4%) not observed in the inverted 'J(CC) 1,-~ADEQUATE data
were visualized in the LR-HSQMBC experiment. While drawing compar-
isons, the sole negative attribute of the LR-HSQMBC experiment relative
to dual optimization inverted 'J(CC) 1,n~-ADEQUATE is that the former
does not allow the unequivocal differentiation of 'J(CC) from "J(CC)
CJ(CH) vs. "J(CH) where n>3) afforded by the latter experiment
[172-175].
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The recently reported LR-HSQMBC experiment has been optimized
for "H-""N long-range heteronuclear couplings [176]. Several previously
unreported four-bond correlations, consistent with the predicted by DFT
calculations (0.2-0.3 Hz *J(NH) couplings), have been observed for strych-
nine using 2 Hz optimization of the LR-HSQMBC experiment. The
'"H-""N LR-HSQMBC experiment affords a viable, high sensitivity alter-
native to HMBC and the accordion-optimized IMPEACH and CIGAR
experiments when long-range correlations to nitrogen must be established
for either small couplings or in proton-deficient molecules such as might be
encountered in natural products or pharmaceuticals.

A triple-resonance 2D H(C)N experiment, referred to as HCNMBC
[177], based on the sequential transfer mechanism via 'J(CH)+J(NC) has
been recently proposed as an alternative to 'H-'">N HMBC or HSQMBC
experiments to detect multiple-bond proton—nitrogen correlations. It has
been shown that clean HCNMBC spectra despite the extremely low con-
tent of the isotopomers containing both >N and '’C isotopes in the same
molecule can be obtained if cryogenically cooled probes are available.
Because of the similarity between 'J(CN) and *J(CN) in a variety of nitrogen
containing molecules, the experiment is not quite as straightforward to
interpret as, for example, an 1,1-ADEQUATE.

8. CONCLUSION

Since its introduction 30 years ago, the HSQC pulse scheme has
been modified in a large number of varieties and even now, the existing
sequences can be improved in many different aspects. The last develop-
ments in HSQC and HSQMBC experiments have been described in this
revision covering new NMR methodologies for a faster acquisition, more
uniform response for a wide range of 'J(CH) values, the obtention of
pure IP undistorted multiplets or improved resolution and/or enhanced
sensitivity achieved from broadband homodecoupled signals. It has also
described a suite of robust NMR methods designed for the accurate quan-
titative determination of 'J(CH) and small "J(CH) scalar and RDCs and
also complementary tools to the current techniques that allow one to trace
out ultralong range heteronuclear correlations among others. All these
methods are a demonstration that the development of new pulse sequences
is still a very active and attractive area of interest in the field of small
molecule NMR.
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4.Summary and Conclusions

In summary, a novel set of modern pure shift NMR and HSQC/HSQMBC experiments

have been developed for helping chemists to solve common problems encountered in
their daily NMR activities.

Bellow, a brief summary with the main conclusions extracted from the experimental

results is exposed:

¢ A new data collection technique to improve the SNR by one order of magnitude in

slice-selective NMR experiments has been presented (Publication 1). The method is
based on multiple-slice selection into a NMR tube by applying a multiple-frequency
pulse simultaneously with a spatial encoding gradient. The experimental procedure
to fulfill the sampled frequency requirement is simple and the results can be
immediately adapted to a wide range of applications, such as demonstrated for
pure shift ZS experiments.

A new band-selective detection scheme (HOBS) has been proposed to collect
homodecoupled NMR spectra of specific regions without sacrificing sensitivity
(Publication 2). HOBS is especially useful in spectra presenting a set of equivalent
spin systems in well-separated and defined regions (for instance, peptides and
proteins). The main advantages of HOBS method are:

- It is a full sensitivity experiment. The sensitivity of standard 1D *H NMR
experiments is retained and even improved because to the collapse of the
multiplet pattern to simplified singlets.

- HOBS spectra present an excellent spectral quality.

- Data collection is carry out in real-time mode without need of additional
reconstruction methods, allowing a conventional FID data processing.

¢ The implementation of the HOBS approach is easy and reliable for a large number

of standard mono- and multidimensional NMR experiments, as reported for:

- HOBS-TOCSY and HOBS-HSQC (Publication 2)
- HOBS-IR and HOBS-CPMG-PROJECT (Publication 3)
- HOBS-selTOCSY (Publication 4)
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- HOBS-HSQMBC (Publication 6)
- HOBS-HSQC-TOCSY (Publication 7)

e The HOBS experiments developed during this work has been used for several

348

practical applications, as for example:

- The simple measurement of T; and T, NMR relaxation times in overlapped
areas without need of multi-exponential decay analysis or deconvolution
methods. (Publication 3)

- To carry out fast enantiodifferentiation studies in presence of CSAs.
(Publication 4)

- The direct measurement of heteronuclear coupling constants from simplified
in-phase doublets. (Publication 6)

- To carry out the distinction and assignment of highly complex mixtures of
similar compounds exhibiting near-identical 'H and **C NMR spectra.
(Publication 7)

The combination of spectral aliasing and pure shift HSQC approaches in SAPS-HSQC
experiments represents an excellent routine tool for NMR enantiodifferentiation
studies. The enantiodifferentiated data is obtained in short acquisition times and
high signal dispersion simultaneously for both *H and *3C nuclei. Overlapping
problems of common 1D 'H experiments are overcome, and poor
enantiodifferentiation in 1D experiments can now be detected, allowing the study
of cases abandoned in the past for reasons of poor enantioresolution and/or long
experimental times. (Publication 7)

In Publication 8...

- It has been demonstrated that the use of an adiabatic z-filter is an extremely
useful NMR element to suppress unwanted homo- and heteronuclear
anti-phase contributions in HSQC and HSQMBC experiments. The improvement
achieved is more spectacular in the long-range heteronuclear correlation
experiments where the effects of the Jyy evolution are more pronounced.



Summary and Conclusions

- The proposed broadband PIP-HSQC and PIP-HSQMBC experiments yield
undistorted in-phase cross peaks, which improve spectral quality and facilitate
spectral analysis.

- PIP-HSQC and PIP-HSQMBC experiments have been applied to the
measurement of homonuclear (Jus) and direct (*Jc) and long-range ("Jew; n>1)
heteronuclear scalar and residual (Dw; ‘Dex; "Den) coupling constants in
isotropic and/or anisotropic media. The clean in-phase character displayed by
the cross-peaks allows a direct and easy determination of “Jou/™e and
'Deu/™Dey. The proposed experiments are fully compatible with the IPAP
methodology allowing the measurement of small coupling heteronuclear
constants even in complex or non-resolved multiplets.

- The proposed methods can be recorded in full automation mode without any
prior calibration and they offer a general implementation on a large variety of
isotropic and anisotropic sample conditions.

e |n Publication 9...

- A perfect-INEPT block has been implemented in HSQC experiments to avoid any
interference as a result of Jyy coupling constant evolution. It has been shown
theoretically and experimentally that during the perfect-INEPT element the
magnetization evolution under the effect of the Juy is refocused.

- It has been show that the resulting cross-peaks of the perfect-HSQC spectra
exhibit pure in-phase multiplet pattern, irrespective of the experiment
optimization. These uniform and predictable responses are more amenable to
an accurate and quantitative analysis than what is encountered with the results
of standard HSQC pulse sequence.

- Particular emphasis has been made in the application of the proposed
perfect-HSQC experiment in the accurate determination of homonuclear (Jy)
and one-bond heteronuclear scalar ({Je) and residual (Dy; 'Den) coupling
constants in isotropic and/or anisotropic media.

- It has been demonstrated that in perfect-HSQC experiments the final in-phase
detected signal is only modulated by sin?(n"/y,cA), which opens the
opportunity to design quantitative NMR application.
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e In Publication 10...

- A compilation of novel HSQC experiments have been made, including a
discussion of the new family of HSQC experiments developed in this thesis:
pure shift HSQC (ps-HSQC-PEP, HOBS-HSQC, SAPS-HSQC) as well as the perfect-
HSQC and PIP-HSQC experiments.

- Similarly, a comprehensive analysis of HSQMBC experiments has been also
performed, with detailed discussion on the new HOBS-HSQMBC and PIP-
HSQMBC experiments developed in this thesis.
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5. APPENDIX

This section contains some work carried out along this doctoral thesis which cannot be
included as Publications. The reasons for which have not been included are:

e Publication 11 and Publication 12 were part of the Ph.D. thesis of Dr. Josep Sauri
entitled “Modern NMR methodologies for the measurement of homo- and
heteronuclear coupling constants in small molecules” which was presented in May
2014.

e Publication 13 is a complete revision work about the recent developments and
application of modern pure shift NMR experiments.
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Appendix

Introduction

In this publication, a new proton-selective NMR experiment, denoted as Pure Exclusive
HSQMBC (P.E.HSQMBC), is presented to measure simultaneously "Jyy, “Jen and "ex
coupling constants in a three *Ha-"Hp->3C spin system. In addition, the experiment is also
able to extract the relative sign of the "Jyy coupling constants.

The pulse scheme is based on the existing P.E.HSQC experiment,®”® but optimized to
long-range proton-carbon correlations instead of one-bond correlations. The experiment
uses selective proton pulses to avoid any unwanted Jyy modulation during the INEPT
periods. Additionally, it is shown how the concepts of J-resolved spectroscopy and the
Exclusive COrrelation SpectroscopY (E.COSY) principle®’ can be fully complementary to the
IPAP technique and they all can be incorportated into the same NMR experiment. In this
way, several coupling constants can be simultaneous measured from a single 2D cross-
peak.

The main goal of the P.E.HSQMBC experiment is to take profit of the large ‘Jcy value,
which is used as a passive coupling constant, to generate a large splitting in the indirect
dimension of 2D cross-peaks. The E.COSY pattern, which is generated by a small-flip (36°)
H pulse, allows extract the magnitude and the sign of Ju4. The method also uses the IPAP
technique along the detected dimension to get an accurate measurement of "Jcy, as
described in the original selHSQMBC experiment.’

[97] a) C. Griesinger, O. W. Sorensen, R. R. Ernst. J. Am. Chem. Soc., 1985, 107, 6394. b) C. Griesinger, O. W. Sorensen, R.
R. Ernst. J.Chem. Phys., 1986, 852, 6837.
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A long-range optimized P.EHSOC experiment, named PEHSOQMBC, is proposed for the simultaneous
measurement of a complete set of homonuclear and heteronuclear coupling constants from a single
2D cross-peak. The sign and the magnitude of proton-proton coupling constants are measured along
the direct dimension from the relative ECOSY-type multiplet pattern displacement due to the passive

one-bond coupling constant splitting generated in the indirect dimension, On the other hand, long-range

Keywords:
HSQMEC

ECOSY

Proton-praton coupling constants
Lomg-range profon-carbon coupling
constantsy

AP

moton-carbon coupling constants are independently determined in the detected dimension from a
eraditional fitting analysis of antiphase multipler patterns or, more conveniently, from the IPAP multipbet
displacement obtained from extended HSQMBC experiments.
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1. Introduction

The determination of homonuclear and heteronuclear coupling
constants is of prime importance in the structural and conforma-
tional studies of molecules in solution, Not only do J-couplings
contain information about chemical connectivity, they also contain
structural information as known for the typical Karplus-like
dependence that exhibits Y vs dihedral angles. In addition, it has
well been recognized during the last years that residual dipolar
couplings { RDCs), as measured by solution state NMR, carry impor-
tant structural information regarding internuclear vector orienta-
tion relative to the principal axis system of the molecule’s
alignment tensor [1].

Homonuclear proton-proton coupling constants, J{HH), can
usually be determined by a variety of simple NMR methods, but
the precise measurement of heteronuclear small long-range
{"NCHYE: m=> 1) has not been so evident [2,3]. HSQC-TOCSY experi-
ments becomes a sensitive and accurate approach to provide both
the sign and the magnitude of " CH) for protonated carbons [4-6].
On the other hand, NMR pulse schemes mainly based on the HMBC
and HSQMBC experiments have been widely accepted to deter-
mine them on quaternary carbons [6-8]. However, the major
inconvenient of this latter approach is the need for a post-process-
ing fitting procedure by wsing the shape and intensity of signals

* Cormesponding authar ar: Served de Ressondncia Magnética Muclear, Universitan
Antinoma de Rarcelons, E-08193 Bellaterra, Barcelona, Spain
Eamni] pdifress; teodor parella@Puab.cat (T, Parefla)

1EM-TROT(S - see Tront matter © 2013 Elsevier Inc. All rights reserved.
Bt e el 10 V06 prar 20 1 209007

simultaneously [6.9] to analyze the anti-phase nature of each
multiplet pattern and the accuracy of the measurement is often
questioned. Recently, IPAP versions have been suggested to avoid
this fitting analysis by recording a series of refocused HSOMBC
experiments to obtain complementary In-Phase (IP) and Anti-
Phase (AP) data that are suitable to provide simplified spin-state
selective multiplets after data addition/subtraction [10-13]. In this
way, accurate and direct measurement of *J(CH) can be made with
simplicity even for complex multiplets. This IPAP approach has
been also proposed to measure carbon-carbon coupling constants
| 14,15

In addition to the IPAP technique, other different NMR ap-
proaches have been proposed to extract homo- and heteronuclear
coupling constants from heteronuclear correlations experiments
as, for instance, the elegant E.COSY (Exclusive Correlation Spectros-
copY) principle [ 16]. The major advantages to analyze ECOSY-type
multiplets are: (i) very easy interpretation; (i) are suited equally
well for the measurement of small and large coupling values, (i)
it provides information about the sign analyzing the relative slope
of cross peaks components, {Iv) works well even for coupling con-
stants smaller than the NMR line width, (v) | values are measured
from the direct dimension where good resolution requirements are
maore easily reached. Several ECOSY-type methods have been
proposed for the simultaneous measurement of different scalar
and residual dipolar couplings in small molecules. For instance, a
simple and sensitive P.EHSQC experiment, closely related to a fully
coupled non-refocused HSOC pulse scheme, has been proposed to
determine the sign and the magnitude of one-bond proton-carbon
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("JICH) and "D{CH)) and two-bond proton-proton (“HH) and
'D{HH)) coupling constants from a single 2D spectrum [17).
Recently a spin-flip HSQC experiment has also been proposed for
the simultaneous measurement of iHH) and “KCH) [18]. Although
this later technique is a proton-selective method that only works
for protonated carbons, it has been proved that the addition of
accurate long-range CH RDCs can significantly improve the
structural discrimination power in complex small molecules with
multiple stereogenic centers.

In what follows, we show a variant of the mentioned P.EHSQC
experiment, referred here as PEHSOMEBC, for the simultaneous
and accurate measurement of multiple J{HH), "NCH) and "JICH)
coupling constants. In this long-range 'H-"C correlation experi-
ment, the large heteronuclear 'NCH) coupling constant is em-
ployed for separating two multiplet patterns along the indirect
Fy dimension while homonuclear HH couplings can be accurately
measured from their relative E.COSY-type displacements in the de-
tected Fy dimension. The experniment closely relates to the XLOC
experiment, a long-range correlation experiment designed to mea-
sure J{HH) in a similar ECOSY way [19-21]. Furthermore, we also
present and discuss several options to extract "f{CH) values at the
same time and it will be shown that both ECOSY and IPAP
principles can be implemented into the same pulse scheme to
simultaneous measure different coupling constants from the same
2D multiplet with an extreme simplicity.

2, Results and discussion

Three different NMR pulse sequences suitable for an E.COSY
version of the HSQMBC experiment are presented in Fig. 1. They
combine the main features of three different older methods in a
single experiment: (a) the accurate measurement of '{CH) along
the indirect dimension from Fl-coupled HSQC schemes |22-25(;
(b} the sign-sensitive measurement of '{{CH) and “{HH) in E.COSY
multiplets as reported in the P.EHS0C experiment |17, and (c) the
precise measurement of "§CH) using the IPAP technology in sel-
HSOMEBC experiments [ 11]. For the present work, we have chosen
the general application of selective 180" 'H pulses as a refocusing
element in the INEPT block because this affords pure-phase multi-
plets and completely avoids any signal modulation due to J{HH ]

The simplest pulse sequence is essentially a small-Mlip-angle
non-refocused HSQC experiment where all CH coupling constants
evolve freely during the entire £y period and the read "H pulse be-
fore acquisition is set to =36 to achieve simplified multiplet
structure, As described in the original P.LEHSQC experiment [17],
instead of the long phase cycling schemes used in classical exper-
iments, a simple small-angle pulse is used to generate the E.COSY-
like pattern (Fig. 1AL In order to explain how pulse sequences work
and describe the nature of multiplets generated in the proposed
PEHSOMBC experiment, we concentrate the description on a
heteronuclear three-spin system involving two active (H2 and
C1) and a single passive (H1) spins (Scheme 1) These active spins
having a long-range "J(H2-C1) coupling determine the position of
the cross-peak multiplet at (& H2), 8C1)) which consists of two dil-
ferent components separated by the large 'NH1-C1) splitting along
the F1 dimension, The magnitude and the sign of the {H2-H1)
coupling constant can be easily extracted comparing the relative
displacement and the slope, respectively, between these two
different rows in the detected F2 dimension (Fig. 2A), On the other
hand, each row component of these ECOSY multiplets will present
the characteristic antiphase pattern with respect to "{H2-C1} and
pure in-phase character with respect all passive {HH) couplings.
The magnitude of "fH2-C1) must be extracted using well-
established firting algorithms that will not be discussed in detail
here [6-9].
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A modified P.EHSOMBC version in where a BIRD™ cluster is
incorporated into the carbon evolution period o suppress un-
wanted "J[CH) contributions in the indirect dimension is shown
in Fig. 1B. This option also offers the possibility to scale the
YYCH) splitting by a scaling factor & that strongly minimizes the
resolution requirements and the number of £, increments to be ac-
quired. This approach becomes particularly useful to obtain well
defined multiplets in the indirect dimension that lead to precise
measurement of scalar J{CH) andfor dipolar 'D{CH) values for
weakly aligned samples. In analogy to the above description, this
version also provides two separate cross peaks separated by
k-« 'WCH) in the F1 dimension whereas "l{CH) present the same
AP features described above (Fig. 2B).

Finally, a refocused P.EHSOMBC version has been developed to
facilitate the measurement of "J{CH) using the IPAP technigue
(Fig. 1€} Filtering the downfield and upfield doublet components
into separate spectra is a successful concept to avoid the tedious
analysis of anti-phase multiplets. This version can be understood
a5 a Fl-coupled analog of the recently proposed selHSQMBC exper-
iment and although it suffers of a worse sensitivity due to the
additional refocusing period, the magnitude of "}{CH) can be ex-
tracted more accurately by the analysis of relative displacement
of affi cross-peaks in the detected dimension (see Fig. 2C). This
more wser-friendly method combines the principles of ECOSY
and IPAP methodologies into a single NMR experiment whereas
retains all the benefits described for the original selHSOMEBC
experiment [11).

Several details about sensitivity, multiplet patterns and relative
pulse phases must be highlighted in order to explain the observed
experimental data, Very importantly, two different mechanisms
are present in the basic pulse scheme of Fig. 1A, First, the tradi-
tional pathway generated from the initial 'H Boltzmann magneti-
zation through the initial proton-selective INEPT transfer leads to
two observable terms at the end of the r, period;

2HzCyp $in{ gy ) COSIT gy 01 ) COS(A 4111 (1a)

2HyCiz SN T oo ) S0y cili ) S0 -1 i) 1ty

Thus, two different cross-peaks at 3{C1) appear showing pure
anti-phase character with respect to J{H2-C1) in the F2 dimension:
{i}a long-range H2-C1 correlation showing in-phase 'J{CH) pattern
and (ii) a direct H1-C1 cross-peak showing anti-phase J[CH) pat-
tern in the F1 dimension. The number of lines in the indirect
dimension will depend on carbon multiplicity: CH appears as dou-
blets, CHy as triplets and CHy as quartets with their intensities as
described previously whereas quaternary carbons will not show
splitting.

On the other hand, the original magnetization belonging to 'C
Boltzmann distribution also contributes to the final spectrum inde-
pendently of the A delay and the selective proton pulse, in the
form of the following term:

2H1,Cy sy, e} (2)

This pathway provides all direct correlations showing anti-
phase pattern with respect to "J{CH) in both dimensions indepen-
dently of the selective nature of the INEPT block and therefore,
the measurement of the sign and the magnitude of all "J{CH) and
2J[HH] couplings can be performed as exactly described for the reg-
ular P.EHSQC experiment [17].

These two different pathways can be separately obtained by a
proper phase cycling of the 90° proton pulse labeled with ¢, phase.
Thus, the separate acquisition of two complementary data ac-
quired with the pulse scheme of Fig 1A and with $; =y and
¢y = —y afford the same spectrum but with inverted phase for com-
ponents coming from INEPT transfer (Fig. 3A and B, respectively)l
Conventional data  addition/subtraction  affords  independent
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parate a- and §-P.EHSQMBC spectra. The interpul

delays are

10 4% pyao= /(2 + "NCH))and A" = 142 « 'XCH)). & stands for the duration of

mhn&mtwdlhemmrydday The minimum phase cycle Is &, =X, -x and ¢, = x,-X. See text for the importance of the phase ¢;: it is set to ¢; = y for non-editing and
@1 = y¥.-y.—y for editing of PEHSQC and P.EHSQMBC data. Cradients G1 and G2 are used for coherence sefection using echo-antiecho protocol, G3 and G5 are used for

proper refocusing and G4 for zz-selection.
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Scheme 1. Sch ic repre of the spin-coupling cks involved in the
simultancous determination of 'CHL XHH) and "J(CH) The blue arrow indicates
the active H2-C1 coupling which is essential for coherence transfer. The desired
ECOSY multiplet ummneuausdbymturp;punluol'kmcnmwtht
spin passive M1 along the | Ag 2 ries the multiplet
patterns obtained from each proposed experiment and how couplings can be
measured. (For interpretation of the references to color In this figure legend. the
reader is referred to the web version of this aricle.)

P.EHSQC (Fig. 3C) and P.EEHSQMBC (Fig. 3D) spectra. Otherwise,
the corresponding P.EHSQMBC spectra could also be obtained di-
rectly by performing the subtraction during acquisition by apply-
ing a four-step phase cycling with ¢y = yy,—y.—y. In this case, a
90°("C)-gradient element just before the initial 90° 'H pulse helps
to efficiently remove unwanted "*C Boltzmann contribution,
P.EHSQC data are analyzed exactly as described in the original
experiment and no more details will be given here. On the other
hand, Fig. 4 shows an expansion of the column corresponding to
the H15b proton in the P.EHSQMBC spectrum. The direct correla-
tion, that is visible because the selective pulse also excites the
satellite lines, shows pure in-phase character in the indirect F1
dimension. It is clearly shown that is possible to differentiate the
corresponding active 'NH15b-C15) and the passive 'NH15a-C15)
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in diastereotopic CH; spin systems as well as to the sign and mag-
nitude of the geminal and passive J(H15b-H15a) coupling value.
Additional H15b cross-peaks are also observed for the methines
C14, €13 and C16 carbons and for the quaternary €7 carbon. The
well-resolved doublets in F1 for each CH cross-peak evidences
the relative displacement between them along the F2 dimension,
allowing the measurement of both magnitude and sign of the
corresponding J(HH) as a function of the observed signal tilting.
On the other hand, each individual row displays a pure anti-phase
pattern with respect to the active "J(CH) that can be analyzed
accordingly. The anti-phase nature structure of cross-peaks can

cause partial intensity losses when the active scalar coupling is
within the line width.

For this reason, a refocused version that uses the IPAP principle
is proposed (Fig. 1C) for a much better and more user-friendly
measurement on " CH). Fig. 5 illustrates the experimental protocol
to acquire, to process and to analyze these P.EHSQMBC data taking
the H15b-C16 cross-peak as an example. Two complementary IP
and AP data are separately acquired as shown in Fig. 5A and B,
respectively. Although {HH) could already be measured in any of
these spectra from the ECOSY pattern, the extraction of "J(CH)
would usually require an individual fitting analysis for each
cross-peak. Sum and difference data (Fig. 5C and D) contain only
the upfield and downfield components of the active doublet which
makes it possible the straightforward measurement of "J(CH) by
analyzing the relative displacement between them. However, in
analogy to the regular selHSQMBC experiment the sign informa-
tion of “NCH) is not available from this analysis. In our hands,
the use of a scaling factor of k= 3 is a good compromise to clearly
resolve 'J(CH) multiplet components in the indirect dimension
using 256 t, increments. On the other hand, the non-equivalence
between IP and AP data can afford undesired J-cross talk contribu-
tions that can introduce some error in the measurement. The use of
an individualized scaling K factor in the form of AP £ K « IP can be
used to correct them. The tolerance on these cross-talk effects has
already been discussed previously [10,11).

A limitation of the proposed experiments is its 'H-selective nat-
ure and therefore multiple experiments should be needed for a glo-
bal determination of coupling values in a molecule, However, the
extraction of "J{CH) from multiple protons can be simultancously
obtained by applying the principles of multiple-site or band-selec-
tive excitation. Fig. 6 shows an example after selective refocusing
of several protons that are not mutually coupled and acquired un-
der the same experimental conditions as described in Fig. 3.

In summary, it has been shown that the concepts of J-resolved,
E.COSY and IPAP principles can be mixed all together into the same
pulse scheme in order to measure multiple coupling constants
from a single 2D cross-peak analysis. We have developed a method
that leads to the accurate measurement of both {HH) and "J(CH)
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Fig. 5. Expanded areas corresponding to the HI5b-C16 cross peak in the IPAP-selHSQMBC-E.COSY experiment acquired with the same experimental conditions as discussed
in Fig. 3 and using pulse scheme of Fig. lC.Mdmmdaummlndum!hﬂPMmmpk (A)lethﬂmedrwhcmtoymmmzhpuk«w

with « (on); (B) AP with the phase of " pulse set to x and omitting the pulses ¢ (off). Time-domain data additi d by conventi

al processing afford

complementary (C) 2- and (D) F-sefHSQMBC-E.COSY spectra from which the ") CH) value can be directly extracted in a simple way by analyzing the relative left/right

displacement of signals in the F2 dimension.
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Fig. & Example showing the advantage o use multiple-site seléctive excitation in
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Gaussian-shaped 180" proton pulse. The 20 spectnem comesponds 1o the In-Phase
{1} data and the inset shows the separate o/ji data comesponding to the H 1 1a-C12
cross peak.

from the high resolution obtained in the detected dimension
whereas "JICH) is precisely resolved in the indirect dimension.
The proper combination of multiple proton excitation and non-
uniform sampling can allow a faster measurement of all these cou-
plings in small and medium size molecules, Alternatively, the
experiment could be also implemented in a broadband mode,
using for instance a CPMG-BIRD element instead of the selective
INEPT block [26-28]. However, complete suppression of proton-
proton coupling evolution and undesired sample heating remains
tor be solved. Much work is in progress to extrapolate all these con-
cepis to the simultaneous measurement of the sign and magnitude
of different types of heteronuclear coupling constants.

3. Methods and materials

All MR experiments have been recorded on a BRUKER DRX-
500 spectrometer equiped with a 3-channel 5-mm cryoprobe
incorporating a z-gradient coil on a sample of 25 mg of strychnine,
1, dissolved in 0.6 ml of CDCly, All experiments were optimized to
B Hz, that means that "} CH) evolves during a period of A4+ pga=1/
(2 = "oy ); where pygg is a selective 180° "H pulse. A Gaussian-
shaped 1807 pulse of duration of 20 ms (psq) was used as a sebec-
tive refocusing. The recycle and the interpulse BIRD® (A= 1/
{2 « "{CH)) detays were set to 1 5 and 3.6 ms, respectively. An scal-
ing factor k = 3 were used. Sine bell shaped gradients of 1 ms dura-
tien (&) were used, followed by a recovery delay of 100 ps, Gradient
ratios for G1:G2:G3:G4:G5:06 were BO:20.1:33:50:11:17, mea-
sured as percentage of the absolute gradient strength of 5.35 Gjlem.

All experiments were acquired and processed using the echo/
anti-echo protocol. Quadrature detection is achieved inverting
the Gland G2 gradient pulses for every second FID. Four scans
were accumulated for each one of the 256 1y increments and the
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number of data points in r; was set to 4096. Spectral windows in
both dimensions were 22500 (F1) and 4500 (F2) Hz, respectively.
Prior to Fourier-transformation of each data, zero filling ro 1024
in F1, 8192 points in F2 and a sine squared function in both dimen-
sions were applied.

20 'H-"2C IP and AP-HSQMBC experiments of Fig. 5 were sepa-
rately recorded using the same experimental conditions described
in Fig. 4. The overall acquisition time for each individual IP and AP
data was about 26 min which were added/subtracted in the time-
domain without any scaling factor to provide spin-state selective
data. Finally, the same conditions were applied for the spectra
shown in Fig. 6 except for the selective refocusing. A 40 ms multi-
ple-site pulse applied to three different frequencies was aufomar-
ically generated using the shape tool package included into Tospin
software [see captions for more details).
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Appendix

Introduction

The accurate measurement of Jcu/*Te for individual protons in diastereotopic CHaHg
groups has been a challenging task. Several NMR methods has been proposed to measure
them from the F1 or F2 dimension of HSQC spectra, but they all present some drawback
that can prevent their general use.

In this publication, a new 2D m;-coupled inverse INEPT experiment (referred to as w;-
iINEPT) is proposed for the simultaneous measurement of individual “Jeu/*Tcy as well as
the magnitude and the sign of geminal proton-proton coupling constants (2Juu/?Tu) in
diastereotopic methylene groups in isotropic and anisotropic conditions. The method is
based on a F1-coupled HSQC spectra that uses the initial *C Boltzmann polarization
instead of the conventional INEPT transfer. The experiment is easily adapted for a
J-resolved presentation (referred to as w;-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. The success of the method is illustrated for several samples in
isotropic conditions and also for the accurate measurement of Dey and 2Dy RDCs in
diastereotopic CH, groups for samples aligned in anisotropic media. These measurements
are also feasible for CH and CH3 multiplicities.
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ABSTRACT

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

Methylene spin systems © 2014 Elsevier Inc. All rights reserved.
Inverse INEFT

Residual dipolar couplings

1. Introduction generate a high degree of asymmetry between the high- and

In recent years, it has appeared an enormous interest for the
measurement of scalar and residual dipolar (RDC) ene-bond pro-
ton-carbon coupling constants ('J(CH) and "D{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 'J(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 'J(CH) splitting should be mea-
sured from the direct w; ('H) or the indirect w, ("’C) dimension,
(iii) the accurate measurement of 'J(CH) for individual protons in
diastereotopic CH; or NH; 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 *J(HH) values.

The measurement of 'J(CH) from the detected dimension is rel-
atively casy 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 'J(CH) value from the resulting clean
in-phase doublets |4]. However, strong J(HH) coupling effects can

* Corresponding author,
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low-field multiplet lines in wy-coupled HSQC spectra, which can
preclude reliable determination of 'J(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
CH; spin systems, and some practical solutions have been pro-
posed |5-9]. To avoid such inconveniences, the measurement of
'J(CH) along the oy dimension have been advisable [9,10] although
this requires the need for a large number of t, increments, and
therefore longer acquisition times. The successful use of non-linear
uniform sampling, ] scaling factors or spectral folding can speed up
data acquisition and/or increase the digital resolution in the o,
dimension [ 10].

The accurate measurement of 'J(CH) for individual protons in
diastereotopic CHaHj (or NHaHy) groups is one of the most chal-
lenging tasks in this field. Several methods have been proposed
that measure them from the o, or m; dimension, but they all pres-
ent some drawback that can prevent their general use [11-25]. For
instance, the passive 'J(C-Hy) value can be separately measured
into the active Hy, cross-peak, and vice versa, along the o, dimen-
sion of a J-resolved HMQC experiment |11]. In addition, the large
doublet is further split by the ?)(HaHy) coupling yielding a dou-
ble-doublet. The disadvantage is that additional experiments can
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be needed to measure "JCH) for CH or CHy spin systems.
ViC.edited versions of the 2D 'H J-resolved experiment have
been proposed to resolve enantiomeric derivatives dissolved in
anisotropic media by visualizing their different 'J{CH) splitting
sizes along the indirect dimension [ 12,13, Other related [-resolved
HSQC experiments have been also described but they can require
time-consuming 30 data acquisition [ 14] or the collection of multi-
pe 2D |-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 PEHSOQC 8] SPITZE [17] or CHp-TROSY |19.20]
experiments that yield simplified coupling patterns, and where
the sign and the magnitude of the geminal “J{HH) can be addition-
ally extracted, In all these cases, the central lines of the o -multi-
plet corresponding to a CHy group are not observed, and therefore
only the sum of the two 'J{CH) can be determined from the indirect
dimension,

In the present study, a new 20 mp-coupled inverse INEPT exper-
iment {referred to as o -IINEPT) is proposed for the observation of
the missing central lines in diastereotopic CHy cross-peaks. The
resulting cross-peak present a characteristic ECOSY multiplet pat-
tern that facilitaves the straightforward measurement of both indi-
vidual "HCH,) and "JCHy) values, as well as the sign and
magnitude of the geminal J(HH) coupling. The method starts
exclusively from "'C Boltzmann polarization. it is driven with
broadband ''C decoupling during "H acquisition and, very impor-
tantly, also warks for CH and CHy multiplicities. The experiment
is easily adapted for a |-resolved presentation (referred to as oy-
IINEPT-]) which allows obtain higher levels of resolution within
the same experimental time by the use of a reduced spectral width
in the indirect dimension | 11132627 . 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
malecules dissolved in a weakly aligned media,

2. Results and discussion

The idea to develop the o-IINEPT experiment was born from
the recent P.EHSOMEC experiment, which was devised to measure
three different "J(CH), *J(HH} and a ")(CH) coupling constants from
a single 2D cross-peak [ 28|, Other related works that have inspired
us were the PEHSQC (2] and the BIRD-H5QC [9] experiments, this
latter being further refined and evaluated by Thicle and Bermel
(see Fig. 1c in Ref. | 10]). The basic pulse scheme of the reference
ex-coupled HSOC (w-HSQC) experiment uses the traditional 'H
Boltzmann polarization as a starting point (Fig. 1AL In the follow-
ing, we consider an isolated diastereotopic CHaHy spin system de-
fined with three different 'J{CH.) 'JICHg) and [{HaHg) coupling
constants. The sequence starts with an initial 90° ("C)-gradient
element to remove any contribution coming from the "*C Boltz-
mann polarization. After the "H-to-"*C INEPT transfer, anti-phase
YC magnetization is present as a mixture of 2HaC, + ZHpC,.
which evolve under the effects of 'J{CH) and & '*C) in a sequential
maode, by using separated and synchronously incremented time
periods, Thus, the magnetization evolves first under the effect of
a BIRD™ glement [29.30] flanked by a variable J-scaled ¢, evolution
period (defined by a scaling factor k) to allow the exclusive evolu-
tion of 'J{CH) whereas "*C chemical shift and long-range CH contri-
butions are refocused, and then ''C chemical shift can evolve from
an optional 1, evolution period as usweal. In the subsequent analysis,
the scaling factor, which is set arbitrarily within the limits set by
reélaxation andfor signal overlapping, the effects of the labeling
G1 gradient and the optional "*C chemical shift t; evolution period
are neglected for the sake of clarity. Thus, for a single Hy, spin, the
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Fig 1. Pulse sequences for the (A} wy-HSOC and (B) oy-{INETT experiments, Thin

aml thick rectangles represent 90° and 180° rectangular pulies, respectively,
applied along the xaxis unless indicated dafferently. A basic bwo-step phase oycling
is applied: @y = X0 48,0 = x-x A small flip angle [ = 36°) generates ECOSY omoss-
peaks. Inversion and refocusing 1807 '°C pulses can be applied a5 adiabatic pulses
and the element labeled a5 &"'C) evolution peried is optional. The inter-palse
delays in INEPT and BIRD elements are oplimized accarding ta 4 = 102 « 'JCH))L
The echolanti-echo encoding of ey frequencies was achieved by changing the sign
of G1 between successive 0 increments, The rmtio between C1:G203 were
BO:20,1:13. The duration of a pulse-feld gradient (I'FG) and of the subsequent
recovery delay amounts. (o &

evolution during the variable t; BIRD-based period (k= 1) is de-
scribed as:

2H:Cyjcos(n' JICHA 1y heos{ ' JiCH ) b sin{@'J{CH )
= sin{®"J{CHg )t )| (1)

Applying the trigonemetric relationship cosAcosB - sinAsinf = co-
s[A = B), we obtain

2H,,C, cosim' J(CHy, + 'J{CHa) Ity ) 12

meaning that only the outer lines of the theeretical 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 ("J{CH, # "HCHg)) 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 CHy, and 3:1:1:3
for CHy will be displayed along the oy dimension |5.34) A key fea-
ture introduced in the last refocusing INEPT block is the small-flip
'H pulse angle (= 36°) which generates simplified E.COSY multi-
plet patterns for non-equivalent protons in CHy and CHy spin sys-
vems (Fig. 2B} [8,31-33],

To improve the appearance and usefulness of cross-peaks ob-
tained from oy -IINEPT experiments, we propose to start the exper-
imsent with the initial "'C Boltzmann polarization instead of the
INEPT-based 'H Boltzmann polarization because this leads to inter-
esting changes in the central lines of methylene cross-peaks, as
known for the analogous old "*C-detected heteronuclear |-resolved
2D experiment [35). The initial 90° "C pulse, applied after an
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Fig. 2. Schematic representation of the 20 multiphet pattern of each individual My and Hy proton befonging to a methylens CHyHy group, (A and B) "H-8oltzmann polarization
driven vy -HSQC] experiments using = 90" and 36°, respectively, and (C and ) "'C-Boltzmann polarization driven experiments (s -IINEPFT) using = 90° and 367,
respectively. In (D) the magnitsde and the skgn of all imvolved couplings (defined as *)(HHy) and assuming "JCH.} < "KCHa)) can be readily extracted. Open and dotted

circles represent peaks with appesite phase.

heteronuclear NOE enhanced pre-scan period by means of a "H
WALTZ-16 pulse train saturation, generates in-phase -C, magneti-
zation (Fig. 18) which evolves under the effect of ')(CH) during the
variable t; BIRD-based period:

—2H,, G, Isin{m J{CH, Jty ) cos{m [{CHy )y )|
~ 2Hp, C, [cos( ' J(CHa )ty ) sini J{CHy ) )] 13

The result is a pure absorptive 20 o, -IINEPT spectra displaying
double-doublet coupling patterns along the oy dimension for each
individual Hs or Hg cross-peaks, that initially would consist of
eight different components as shown in Fig. 2C Analyzing only
the Hy spin, it will show an anti-phase doublet pattern with re-
spect to 'J[CH,) (sine modulated ) and an additional in-phase dou-
blet pattern with respect to 'J{CHy) (cosine modulated) along the
w1y dimension. As discussed before, the effect to apply a small flip
angle [ = 36°) will generate a simplified four-component cross-peak
with a characteristic ECOSY multiplet pattern due to the mutual
I HaHg) (Fiz. 2D}, which facilites both the multiplet interpretation
and analysis (see Fig. 51; supporting information} Thus, the active
"(CH,) coupling is directly extracted from the anti-phase 1:-1
pattern along the same column in oy, whereas the passive
"iCHg) 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 *J[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 CH Mg proton using the different
y=HSOC and vy -IINEPT approaches with f=90° and 36°. For CH
groups, a doublet with relative 1:—1 intensities is obtalned
whereas a 1:1:-1:~1 coupling pattern will be displayed for a
CHy group,

As a first example, Figz 3A and B shows the equivalent oy -HSQC
and oy -iIINEPT 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 CH, 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 CH; cross-peak are
absent in the w,-HSQC spectrum, they are clearly distinguished
in the o =-INEPT version. A close inspection of the multiplet pat-
terns for CHy cross-peaks in both spectra reveals the simplified
E.COSY multiplet structure as described in other related experi-
ments |£,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 andfor signal overlapping is not severe, the pro-
posed method can be recorded in a J-resolved mode by simple
omission of the ''C chemical shift evolution period [ty
— 180°({'"H] - ty2). 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 oy should be improved by a similar factor
if all other experimental conditions remain the same. Fig. 3C and
D shows the equivalent oq-HSQC-] and on-IINEPT-] spectra,
respectively, acquired with the same number of ¢; increments
and using an scaling factor of k = 1, It can be observed that the ab-
sence of '’C chemical shift signal dispersion does not introduce a
senous 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 Rel. | 10] about the appli-
cation of non-linear sampling to accelerate data acquisition and/
or o increase digital resolution in the indirect dimension could
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Fig. 3. 20 "H="%C spectra of 1 acquired with the pulse sequences of Fig. 1 (A1 wyH50C and (€] wy-H50QC-] spectra were obtained starting from "H Boltzmann magnetication,
and {B) un~IINEPT and (D) oy <IINEPT-| spectra were achieved starting from ''C Boltzmann magnetizagion, (A] and (B} are heteronuclear cormelation 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 ''C chemical shift 1, evolution period ). All
Specira were acduired and processed under the same experimental conditions. 2 scans were callected lor each one of the 256 1y increments wsing 4 pre-scan delay of 35
Squared boxes mark specific CH and diasterentopse OH; cross-peak a4 examples in cach spectrom,

be extrapolated here for the proposed metheds, Further increase of
resolution by a factor of 3 can be additionally achieved by allowing
signal folding in the indirect dimension (see Fig, 52 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 o, -IINEPT-] 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-11hb)
which permit the easy and direct measurement of the same three
different involved couplings (')CHL) and 'HCHy) as well as the
geminal “J{HH)) from two independent cross-peaks. The compari-
son of the experimental | 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 J{HH) values, the
difference between diastereotopic 'J[CH) values is quickly ascer-
tained from the relative displacement between the two central
lines and accurate "J{CH) values can be easily measured even in
the case of minor differences between 'J[CH,) and 'J[CHg). 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
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for H-18a/H-18b. Experimental *J{CH) and *}HH) data extracted
from these spectra for compound 1 are in agreement with those re-
ported previously in other works (see Table 51 in the supporting
information) [5.36-39). Even in the case of signal overlapping,
CH cross-peaks can be easily distinguished from those of CH;
groups by their different doublet or double-doublet coupling pat-
terns and also from the relative opposite phase of the anti-phase
components for CHICH; and CH; 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 'J{CH) values, the central lines can be partially or completely
cancelled, as shown for the H-17a/H-17b protons resonating at
1.9ppm in Fig. 3D. Another special case is when the geminal
2)(HH) is near to 0 Hz, where the distinction of the four ECOSY
components will depend of the different '){CH) sizes. One illusira-
tive example is the H-8a and H-8b olefinic protons belonging to the
expcyclic CHy group in 5-methylene-2-norbornene (2) (Fig. 5A)
which present unresalved signals in the conventional "H spectrum,
and where the mutual JHBa-HBb) coupling can not be directly
measured. The well differentiated four components observed in
the oy -iINEPT-] spectra allow a measurement of *J(HH] = +1.1 Hz,
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Scheme 1. Molecules used in thes work.
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Fig 4. Expunded area corresponding to the e -UNEPT-] spectrum of Fig. 1D, where
the different mudtiplet patterns for 2 CH group and several diastercotopic CH; spin
systems can be clearly visualized and analyzed, and all ')J(CH) and *)HH) can be
measured with simplicity and accuracy.

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 ?J(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 'J(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 52: supporting information).

The simplicity of the proposed o;-IINEPT methods make them
highly interesting for the measurement of small 'D(CH) and
“D{HH) RDCs, by comparison the difference between experimental
measurements performed in isotropic vs anisotropic conditions
(D = T umso) ~ Jsy))- Compound 2 was weakly aligned in a poly(-
methyl methacrylate) (PMMA) gel swollen in CDCly using the
reversible compression/relaxation method [40] , and 'D(CH) and
’D(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 “D(HH) val-
ues: -0.2Hz for H-8a/H-8b protons, -4.1Hz 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 'H spectrum, progesterone (3), with high levels of signal over-
lapping in its aliphatic region. Fig. G shows an expanded area of the
wy-IINEPT spectrum, where cross-peaks for all multiplicites can be
distinguished and the corresponding 'J(CH) and ?J(HH) values con-
veniently measured (see Table 53 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
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protons (see a complete set of coupling vahies o Table 52 in il Supporting

information)

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 CH; spin systems, the same conclusions could be ex-
tracted from the analysis of a hypothetical non-equivalent protons
in a CHy group [5.41]. Whereas isotropic CH; cross-peaks with no
distinction between equivalent protons present a typical 3:1:1:3
multiplet pattern in -HSQC experiments |34], they display a
symmetrical 1;1;-1:-1 coupling pattern in the w,-iINEPT, as seen
for the Me-21 in Fig. & A modified HSQC experiment has been
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addition, the 1:1:-1:=1 multiplet comesponding o the methyl group 21 (at
2.08 ppmi] is also highlighted.

reported to recover the 1:2:1 and 1:3:3:1 pattern in NH; and
NH; groups, respectively. and spin-state selected methods o
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 ey -IINEPT experiment present a sen-
sitivity decrease when compared to the analog o-HS0QC experi-
ment, because of the differential signal enhancement achieved by
heteronuclear polarization transfer via INEPT or by heteronuclear
MNOE effects. In addition, the pre-scan delay must be optimized as
a function to the longer "°C T, values, although that protonated
carbons relax relatively fast. Our experimental data confirms such
thearetical prediction and signal-to-noise enhancements by a fac-
tor of about 3 and 4 can be achieved Tor oy =IINEPT and o,-HSQC
experiments, respectively, when compared with a reference non
signal-enhanced o -IINEPT experiment acquired without proton
saturation and a pre-scan delay of 3 s (see Fig. 54 in the supporting
information). Although the proposed methodology could distin-
guish diastereotoplc protons in NH; groups, the large difference
in sensitivity enhancement achieved by polarization transfer when
compared with those obtained by direct "*N 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 multipler pattern for diasteren-
topic CHaHy methylene systems has been described. The magni-
tude and the sign of the three involved coupling values ("J(CH,L
THCHy) and *J(HAHg)} can be measured simultaneously from the
analysis of a single and clean four-component E.COSY cross-peak.
The method also measures 'J{CH) for all other carbon multiplici-
ties, and it is easily adapted for a J-resolved representation that al-
lowes 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 "D{CH) and
*D{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 CDCly (1), 0.4 M 5-methylene-2-norbomene dis-
solved in CDCl; (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 polylmethyl methacrylate)
(PMMA) ged swollen in CDCly using the reversible compression/
relaxation method |40). The *H quadrupolar splitting {AvQ) for
the CDCly signal was of 24 Hz, NMR experiments on 1 and 3 were
recorded on a BRUKER DREX-500 spectrometer equipped with a 3-
channel 5-mm cryoprobe incorporating a z-gradient coil. NMR
experiments on 2 were carmed out in 2 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 A (=1/(2 « ')(CH)) delays
were set to 3.5 ms (optimized to '|(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 ps were used, 'H saturation during the entire pre-scan delay
was accomplished applying a 2.5 kHz WALTZ-16 modulated pulse
train, Broadband 'C decoupling during acquisition was achieved
applying a 8 kHz GARP modulated pulse train. All experiments
wene acquired and processed using the echolanti-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 [-resolved spectra were acquired omitting the
fyz — 180{"H) — 1)z element in the pulse sequence of Fig. 1 and
reducing the spectral width in the indirect oy dimension to
500 He.

For spectra of Figs. 3, 2 scans were accumulated for each one of
the 256 [ increments and the number of data points in r; was set
to 2048. The recycle delay was set to 1 s for wy-HSQC type exper-
iments (Fig. 3A and C) and 3 s for oy -lINEPT type experiments
(Fig. 3B and D). Spectra 3A and 38 were acquired with an spectral
window of 5000 Hz (in w;) and 200000 Hz (in wy) 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 wy, 1024 in oy and a
mj2-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 oy dimension was reduced to 500 Hz giving a
FID resolution of 2.4 Hz (in wy) and 1.9 Hz (in oy L After applying
zero filling the digital resolution was 1.2 and 0.5 Hz, respectively.

In the wy-IINEFT-] experiments recorded on 2 in isotropic and
anisatropic media (Fig. 5), a recycle delay of 2 s was used, 4 scans
were accumulated for each one of the 256 1, increments and the
number of data points in t; was set to 2048, Both of them were ac-
quired with an spectral window of 3600 Hz (in «;) and 500 Hz (in
o1y ) giving a FID resolution of 1.8 and 1.9 Hz. respectively. Prior to
Fourier-transformation of each data, zero filling to 4096 in oy,
1024 in wy and a nf2-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 oy-IINEPT
experiment recorded on 3 (Fiz, 6], a recycle delay of 3 s was used,
4 scans were recorded for each one of the 256 ¢, increments and
the number of data points in f; was set to 2048 in all the experi-
ments. Data were acquired with an spectral window of 2000 Hz
[in ooy} and 12,500 Hz (in o) giving 3 FID resolution of 1.0 and
6.1 Hz, respectively. Prior to Fourier-transformation of each dara,
zero filling to 4096 in @y, 1024 in oy and a m2-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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Straightforward measurement of individual 'J(CH) and

J(HH) in diastereotopic CH, groups.
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Figure S1: Effect of the B angle in ®;-iINEPT-J experiments.

Figure S2: Spectral Folding in o,-iINEPT-J experiment.

Figure S3: ®;-iINEPT and o,-iINEPT-J spectra of 5—methylene-2-norbornene in isotropic and

anisotropic media.

Figure S4: Intensity signal dependence with respect the pre-scan delay in ®;-iIINEPT and ;-
HSQC experiments

Table S1: 'J(CH) and *J(HH) coupling constants of strychnine measured from ;-iINEPT-J
spectra and other published methods.

Table S2: 'J(CH)/'T(CH) and *J(HH)/*T(HH) coupling constants of 5-methylene-2-norbornene

measured from w;-iINEPT-J spectra.

Table S3: 'J(CH) and *J(HH) coupling constants of progesterone measured from ;-IINEPT and
o1-HSQC spectra.
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Figure S1: Effect of the B angle in w;-iINEPT-J experiments of 1: A) f=90°, B) 3=36°, and C)

B=126°. Note the complementary spin-state selection in B vs C. Experimental conditions as

described for Fig. 3D.
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Figure S2: Spectral folding in the ®,-iINEPT-J spectrum of 1. 2 scans were collected for each
one of the 256 t; increments using a spectral width (SW(F1)) of 180Hz in the indirect
dimension. The digital resolution was of 0.18 Hz in the indirect dimension. All other
experimental conditions as described in the Fig. 3D. 'J(CH) coupling values are extracted from
the relationship SW(F1)-Av(w,), where Av(w,) is the distance measured between individual
components of a given cross-peak along the indirect dimension. Similarly, the distance between
outer components allows to obtain the sum of the two coupling values, according to 'J(CH,)+

'J(CHg)=2*SW(F1)-Av(F1).

378



Appendix

YR | Y

140

160

T T T T T T T T T T
60 55 50 45 40 35 230 25 20 15 ppm

I W I v

o =-160

= 100

L 150

T T T T T T T 1 T
60 55 50 45 40 35 30 25 20 15 ppm

~-150

100

50

B Tl bl et Bl bl JLA AL Pl ook ol ot ol
60 55 50 45 40 35 30 25 20 15 ppm

Figure S3: A) o,-iINEPT and B) o,-iINEPT-J spectra of 2 in isotropic CDCl; solution; C) ®;-
iINEPT spectra of 2 in anisotropic conditions (PMMA gel swollen in CDCl;). o;-iINEPT
experiment (A) was acquired with an scaling factor of k=8 whereas B) and C) used K=1. Other

experimental conditions as described for Fig. 5.
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Figure S4: Signal intensity dependence of the H-8 proton in 3 as a function of the duration of the
pre-scan delay: ;-iINEPT experiments A) without and B) with 'H-saturation during the pre-

scan delay, and c¢) ;-HSQC experiment using an initial INEPT transfer. As a reference, the

intensity of the HSQC experiment using a recycle delay of 1 second has been normalized to 1.
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Table S1: 'J(CH) and 7 (HH) coupling constants (in Hz) of strychnine (1) extracted from the

o-1INEPT-J spectrum.

.- INEPT-J ref. ref. ref. ref. ref. ref.
(Thiswork) [37] [36] [38] [5] [37] [39]
1J(CH) |2(HH) 1J(CH) 2J(HH)
Cl1 H1 158.9 - 1580 | 1588 | 1590 | 159.0 - -
C2 H2 | 1617 . 1620 | 160.7 | 1613 | 161.56 - -
C3 H3 160.3 . 159.0 - 1594 | 159.85 - -
C4 H4 | 169.1 - 1682 | 168.7 | 1686 | 168.4 - -
C8 HS 1449 - 145.1 | 1447 | 1449 | 144.89 - -
Cl1 Hlla| 135.6
2181 | 133.8 | 1349 | 1353 | 135.06
(from Hlla) | H11b | 1259
174 | -17.38
C11 Hlla | 1357
2183 | 1252 | 1258 | 1255 | 126.08
(from H11b) | H11b | 126.1
C12 HI12 | 1492 . 1476 | 1483 | 1493 | 149.17 - -
C13 HI13 | 1248 . 1236 | 1237 | 1252 | 12438 - -
Cl4 Hl4 | 1314 - 1314 | 1303 | 1319 | 130.36 - -
Cl15 Hl5a | 1313
-153 | 132.1 | 1300 | 1315 | 13036
(from 11 isp | 1296 ’
H15a) 145 | -1431
C15 Hl15a | 130.7
2154 | 1322 | 1294 | 1304 | 129.93
(from H15b) | H15b | 129.6
C16 H16 | 1468 . 1469 | 1459 | 1463 | 1466 - -
C17 H17 | 133.1 . 1340 | 1342 | 133,1 | 132.93 - -
C18 Hi8a | 146.0
2103 | 1397 | 1471 | 1476 | 146.17
(from H18a) | H18b | 131.6
C18 Hi8a | 146.1 -10.1 -
(from 2103 | 1315 | 1310 | 1335 | 1312
HI18b) HI8b | 131.3
C20 H20a | 139.0
2156 | 1377 | 1384 | 139.7 | 13891
(from H20a) | H20b | 138.5
C20 H20a | 138.9 -143 | -14.74
(from 2155 | 1377 | 1387 | 1399 | 13891
H20b) H20b | 138.9
Cc22 H22 | 1587 . 158.1 | 159.1 | 1593 | 15943 - -
C23 H23a | 145.1
137 | 1447 | 1455 | 1459 | 14574
(from H23a) | H23b | 137.3
137 | -13.44
C23 H23a | 1456
-13.8 | 136.8 | 1360 | 1372 | 1372
(from H23b) | H23b | 137.2
Digital
Resolution 0.5 1.1 1.0 - 04 0.2 1.0 -
(Hz)
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Table S2: 'J(CH)/ 'T(CH) and 2J(HH)/ZT(HH) coupling constants (in Hz) of 5—methylene-2-
norbornene (2) measured from ;-iINEPT-J experiments in isotropic and anisotropic weakly

aligned media.

Isotropic Anisotropic
Uen T "Tey T 'Dey* Dy’
C H, 147.2 - 1479 - 0.7 -
C, H, 168.9 - 168.2 - 0.7 -
C; H; 170.8 - 170.2 - 0.6 -
C, H, 148.3 - 148.8 - 0.5 -
C¢ (from Hg,) Hs, 136.0 134 .4 -1.6
-15.1 -18.9 -3.8
Hg, 130.7 130.1 0.6
C6(from H6b) H6a 136.0 134.1 -19
-15.3 -194 4.1
Hg, 130.4 130.1 0.3
C; (from H7,) H;, 136.8 137.8 1.0
-8.1 5.0 3.1
Hy, 1314 130.8 0.6
C; (from Hyy) H;, 136.8 1379 1.1
-8.1 5.1 3.0
Hy, 131.5 130.9 0.6
Ci (from Hg,) Hg, 157.0 157.5 0.5
1.1 0.9 0.2
Hg, 155.1 1553 0.2
C; (from Hgy) Hg, 157.1 157.6 0.5
1.0 0.8 02
Hg, 155.1 1554 03
Digital Resolution (Hz) 0.5 0.9 0.5 0.9

* RDCs ('Dcy) values calculated from the different between the 'Tcy values and the
corresponding isotropic 'J¢y; values.
® RDCs (*Dyn) values calculated from the different between the Ty values and the

corresponding isotropic *Jyy values.
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Table S3: 'J(CH) and *J(HH) coupling constants of progesterone (3) measured from ®;-iINEPT

and ®;-HSQC experiments.

®-ilNEPT ©.-HSQC
1J(CH) 2J(HH) 1J(CH)? 2J(HH)
Hlax 126.8
C1 (from Hlax) Hleq 129.9 135 2567 138
Hlax 126.5
1136 2562 1133
C1 (from Hleq) Hleq 127.7
Hoax 1239
C?2 (from H2ax) Heq 132.1 167 2557 -16.6
H2ax 1243
16. 255. 16.
C2 (from H2eq) H2eq 132.3 6.9 339 -
Ca H4 1588 i 158.7 i
Héax 1248
C6 (from H6ax) Héeq 130.6 143 2553 -14.5
Héax 125.1
144 255.1 142
C6(from Hbeq) Hé6eq 130.7 33
H7ax 1247
C7 (from H7ax) H7eq 130.4 132 2545 134
H7ax 124.6
13, 254. 13,
C7 (from H7eq) Heq 130.2 3.3 543 30
C8 HS 124 4 i 1237 i
9 HO 1229 i 1236 i
H1lax 1253
C11 (from H11ax) Hlleq 127.8 93 2537 07
Hllax 1262
10. 253. 10.
C11 (from Hl1eq) Hlleq 128.3 038 538 0.6
H12ax 1273
C12 (from H12ax) Hi2eq 126.4 137 256.2 137
H12ax 1272
13, 256.1 13,
C12 (from H12eq) Hl2eq 126.9 33 >6 3.7
Cla H14 1240 i 1241
Hl5ax 130.7
C15 (from H15ax) Hi5eq 1324 -12.6 262.2 -129
HI15ax ov 262.1
13, : 12,
C15 (from H15eq) Hl15eq 1329 3.7 9
Hl6ax 1282 i o0 .
C16 (from H16ax) Hl16eq 133.6
Hl6ax 127.1 . . .
C16 (from H16eq) Hl6eq 133.5
C17 H17 1275 i 1279 i
C18 HIS 1256 i 1255 i
C19 HIS 1274 i 127.0 i
C21 H19 1268 i 1272 i
Digital Resolution (Hz) 15 0.5 15 05

% For diastereotopic CH, protons
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Introduction

In recent years, a great interest in the development of new broadband
'H homonuclear decoupled techniques providing simplified Jy multiplet patterns has
emerged again in the field of small molecule NMR. The resulting highly resolved *H NMR
spectra display resonances as collapsed singlets, therefore minimizing signal overlap and
expediting spectral analysis. This publication is a complete revision work about modern
pure shift NMR methodologies, with a particular emphasis to the Zangger-Sterk
experiment. A description of the most important broadband homodecoupling building
blocks and their implementation on different versions of the ZS experiment is made. A
detailed discussion about the most relevant practical aspects in terms of pulse sequence
design, selectivity, sensitivity, spectral resolution and performance is provided. Finally,
the implementation of the different reported strategies into traditional 1D and 2D NMR
experiments is described while several practical applications are also reviewed, including
(i) the measurement of homo- and heteronuclear coupling constants from simplified
multiplets, (ii) analysis of diffusion and relaxation data in overelapped regions, (iii) pure
shift versions of standard 2D experiments, and (iv) the combined use of different but
complementary resolution-enhanced techniques into a single NMR experiment in order
to have ultra-high-resolved spectra with standard hardware configurations and
conventional acquisition times.
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Broadband 'H homodecoupled NMR
experiments: recent developments, methods
and applications

Laura Castanar and Teodor Parella*

In recent years, a great interest in the development of new broadband "H homonuclear decoupled techniques providing
simplified J,,,, multiplet patterns has emerged again in the field of small molecule NMR. The resulting highly resolved "H NMR
spectra display resonances as collapsed singlets, therefore minimizing signal overlap and expediting spectral analysis. This review
aims at presenting the most recent advances in pure shift NMR spectroscopy, with a particular emphasis to the Zangger-Sterk
experiment. A detalled discussion about the most relevant practical aspects in terms of pulse sequence design, selectivity,
sensitivity, spectral resolution and performance is provided. Finally, the implementation of the different reported strategies into
traditional 1D and 2D NMR experiments is described while several practical applications are also reviewed. Copyright © 2015 John

Wiley & Sons, Ltd,

Keywords: NMR spectroscopy; pure shift MMR; homonuclear decoupling: Zangger-Sterk; BIRD; HOBB; HOBS; PSYCHE

Introduction

MMR spectroscopy is one of the most powerful tools for determining
structural, dynamic, chemical and physical properties of molecules
under a great variety of sample conditions. The most significant
aspects in NMR are sensitivity and spectral resolution. Advances
in sensitivity have been occurring over the years by a multitude
of different techniques intended to iImprove NMR data acquisition
and processing. The development and the improvements in
NMR instrumentation have also played a key role to enhance
sensitivity, with a particular emphasis in the technical design of
cryogenically cooled probes or higher magnetic fields. On the
other hand, spectral resolution is also improved inherently in
higher magnetic fields, which disperse the chemical shifts over a
wider frequency range, although the effects of signal overlap
can still be a limiting factor when analyzing complex NMR spectra,
The continuous development of new pulse sequences and the
improvement of the existing ones have been another very
important factor to understand the enormous potential of the
NMR spectroscopy, and the incorporation of multiple-frequency
dimensions achieves a tremendous qualitative and quantitative
leap, particularly when it comes to improving signal dispersion,
The associated benefits of decoupling through-bond interactions
for the apparent simplification of scalar coupling constant splittings
are easily understood when analyzing a typical "C spectrum,
which is routinely recorded under broadband heteronuclear 'H
decoupling during data acquisition”" ™ In a standard 1D "'C'H)
spectrum, all signals appear as single lines providing excellent
signal dispersion, allowing the knowledge of the number of signals
that are present and also measuring accurate chemical shift values
in a very straightforward way, In contrast, despite using high
magnetic fiekds, 10 'H NMR spectra often suffer of low signal
resolution and severe signal overdap due to the limited range of
'H chemical shifts and also to the additional J4y, splittings observed
in each praton resonance. The analysis of the fine muliplet

structure contains valuable structural information such as the
number and knowledge of neighbaring spins or dihedral angle con-
straints, but, in many cases, signal overlap hampers a definitive mul-
tiplet analysis or the accurate extraction of chemical shifts, which
are also fundamental in the analysis and interpretation of NMR
spectra, On the other hand, J information can become redundant
when multidimensional NMR spectra are analyzed, because only
the correlation between chemical shifts is usually of interest for as-
signment purposes. Complex multiplet structures also negatively
impact the usage of Computer-Assited Structure Elucidation (CASE)
programs for automated structure elucidation, a problem that can
be largely ameliorated with pure shift experiments.

The advantages of obtaining homonuclear decoupled "H NMR
spectra have been extensively recognized, although there is not
an easy and general solution to achieve this. Only as an example,
Fig. 1 shows how the simplified J multiplet structure achieved in a
small malecule like progestercne is a clear proof of the excellent
complementarity between the homodecoupled and the standard
10 'H spectra. The absence of scalar coupling splittings improves
signal dispersion, facilitates and accelerates chemical shift recogni-
tion and simplifies the analysis and assignment of complex regions,
as llustrated for the overlap signals resonating around 1.6 and
2ppm. Several homonuclear decoupling strategies have been
suggested to improve signal resolution In "H NMR spectra, which
are briefly commented in Section on Classical Homodecoupling
Techniques. In the last few years, there has been a revival in the
development of the so-called pure shift NMR techniques based

* Comsspondence to: Teodar Parella, Served de Ressondncis Mogrdtics Nuclear,
Linkversitat Autdnoma de Barcelona, E-08193, Befiaterra, Boroelona, Catokonia,
Spain, E-mail: teodor porello@ush.car

Servel de Ressondneia Magnéticn Nuceor and Deportammenr de Chamica, Focutiar
de Cnges, Uiniversiot Autdnoma de Boroslona, E-DFT93, Bellaterna, Bantelona,
Catalonin, Spain
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Figure 1. (A} 500-MHz conventional and (B} broadband homodecoupled
10 "H MR spectra of the steroid progesterane [1] in dimetiyd sulfoxide-
ds. Mote how all simplified singlet resonances at their chemical thift
frequenches can be distinguished i the pure shifi spectrum, which was
acquired in about 5 min wsing the PSYCHE experiment.

on the original Zangger-Sterk (Z5) experiment. For this reason, we
aim at presenting here the fundamentals and the recent progress in
the design of new NMR pulse sequence elements to afford
broadband homodecoupled 'H NMR spectra. First, we describe
some basic NMA building blocks designed to achieve broadband
homodecoupling, discussing the pros and cons of each approach
and introducing the most important practical aspects for a better
peformance. Then, the general strategies to implement these
basic elements into standard 1D and 2D NMR experiments are
introduced. Several recent applications are also highlighted
showing the impact of these novel methodologies in the field of
the small molecule NMR At the time of writing this review,
other excellent and complementary reviews about broadband

homodecoupling NMR methods have also been published ™ it
Is important to comment that the concept of homonuclear
decoupling is also of high interest in other areas of the NMR
spectroscopy, such as "'C homodecoupling In experiments invaly-
ing "*C-labeled natural products,"™ proteins or nucleic acids!' "
or homonuelear decoupling of 'H-"H dipolar interactions when
working in anisotropic media'' " or in solid-state NMR conditions,"*
but these descriptions are out of the scope of this review,

Broadband homodecoupling building blocks

The development and implementation of new homodecoupling
building blocks into specific pulse schemes are nowadays an
expanding area of research, Efforts are mainly concentrated in the
design of methodologies that guarantee a routine use involving a
simple and nonextended acquisition set-up, a standard and
nonsophisticated data-processing procedure and general applica-
bility in a wide range of NMR experiments.

Figure 2 ilustrates a general building block to achieve broad-
band homodecoupling by combining the effects of a pair of NMR
elements: a nonselective 180" pulse and a selective inversion
element that affects anly the so-called active spins. Some basic
selective elements that perform such specific perturbation have
been proposed: (i} a "C/"'C isotopic BIRD module (Fig. 24)1%"™
{ii} frequency-selective 180° pulses (Fig. 2B-D), and (ili} spatially
resolved elements consisting of a selective or adiabatic 180°
pulse applied simultaneoushky to a weak pulsed field gradient (PFG)
[Fig. 2E-H), In all these cases, the passive spins (decoupled spins)
experience a 180" pulse whereas the active spins (detected spins)
are unperturbed because they undergo an overall rotation of
360", In practical terms, this means that chemical shift of active
nuchei will not be affected and, therefore, it will evolve, while the
homonuchear dywve Heene COUpling will be efficiently refocused.
The amount of active spins being Inverted is typically much smaller

Irremraaon
180" Eapenant
T L B
p s T
G oy 10
A) B) C) o) E-G) H)
Froquancy  Multighe-Fraquency  Fagion- Spartally Friasney-Swipt
BIRD Selectve Elﬂv-m_ Selecte Froquency Encoded  p sma fip angle
H I“I“I I M o ﬂ m
e I
G Gy

Figure 2, Basic NMR building blocks 1o perdorm broadband homonuchear decoupling, consisting of a nonselective 180° pubkie and a selective inversion
elermnent: (A) BIRD duster to selectively invert "H-""C versus "H-""C protons, o vice varsa: (B0 frequency-selective 180° pulses designed to inventrefocus
a single or specific groups of signals; (E-G) shice-selective element to achieve spatially frequency-encoded perturbation along the z-axds, thanks to the
simultaneowsly application of an encoding G, gradient and a single-sehective, multiple-selective o region-selective 1807 pulse; (H) spatially selective
elernent using a pasr of small fip angle frequency-iwept adiabatic pulses jointly with an encoding G, gradient. The we of gradients (G1 and G2) Manking
each inverslon element can be optionally applied 1o remove improper refocusingfowersion. d §s the duration of the gradient and ts recovery delay,
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than the passive spins, entailing some cost in sensitivity that must
be carefully evaluated In each case.

BIRD-based elements

A simple way to perform homonuclear decoupling is using the
BIRD module, which is based on a different isotopic "C/"*C
behavier, BIRD-based homodecoupling, introduced by Garbow
and coworkers more than 30years ago,'™ selectively inverts or
refocuses all proton spins bounded to "C factive spins) while
leaving '*C bound protons (passive spins) unaffected (BIRD®
element], or vice versa (BIRD' element), depending on the phases
of BIRD pulses™ The basic homodecoupling block consists of
the combination of a hard 180° 'H pulse followed by a BIRD
element (Fig. 2A), and the net effect is therefore a 360° rotation of
protons directly bound to '*C and a 180° rotation of the protons
attached 10 '*C. The main features of the success use of BIRD are
as follows:

(i} Problems associated to strong Juy coupling effects are
minimized.

(il The geminal % Interaction between disstereotopic
protons s retained because the BIRD element cannot
distinguish between protons directly bound to the same
"¢ nucleus. As a practical consequence, BIRD-based pure
shift spectra will show doublets for nonequivalent
methylene protons. Recently, novel concepts based on
constant-time BIRD''™ or perfect BIRD™™ elements have
been proposed to refocus such 2, effects,

{iii} The ideal behavior expected for spins during the BIRD block
can be compromised in real situations because of the single
delay 4 (optimized to 1/2*' I, that may not simultanecusly
satisfy the heteronuclear couplings arising for different spins
of the motecules and because of imperfect inversions for "*C
sites spanning up to 200 ppm in their chemical shift range,
Either of these two deviations can affect the behavior
expected for the C-honded protons, leading to artifacts,
In practice, a suitable compromise value of A can be found
to minimize the Jo-derived artifacts whereas the use of
adiabatic-shaped 180" "*C pulses eliminates off-resonance
effects!"™

livl The price to pay for applying BIRD-based homodecoupling
is sensitivity. Natural abundance of ''C is approxmately
1.1%, and therefore, an unavoidable sensitivity boss of
=004 is obtained after using a BIRD filter, This sensitivity
penalty is avolded in experiments that preselect "H-"*C
magnetization, as carded out In pure shift HSOC
experiments,

{v) BIRD fails for fully *C-labeled compounds because of Joc
evolution.

The BIRD-based homodecoupling method has been further
refined and adapted for pure shift 10"™" and 2D HSOC
experiments” " and applied in a wvarety of structural
problems 173327

Use of frequency-selective pulses

The use of a frequency-selective 180° pulse is a simple option
to achieve selective inversion on a single or multiple 'H signals
(Fig. 2B-D}, The performance is under the control of the NMR
user by an appropriate choice of the duration and shape of
the selected 180° pulse that defines the effective bandwidth of

the selective excitation. Several options are feasible, including
single-frequency, multiple-frequency or band-selective excitation
covering a specific region of the proton spectrum, The only
requirement ks that this selective pulse must not affect to mutually
J coupled protons to avoid the evobution of this mutual coupling.

These bullding blocks were initially used to significantly increase
the spectral resolution in the indirect F1 dimension of 20 experi-
ments, by collapsing Sy multiplets to singlets by band-selective
homonuciear decoupling (BASHD) technigues, ™™ as reported for
BASHD-COSY,™  BASHD-TOCSY, ™35 BASHD-ROESY! 333538
and BASHO-HMBC™" axperiments. This strategy can be combined
with other homadecoupling techniques along the detected F2
dimension in order to abtain ultra high resalution in both dimen-
skons of fully homodecoupled 20 spectra.

Spatial encoding

Conventional NMR experiments invalve the nonspecific excita-
tion and detection of the NMR signal in the entire detector coll
(Fig. 3A). The incorporation of the spatial encoding concept,
raditicnally used in magnetic resonance imaging applications,
into high-resolution NMR spectroscopic techniques is attracting
an increasingly larger interest. Several strategies have been
developed to perform spatial encoding into an NMR tube
(Fig. 38-Dj:

(il Data collection is focused on a specific z-slice along the
NMR sample (Fig. 38), Spatially resclved NMR applications
have been reported for the analysis and characterization of
heterogeneous samples, for instance, to study biphasic
systems, >0 " to detect and quantify sample inhomogenel-
ties and spatial distribution in different alignment media
such as gels or liquid crystals,' " to investigate solvation
and diffusion of €Oy in fonic liquids,™ to perform fast
titrations and fn situ reaction monitoring for obtaining
information about reaction mechanisms and detecting
intermediates™ ar to avakd z-gradient imperfections in
diffusion NMR experiments."%!

(i) Signal excitation of different slices s executed in a
sequential mode with the aim of reducing the long recycle
defay and therefore shortening the overall acquisition time
in 10 and 20 experiments (Fig. 3C). Examples have been
reported 1o speed up data acquisition in 1D broadband
homadecoupled " 20 COSY*" and 20 HMOCH™ exper-
ments or to monitor fast reactions by sampling different
parts of the NMR tube "

(i) Achievement of a selective and simultaneous signal
perturbation, where each proton frequency is excited at dif-
ferent z-positions (Fig. 30). This is the basis of the original Z5
experment™ and It has also been applied in single-scan T,
relaxation time measurements,”" to measure coupling
constants, ™% ar for the efficient diagonal peak suppres-
sion in 20 experiments™

(vl Use of selective multiple-frequency pulses in order to excite
simultaneously a specific signal in different parts of the NMR
tube {multislice selection) (Fig. 3./

(v Simultaneous selection of multiple r-sices by using a
concerted signal excitation and acquisition scheme (Fig. 3F),
as traditionally performed in single-scan ultra-fast 2D NMR
technigques where the £, increments sequentially recorded
in a standard 2D experiment are simultaneously carried
out along the length of the sample™"
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Figure 3. Different strategies 1o induce spatial selection along the 2-axks of an NMR tube: (&) standand excitation/detection over the entire coill; (B) single-sdice
selection; (C) sequential spatial selection; o) frequency-selective spatial selection; (E) simultaneous multipbe frequency-selective spatial selection; (F)

Mest of the reported slice-selective applications have been
implemented In conventional liquid-state NMR  spectrometers
equipped with a basic hardware configuration; this s a direct
or indirect detection probe incorporating a gradient cod that
can defiver maximum gradient strengths around 50-60Gfom
along the z-axis. Experimentally, spatial frequency encoding is
achieved by simultanecus application of a frequency-selective
9 or 180° pulses and a weak spatial-encoding PFG, G, both
with the same duration (Fig. 2E-G).'"

When a PFG is applied along the zaxis, the By field s made
spatially inhomogeneous by varying linearly along the applied
dimension, Thus, during the application of a PFG, different parts
of the sample experience a different magnetic field strength
depending of its z-position, leading to a spatial-dependent
frequency shift across the sample volume, Figure 4 compares
the effects to apply a hard 90°, a frequency-selective 90° and a
simultaneous selective 90%/gradient element. In the conventional
'H spectrum, all signals from any part of the NMA tube into the
active detector coll contribute to the observed signal (Fig. 4A). In
the selective experiment, only those signals experiencing the
selective pulse contribute to the detected data, although the
maximum sensitivity for these signals is retained (Fig. 481 In
the slice-selective experiment, a complete 'H spectrum can be
obtained using optimized pulses and gradients, but each individ-
usl signal exclusively comes from a different part of the tube
along the zdimension (Fig. 4C). As an obvious consequence, a
decrease of overall sensitivity is always associated with any

shice-selective experiment, which is proportional to the number
of generated z-slices.

Experimentally, the range of sampled frequencies or spectral
width (SW) is defined by the strength of G; according to

Wq = LG (1)

where 7 is the gyromagnetic ratio of the spatially encoded nucleus
and L is the active volume coil length. On the others hand, the carrier
frequency (L) and the selective pulse bandwidth (Ao) determine
the zposition of each nuclear spin (2} and the slice thickness (A7)
according to these two expressions, respectively:

z =0/y6s 2

Ar = A .65 {3}

The SNR of slice-selective experdments depends on the
active slice thickness because detected signal only comes from a
selected slice. As shown, Az depends both on the strength of G;
(which is proportional to the SW) and on the selectivity of the
pulse (which should not exceed the smallest chemical shift
difference expected between any coupled proton pairs). For
instance, a typical 20-ms Gausslan-shaped 1807 pulse (bandwidth
of 60.7 Hz) applied simultaneously with a gradient G, of 0.74 Gfem
splits the sample height (L=1.8cm) into around 94 slices along
the z-axis, defining a .z of about 0.019cm and covering an SW,,
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Figure d. General illustration 1o understand shice-selective excitation: [A) conventional scquisition scheme to obitain an 'H spectram; (B) selective excitation
using a 90° frequency-selective pulse; (C) slice selection comisting of the simultaneous application of a selective 907 pulse and a week encoding gradient. In
the latter case, the full spectrum is obtained, thanks to the spatial-dependent 2-position of each Individual resonance along the NMA Tube.,

of 5694 Hz (9.5 ppm in a 600-MHz spectrometer), Thus, under these
general condiions, the single-slice selection procedure would
afford only about 1% of the sensitivity of a conventional 'H
spactrum,

Several approaches have been reported to enhance SNR per time
unit in slice-selective experiments:

() Sequential skice excitation (Fig. 3C) with the aim of reducing
the long recycle delay and shortening the overall acquisition
time in 10 and 20 experiments™ * or pedorming
continuous data acquisition, as described in fast reaction
monitoring studies™™ This strategy uses a fast pulsing
approach with around 100ms of recycle delay, and after
each scan, the offset of the selective shaped pulse is
changed to access fresh equilibrium magnetization from
adjacent frequency/spatial regians, Sakhaii et al. reported
how an optimized division of the NMR tube in sight slices
by changing the offset accordingly affords an experiment
increment by a V8 factor in the origingl Z5 experiment,””
Similarly, spatially selective HMOC spectra have been rapidly
recarded within 45-90 s dividing the NMR tube of protein
samples in four z-shices "™

Use of multiple-frequency modulated pulses to simulta-
neously excite different slices n a single-NMR experiment
{Fig. 5A)** This proposal is based on the careful setting
of multiple offsets to avoid the excitation of mutually
Jeoupled protons within the same sBce. Figure 5B shows
different 10 r-profile images for a test sample of the
anti-inflammatory drug ibuprofen acquired with a single
scan, demonstrating that the user can have a full control
on which signal and which z-position the excitation is
performed. It can be shown how each individual signal in
the conventional 'H spectrum s excited in a particular
z-position of the NMR tube, As predicted theoretically, an
improved SNR by a factor of 4 is experimentally achieved
using a four-site excitation (Fig. 5C),

It has been reported that the use of the so-called through-
polarization sharing can afford an average enhancement

i

(i)

by a factor of 2% This approach Is based on the original
acceleration by sharing odjocent polarization [(ASAP) tech-
nigque that uses a short recycle delay consisting of a 40-ms
isotropic DFS-2 (Decoupling In the Presence of Scalar Inter-
actions) pulse train flanked by two gradients. ™ The method
presents some limitations because sensitivity enhancement
is not uniform for all signals and strongly dependent of the
different relaxation properties of the excited protons while
other spins remain unperturbed, preventing any atternpt
of quantification.

Stice selection works well for weakly coupled spin systems, but it
can fail for strongly coupled signals. i the chemical shift difference
(A8 of coupled spins is less than the selective pulse bandwidth
{Am) but they are not very strongly coupled (Awm > Ad =0,
coupdings within A become active, but the effects of couplings to
other spins remain suppressed, retaining much of the resolution ad-
vantage. Where spins are fairly strongly coupled (Aes > Ad=.J), weak
extra signals appear at intermediate frequencies, and if they are very
strongly coupled (Aw = J = Ad), it will typically yields distorted sig-
nals. The optimum selecthve 180" pulse and the encoding G,
gradient strength are quickly calibrated using a slice-sefective single-
Py echo {ss-SPFGE) experment. The excitation of two fooupled
protons into the same slice i5 observed as distorted multiplets in
the corresponding 1D ss-SPFGE spectrumn (Fig. 50059

Homodecoupling acquisition modes

Classical homodecoupling techniques

Each signal in an "H NMR spectrum exhibits a particular multiplet
Jgs pattern as a result of its through-bond interactions with
their neighboring protons, Thus, experimental issues such as
signal dispersion, spectral resolution or signal overlap become very
relevant 1o identify and assign each Individual signal, in particular
when a large number of resonances are present in a namow
range of frequencies. The use of NMR methods affording simplified
multiplet structures are of interest because they can facilitate the
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Flgure 5. [A) Schematic lhustrathon of the single versus multiple offset shoe selection. (B) Pulse schemes to obtain 10 r-profile images of ibuprofen | 2] along
the NMR tube. () Experimental sensitivity enhancement obtained by a simultaneous four-site excitation. in (B) and (C), a selective 20-ms Gausslan-shaped
180" pulse was applied simultansously with a squarc-shaped encoding gradient (G of 0.742 Giem, Figure adapted from reference,

analysis and the interpretation of the cormesponding spectra, The by multiple irradiation of different signals using multiple-frequency
traditional way to achieve such simplification is by frequency-  homodecoupling,’®! polychromatic pulses™! or irdiating a group
selective continuous-wave Irradiation on a single-target signal  of signals resonating into the same region,™ *" amaong others,*
during the acquisition period.™ The method has been improved being the band-selective homodecoupling of the well-defined NH
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or H, regions in peptides and proteins one of the most reported
applications.™ ™ All these approaches do not provide broadband
homodecoupling in the entire spectrum, so only multiplet
patterns of some signals are partially simplified according to the
irradiated signals, and therefore, success s limited to specific and
well-isolated spin systems.

A simple and classical approach to achieve a broadband
homodecoupled "H spectrum is the 10 projection obtained along
the detected dimension in a tilted homonudear J-resolved
experiment’ ®" The smndard experiment suffers of poor
phase-twist lineshapes, and altermatives to obtain absorptive
spectra such as the incomporation of spatial-selective encoding at
expense of important sensitivity losses™! or using a 2 filter com-
bined with a post-processing pattem recognition algarithm™! have
been proposed, Another drawback that has been recognized and
evaluated in detail is the presence of extra peak anifacts due to
strang coupling effects/® The use of appropriate data processing
in Fresobved experiments has also been an interesting area to en-
hance sensitivity™ The J-resolved madule has been appended
a5 an NMR building block to standard 20 experiments, such as
reported for homodecoupled versions of DOSY™ ™ and HMBC
experiments™ although the resulting 30 experiments become
mare time consuming than the original ones. The Jresohed
experiment has been successfully used in the determination
of small chemical shift differences in complex mixtures, such
as metabonomics™” or enantiodifferentiation™ studies, among
others.

Separation of chemical shifts and f couplings while retaining
absorption-mode  lineshapes can also be obtained from the
diagonal projected spectrum of a modified anti z-COSY
experiment’™ Another group of NMR experiments performs
broadband homonuclear decoupling in the indirectly detected
dimension of multidimensional experiments using time reversal ™!
constant-time evolution™ '™ gr BIRD editing in the case of
heteronuclear experiments.”’ ™

Pseudo-2D Z5 experiment

Two different acquisition schemes are available to achieve
broadband homodecoupling in the acquisition dimension: () a
pseudo-20 acquisition mode where a homodecoupled FID is
reconstructed by concatenating data chunks extracted from

A) Peeudo-ZD 25 Expanment

w e

o =

6 __ |

B) Real-time 25 Expeniment

individual time domain datasets of a 2D experiment'™ (Fig, 6A)
and (i) a real-time acquisition mode that provides directly the
homodecoupled FID (Fig. 68}

The onginal 78 experiment, reported In 1997 wses a slice
selective 20 pulse timing where a vaniable delay is incremented
stepwise as usual (Fig. 6AL The homodecoupling block (see
several options in Fig. 2 is applied in the middle of this incremented
delay to refocus any Sy evolution, A special post-processing is
needed, where the first data chunks of each FID are assembling to
create a new reconstructed 10 FID that is processed and transformed
by ordinary procedures to lead a homodecoupled 'H NMR spectrum.
A mone robust 75 scheme has been propased where the timing of
the decoupling element was carefully designed to provide
homodecoupling in the middle of each data chunk, where PFGs
were alio applied to suppress strong signals from passive spins.'™

Experimentally, the evolution time () is incremented according
to 1/5W,, where 5W, is the defined spectral width in the indirect
dimension (typically SW, = 50-100Hz), and the first 10-20 ms of
each individual FID are selected for a further FID reconstruction. In
case of large scalar coupling constants, the increments must be
set to smaller values (SW, < Syl in order 1o avoid scalar coupling
evolution, This method produces small artifacts, typically in the
form of weak sidebands at multiples of 5W,. The resolution of the
signals is directly related with the number of increments in the
indirect dimension. Normally, 16-32 increments are enocugh to
obtain a high-quality 1D homodecoupled spectrum with optimum
resolution and narrow line widths, Only as a reference, typical
standard parameters to afford a nice 1D homodecoupled spectrum
in =5-10min for a sample concentration about 10mM would
involve Gaussian or rSNOB shaped 180" "H pulses with a duration
of 40-60ms and an encoding G, gradient around 0.5-1 Gfom.
Under these general conditions, the pseudo-20 25 method would
afford only ~1-5% of the sensitivity of a conventional "H spectrum.
SNR could be improved by using shorter and less selective pulses
andfor less intense encoding gradients but ahways with an in-
creased probability of accidental excitation of two coupled protons
within the same slice. As discussed previously for slice-selective
experiments, several 25 enhancements have been reported to
improve this low SNR, including sequential slice selection*”!
multiple-slice selection'®** ar ASAP enhancement™ and to make
these Z5 experiments of practical use for moderately concentrated
samples. For instance, Fig. 7 shows an example of multiple-slice

e
H_| | | '|I|IH"' 10 Acquisition
Pl Tl
i =
G _|
w g

Figure 6. General schemes keading 1o 10 broadband homodecoupled 'H NMR spectra; (8) The odginal Z5 method s based on a 2D acquisition made
foliowed by an FID recomtruction from the initial data chunks of each increment; (B) the real-time I35 experiment incorporates periodically the
homodecoupling block in the middle of the FID aoquisition. The homodecouptng block can be any option described in Fig. 2.
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selection where an experimental SNR enhancement by a factor
of 7 achieved for the immunosuppressant drug cyclosporine by
using a multiple frequency-modulated pulse at eight different
offsers

The anginal 25 experiment was based on slice selection, and a
BIRD-based Z5 experiment has also been reported™” In a recent
improvement, referred to as pure shift yielded by chip excitation
{PSYCHE) experiment [Fig. 8A)'™ a pair of low flip angle
swept-frequency pulses and a weak PFG are wsed as a selective
Imversion element (Fig. 2HL By adjusting the pulse fiip angle, it is
possible to balance optimum sensitivity and full broadband
homodecoupling for all signals in a given sample. PSYCHE can offer
a sensitivity improvement of almost one order of magnitude in
performance over conventional Z5 methods performed by slice-
selection or BIRD pulses (Fg. 8C-E).

The pseudo-2D 25 experiment has been applied to measure
hoemanudear'™ and heteronuclear™® "™ '™ coupling constants,
to detect small chemical shit differences in enantiodifferentiation
studies™  and it has been implemented into 2D experiments, as
T'Emm 'U M M m:ﬁYrHD‘LI bRATE] m\lfllilj‘-lli-] mlllﬂ.ﬂ
HSOC!#% and Heteronuclear Single Quantum Multiple-Bond
Coelation (HSQMBCL"™ The main drawback of these resulting
pseudo-30 experiments is that their overall acquisition times can
hecome extremely long for routine use,

Real-time Z5 experiment
HOBB experiments

Real-ime broadband homodecoupling was initially proposed
using the BIRD element as homodecoupling block during data

acquisition,'™ and shonly after, a slice selective version was also
reported”"™ using the general scheme of Fig, 6B. This new acquisi-
tion technique, referred to here as real-time Z5 or homodecoupled
broodband (HOBB) experiment, directly generates a single 1D
FID that after standard processing leads to a broadband
homodecoupled 10 "H NMR spectrum, This method offers instant
and sped-up data acquisition and an improved SMR per time unit
compared with the original Z5 experiment, although the attainable
sensitivity is still far from a regular 'H spectrum because of the
invelved "C editing or slice selection procedures,

In the real-time 25 method, instead of recording each fraction of
the FID in a series of individual experiments, a single FID is collected
in each scan, The acquisition is interrupted after every ¢ period 1o
perform either slice-selective or BIRD-based homodecoupling, as
shown in Fig. @A, Note that the first fraction of acquisition s only
half as long as the subsequent ones, Thereby, full scalar decoupling
is achleved in the middle of each fraction of the FID. These
acquisition segments are assembled consecutively in a conven-
tional FID, which can be treated like a regular 10 NMR experiment.
The r pericd is defined as AQ/ 2n where AQ Is the acquisition time
and i the number of loops. As long as © << 1, homonuclear J
modulations occurring during these acquisition segments can be
disregarded with no compromise in the final spectral resolution,
leading to the potential collapse of all 4, splittings. Deviations
from this condition lead to incomplete homodecoupling and the
appearance of distinct decoupling sidebands flanking each purely
shifted resonance at spacing multiples of 2n/AQ. On the other
hand. while the acquisition is interrupted for decoupling, the
magnetization ks relaxing. and therefore, it is critical to keep the
interruptions as short as possible, especially for lasger molecules
that have shorer T, relaxation times. Moreover, it is also important

60 58 56 54 52 50 48 ppm

Figure 7. Comparison of the real SNR achieved in the pieude-2D Z5 experiment of cyclosporine [3L taking the standard 'H spectrum as a reference, The
preude-20 25 expenment scquired with an (SNOB shaped pulse of B0 ma and & weak gradsent of 1.13 G/em affords an SNR factor of 17114 whereas the
use of an elght-site excitation improves SNR by an experimental factor of =7, Figure reproduced with permission of reference ™!
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Figure 8. MIPu.msd'lmunheZ‘srbmdFS‘rtHEmmmllhnmapﬂufhvwmReqmtpml:hupmamamtgrmau
-sﬂmwnmmﬁm:_ (B} 600-MHz "H NMR spectrum of the sex hommone estradiol [4] in COCy; (€ and D) orginal 25 spectra using 12- and 100-ms
raNOE 1807 deses..rzspeclmiriﬂPSY‘ﬂ-IEspecmmnhnhadmﬂ\MﬂchkppuheanSmsw 207 and G3 = 0.75 Qo Each 25 spectrum in (C-E)

weas obtained in =6 min. Adapted from reference.'™

to minimize pronounced discontinuities during the FID that
can lead to considerable sideband arifacts. f a BIRD-based
homodecoupling Block is used, the FID i interrupted about
G-Bms (to 'y between 120 and 160Hz). In the case of using a
selective 180" pulse, a compromise duration of 5-10ms balances
between an optimum slice selection and an effective homode-
coupling of nearby signals, while it minimizes the T; relaxation
effects. In practice, real-time Z5 acquisition reduces the overall
experimental time and improves SNR per time unit but at
some cost In spectral quality and the achievement of wider
lime widths, As an example, the HOBB spectrum of cyclosporine,
quickly acquired in a single scan, shows full hemodecoupling for
mast of the signals (except in some aliphatic CH; resonances),
thanks to the well-dispersed spin systems (Fig. 9C). Importantly,
the SNR of the HOBB experiment also suffers of the unavoidable
losses due to slice selection (~8% of the maximum theoretical
signal).

The real-time Z5 acquisition mode becomes an attractive NMR
buliding block for the design of pure shift methods, and, as a
major advantage, it can be incorporated as a detection scheme in

standard multidimensional experiments without increasing their
onginal dimensicnalities and continuing to use the same
data-processing pratocols. This represents a boost in SNR per time
unit when compared with the pseudo-2D Z5 experiment, as
reported for HOBE-DOSY,!" ' HOBB-TOCSY,"™ HOBB-ROESY!''™
and HOBB-HSQC™ 41 aypariments. From a strategic point
of view, it is advisable to aptimize first 2 10 HOBB experiment in
order to determine the best homodecoupling conditions for the
sample under study. The signal simplification observed in 2D HOBB
spectra will be the same obtained in a 10 HOBE spectrum recorded
under the same conditions,

Recently, the sensitivity enhancement properties to the
dissolution dynamic nuclear polarization combined with broadband
homodecoupling techniques have been proposed to collect
homonuclear decoupled proton MMR spectra with optimum
sensitivity. This HyperBIRD experiment™ is based on an initial 'C
ex sty hyperpolarization process, foflowed by a spontaneous
"*C-to-'H polarization transfer via cross-comelation. Then, a rapid
'H data collection using a 10 real-time BIRD-based 25 experiment
exclusively detects 'H directly attached to "*C, whereas 'H-"7C
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Figure 9. (A) Genersl pulse scherme of the real-time 10 HOBE and HOBS
experments; (B) 600-MHz conventional 'H spectum of cyclosporine [3k
0} 1D HOBB spectrum acquired with a REfocusing Band-selective
Uniform-Response Pure-phase (RE-BURP) pulse of 5ms for both excitation
and decoupling and G, =1.1Glem. (D and E] 10 HOBS spectra acquined
exactly as desoribed for C bat ométting the encoding gradient (G, = off)
and setting the frequency of the selective pulse on the H, and NH regions,
respecthoehy. 85 data points were acquired using an acquisition time [AQ)
of 576 mvs [40 loogs (n) were used with =72 ma) and a recycle delay of
1s. For an objectkee comparison of real sensitivitles, the expardmental
averaged SMR is indicated for each 1D dataset All spectra have been
reconded with the same receiver gain, wing a single scan, processed with
& Fourer transformation without any additional window function and
plotied with the same absolute verkal scaling factos,

magnetization is efficiently suppressed. it has been shown that a
100-fold enhancement of the satellite 'H-'°C signals can be
reached about 5-10¢ after injection when compared with the
normal theemal sensitivity (Fig. 10),

HOBS experiments

A very simple modification of the slice-selective 10 HOBB
experiment allows one the collection of broadband homode-
coupled spectra of specific regions of the 'H spectrum without
sacrificing sensitivity. As a major feature, this homodecoupied
band-selective (HOBS) NMR mathod "' # does not use the spatial
encading gradient G, applied simultaneously with the selective
pulses, and therefore, pure shift 1D spectra can be quickly
recorded without the sensitivity losses characteristic of the slice
selection, The main limitation of this frequency-selective experi-
ment s that only a particular part of the "H spectrum is monitored
in a single-NMR spectrum. However, HOBS promises to have a

potential use in spectra presenting a set of equivalent spin
systems In well-separated and defined regions, such as the typscal
NH or H, protons in peptides and proteins or those found in
ncheic acids, In the case that mutually Fcoupled protons resonate
into the same selected region, they will display a splitting due 1o
their mutual coupling.

Similar to the HOBB experiment, HOBS offers a very simple and
fast experimental implementation (pulse scheme in Fig. 9A with
G, =off) and Is particularly useful for small molecules. It will ikely
have an impact similar to that of routinely use of key frequency-
sedective 1D experiments such as selective 1D TOCSY and selective
1D NOESY, Only two parameters need to be defined and calibrated
in a single-scan 10 experiment: the offset and the bandwidth of
the 180° "H pulse as a function of the area to be analyzed, The best
results in terms of selectivity and optimum relaxation are obtained
using semiselective 180° RE-BURP pulses of 5-10ms for both
region-selective excitation and homodecoupling and applied at
intervals of 2r=10-20ms. Pulses of longer duration than 10-20 ms
introduce important penalties in T; relaxation and FID intermup-
tion that generates sensitivity losses, line widths broadening
and sidebands artifacts. From Figs 90 and 9, it is shown that
HOBS spectra comesponding to the H, and NH region of
cyclosporing are one order of magnitude more sensitive than
the equivalent HOBB spectrum and they show even better
sensitivity than the conventional 'H spectrum because of the
complete collapsing of conventional multiplets to full homode-
coupled singlets.

An important advantage of the HOBS technique is its easy
and refiable implementation for a large number of homonuclear
and heteronuclear multidimensional experiments, as reported
for HOBS-NOESY,'*"" HoBS-ROESY,"™ HoBs-TOCSY""™ HoBs-
Hsqz ™ N HORS-inversion-recovery (IR
and HOBS-CPMG-PROECT™ with particular ions. for the
measurement of heteronuclear coupling constants,** enantio-
differentiation studies'"™ discrimination of diasterecisomers’' ™™
and the measurement of T, and T; NMR relaxation times."*""* In
addition, it can be also attractive for biomolecular NMR applica-
tions, as reported for the effective elimination of residual HH dipolar
couplings (RDCs) contributions to line broadening when working
with partially orfented proteins in anisotropic media '™

Comparison of Z5 methods

Both the pseudo-2D and real-time Z5 experiments present a set of
particular advantages/drawbacks that must be compared and
evaluated for their proper use, as a function of the requirements/
limitaticns of the sample or spin systemns under study (Tabde 1)

First, a choice between broadband or selective Z5 experiment
must be camied out The main advantage of broadband Z5
experiments is that all signals can be fully homodecoupled in a
single-MMR experiment although effective broadband homode-
coupling cannot be fulfilled for all signals when using genaral
conditions. In contrast, although the limitation of frequency-
sedective 75 methods is evident because only a set of signals can
be monitored per experiment, sensitivity is maximized, and each
experiment can be individually optimized.

In broadband homodecoupled NMR experiments, the price for
the signal simplification is a considerable penalty in sensitivity, This
loss of SNR depends on the homodecoupling block and the
acquisition scheme used, As was mentioned before, the low
sensitivity in slice-selective methods is due o the fact that the
signal only coming from a thin slice of the sample (~1-5%), and
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decoupled spectrum scquired with 1024 scans; (O] HyperB 8D spectnem

after a single scan. More details can be found in the original publication, Reproduced with permission of reference.™

in BIRD-based experiments, it is due to the low natural abundance
of "C (~1.1%) Additionally, pseudo-2D ZS experiments are
mare time consuming because a 20 dataset is required. When
this acquisition scheme is incorporated into multidimensional
experiments, the overall acquisition time can become extremely
long because of the need for a 3D acquisition mode, decreasing
even further the SNR per ime unit. In contrast, the 10 acquisition
maode of real-time Z5 techniques improves the SNR per time
unit although sensitivity still remains very low compared with
conventional 'H datasets (Fig. 11). The real-time homodecoupled
HSQC experiment is the only exception of a broadband pure
shift 2D experiment that does not suffers any sensitivity penalty
compared with the conventional one, ™

In terms of SNR per time unit, a single-selective HOBS method is
more than one order of magnitude more sensitive than the
aforementioned broadband (HOBE or pseudo-2D) Z5 methods,
which ensures that for small mobecules, recording series of
individual selective 1D experiments can be faster and more

effective than running a single-broadband experdment. As an
example, the experimental SNR of each selective HOBS experiment
is about 20 times higher than the equivalent HOBE experiment
{Fig. 11C vs Fig. 110. On the other hand, the theoretical SNR per
time unit between the pseudo-2D and the HOBB experiments
depends on WNE, where NE is the number of 1, increments of the
pesudo-2D experiment. In practice, the pseudo-2D experiment
offers a better experimental behavior probably because of the
narrower line widths.

In principle, pure shift NMR methods collapse J multiplet patterns
irrespective of their complexity, leaving to a single peak for each
chemical shift. The gain in spectral resolution can be almost of
one order of magnitude, achieving a signal dispersion equivalent
to those obtained in a hypothetical spectrometer of several
gigahertz. For instance, chemical shift differences of =15-2Hz
(=3 ppb) can be quickly distinguished in a 600-MHz spectrometer.
Additionally, some differences are clearly observed when compar-
ing the line widths of homodecoupled signals in different 25
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shaped pulse and a 2.1.-G/cm encoding gradient, and a detailed
description of all other acquisition and processing parameters can be
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experiments (Fig. 11), As shown in Fig. 11B versus Fig. 11C and D,
the pseudo-2D ZS method shows better line widths. In the
pseudo-2D ZS experiment, line widths mainly depend on the
number of increments used, and very good spectral resolution
and excellent spectral quality are obtained collecting 16-32
increments, On the other hand, line widths in real-time HOBB and
HOBS spectra are quite similar, and they are directly related
with the number and duration of individual loops and the duration
of the selective 180° "H pulse. As the time the FID is interrupted
increases, correspondingly greater fine widths are observed.

A serious challenge in all ZS experiments is the presence of
strong coupling effects. It is not possible to obtain a perfect
homodecoupled spectrum through ZS methods when protons
are strongly coupled (J > 44). When using slice selection, strong
coupling effects are progressively minimized using more and more
selective pulses but with a proportional decrease In sensitivity. In
general, RE-BURP, rSNOB and Gaussian shapes give optimum re-
sults, and the correct choice of pulse shape and duration actually
depends on the effective achievement of full homodecoupling for
all signals present in the sample under study. Strong coupling
effects are minimized using BIRD-based ZS experiments, but the
incomplete homodecoupling for diastereotopic CH; groups and
their decreased sensitivity must be also considered. Recently, the
PSYCHE experiment has demonstrated an excellent complementar-
ity between strong coupling effects and sensitivity. Experimentally,
we have found that PSYCHE works perfectly with protons separated
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by more than 50 Hz in a 600-MHz spectrometer but fails in extreme
conditions, when strongly coupled signals are separated by less
than 30-40Hz. The PSYCHE approach can be implemented to
improve the sensitivity in all homodecoupled experiments that will
be discussed in the next sections, which were initially reported
using slice selection with a selective 180° pulse,

Selectivity In slice-selective pseudo-2D 25 experiment can be
enhanced as desired if the invalved T, relaxation times allows the
use of very long sefective pulses. The main drawback of bath HOBB
and HOBS experiments is that they only accept selective pulses
with a maximum duration of 10-20ms. In general, all 25
experiments are susceptible to the presence of undesired artifacts
in the form of sideband:, Practically, all realtime Z5 version
methods present a major number of artifacts because of the FID
interruption whereas the pseudo-2D Z5 method usually vields
cleaner spectra where sidebands are only observed for concen-
trated samples.

Homodecoupled experiments and applications

All of the aforementioned 25 methodologies using BIRD or skce-
selective homodecoupling have been implemented in different
10 and 20 NMR experiments (Table 2) according to the general
schemes displayed in Fig. 12. A requirement for a success
implementation of any Z5 module is to have in-phase (IF) HH
magnetization, because signals involving anti-phase (AP) compo-
nents, like those found in conventional COSY or HMBC, cancel under

homodecoupling conditions. The resulting pure shift spectra have a
wide range of potential uses, as demonsirated for the analysis of
diastereomenic™ ™™ or complex mictures"™ 1o carry out
structural  elucidation studles,m"-""-l‘”-“‘h""‘-’"-“’-"6- TREEIL
to analyze diffusion” "™ and molecular dynamic processes’'" 147
of to measure heteranuclear coupling constants,!! 7440100109122}

Measurement of homonuclear coupling constants

A modified version of the 10 HOBB experiment has been reported to
provide all 4. coupling constants from a selected proton resonance,
This experiment, which has been reported simultaneously by two
groups,' *'* yields a pseudo-broadband homodecoupled 10 'H
spectrum where resonances coupled to the selected signal appear
as doublets whereas the other remaining protons are fully
homodecoupled  singlets. The experiment provides information
about muitiple couplings analogous to that of an equivalent
Gradient-encoded homonuclear SElective Refocusing Spectroscopy
{G-SERF) technique'™' but in a few minutes rather than several hours.
The key feature of this method & the application of an additional
selective 180° 'H pulse on a selected sigral into the real-time
homodecoupling element in order to retain specifically only those
couplings from this selected proton. The main drawbacks of this
technique are as follows: (i) poor selectivity because the duration of
the selective 180° pulse i limited to ~10ms, [i) the experiment onky
works for well isolated resonances, (i) there is a more pronounced
presence of unwanted sideband artifacts than the original HOBB
spectrum because of a major FID imerruption, and (iv) the additional

| Table 2. Summary of reported broadband homodecoupled 1D and 2D 'H NMR experiments |
HMA experiment Homodecoupling Acquisition mode References
BIRD Slice selection Band selection Preudo-2Dr Real time
0o " NMR o v b el
4 r Il B3} (AT |%5L {881 [RO5L (V0ES | |CHE]
o & & 2
o 7 L1
s & [RIRL (U196 2 (12
1l TOCSY g o i
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CPMG s v Lok
0 TOCSY 4 o [LEF I ERE PR RES
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180 pulse also causes more signal boss and transverse relaxation
causing additional line broadening (~3 Hzl, which sets the limit for
the size of the couplings that could be measured. A similar
pseudo-20 75 method that improves the strong requirements an
selectivity has been recently reported."™”

Homodecoupled diffusion experiments

For the analysis of compound mixtures by NMR spectroscopy, it
is important to identify and assign the different peaks belonging
to each individual component. DOSY experiments are used to
ohbtain signal separation depending on the malecular self-diffusion
coefficient, which are determined by fitting the intens ;ﬁ)rcbca}rd
the NMA signal to a mono-exponential function. ™" However,
signal overlap usually hampers a simple data analysis because the
observed decays may be the result of superposition of several
individual decays. In these cases, the use of more sophisticated
methods, such as deconvolution, line fitting technigues or analysis

A)
a0
2 Woe
w | w1
- pulse :
scheme |
G, | L aafesn
|
TEwW ?-fﬁw
B)
'‘H | 1D2D
— pulse
scheme
G,
o B2 a2a3 @

Figure 12. General pubie schemes showing the implementation of
broadband homonuclear (A) pieudo-2D and (8 real-time IS decoupling
during the acquisition dimension in conventional 10 and 20 NMR
experiments,

of multiple-exponential decay, can be required 1o obtain correct
values for each individual signal.

Several pure shift DOSY experdments based on the pseudo-2D 25
methodology were initially published to provide a much simplified
spectrum, making the quantification of the diffusion coefficients
easier and more accurate!"™ """ In principle, any diffusion pulse
schems could be adapted to the pseudo-20 Z5 experiment, as
represented in Fig. 124 The resulting pure shift DOSY experiments
represent a useful afternative to 3D-based DOSY experiments,
which have been proposed to avoid signal overlapping and
improve signal resolution. As a major drawback of these pure
shift DOSY experiments is their 3D acquisition mode, requiring
much longer measurement times and more elaborate data
processing (Fig. 131, The pure shift DOSY experiment has been
applied to the determination of the structure and solvation states
of organalithium aggregates in complex solutions." ™

Recently, an HOBE version of the popular BiPolar Longitudinal
Eddy current Delay (BPLED) sequence has been also reported based
on the scheme of Fig, 128" This HOBB-DOSY experiment uses the
real-time acquisition, and therefore, it can be recorded and proc-
essed using the same automation protocols as for the standard DOSY
experiments. The proposed method uses spatial selection, and
therefore, reduced sensitivity is again the main drawback for its
routine use. An equivalent sensitivity-enhanced HOBS-DOSY version
that should be recorded with G, = off has not been published, but it
could be beneficial 1o analyze complex areas in particular cases,

Homodecoupled T,/T; relaxation experiments

Thie measurement of relaxation rates by NMR spectroscopy can
provide important insights into the dynamics of molecules in
solution, Longitudinal spin-lattice T, relaxation times are usually
determined from the Inversion Recovery (IR) experiments''**'#"
whereas transverse spin-spin T; relaxation times ae measured
from Carr-Purceli-Melboom=Gill [CPMG) sequences % Ona
drawback of CPMG pulse trains is the presence of multipler distor-
tions due ta je, evolution that can affect the accuracy of the mea-
surement. An improved perfect CPMG sequence that achieves
periodic refocusing of J evolution by coherence transfer (refemred to
a5 PROJECT) has been proposed to minimize the effects of J evolu-
tion during the echo periods, obtaining pure in-phase signals."**
As mentionad previously, it has also been shown that the problem
of signal overlapping can be solved through the implementation of
the HOBS technique in standard IR and PROJECT experiments. "

A B e
HOD e [T 0] TR
I L I | | | o |
:5 :: - :i : L g 5 i
'R B Y
a = Bw . - -
H - H _t;- i H H H i m:“m M

Figure 13. DOS5Y (A) and pure shift DOSY (8] spectra of a solution nfz-nml-l-ﬁcpnml. 2 3-dimethyl-2-butanol, and TSP in D0, acquired in 11 min and

2 h 10 min, respectively. Reproduced with parmission of reference "'
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Thus, Ty and T, refaxation times can be accurately measured from 1o be used as a T, filter, The features of the standard CPMG
the resulting singlet fines wsing conventional mono-exponential  versus PROJECT are illustrated in spectra of Fig. 15C and D, and
curve-fitting methods. Examples have been provided for the  the further improvement and signal simplification achleved in
undecapeptide cyclosporine.'?!! the small sk-mer oligonucleatide  the HOBS-PROJECT spectra are Hlustrated in Fig. 15E. Both
diGCCTGC) and the 16-mer diCGACGCGTACGCGTCG)Z DMA  HOBSIR and HOBS-PROJECT experiments could be easily
duplex!"™ Figure 14A shows the basic scheme of the 1D HOBS-IR  converted to their HOBB-IR and HOBB-PROJECT counterparts
experiment where the conventional acquisition scheme has been  activating the encoding G, gradient to monitor the complete
replaced by an HOBS detection block. To obtain clean spectra, @ 'H spectrum. As noted previously, the major advantage of
selective echo element ks inserted between the traditional IR block  analyzing  singlet peaks is the rapld and more accurate
and the new acquisition block. The experimental T, data revealed  parameter determination using the same automatic Ty/T; data
good agreement between standard and HOBS-IR measurements  acquisition and processing protocols incorporated in standard
{Fig. 14B vs Fig. 14C) NMR software packages (see exponential decay in Fig. 15F), This

Figure 15A shows the pulse scheme of HOBS version of the  strategy can also be applied to other types of array experiments
PROJECT experiment designed to measure T; relaxation times or  involving the analysis of the signal decays in severely overlapped
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Figure 14, 1NHMHN!mmdmmmHmmmmm1T,mlnﬂimmsmmﬁappedpmtmﬂgnahmm
conventional and (C) HOBS IR HNMRmnhmmmhutwﬁedamu!unﬂ.pmwm:mmmwmhdpm“[!r] Homodecoupling was
uHewduslngns-mHEWIw H pulse, r= 89 ms, AQ =569 ms, n=132 and the encoding gradient G, switched off. Reprodusced with permission of
reference
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Figure 15. (A} NMA pubse scheme of the HOBE/HOBS-PROJECT experiment designed to measure T; relation in overlapped signals. S00-MHz (B} comventional
"M, () standard CPMG, (0} PROJECT and (E) HOBS-PROJECT spectra of cycloiporine [3] acquined with a total echa time of r, = 156 ms [m= 26 and ¢ = 1.5 ms)
and G, =0, Al specira were collected under the same experdmental conditions and are platted at the same absolute vertical scale, [F) Signal T, decays for the
Hy. Hg and H, protons in the HOBS-PROJECT experiment. Reproduced with permission of reference !

regions, such as the studies of kinetics or chemical reaction
monitoring.

Homodecoupled homonuclear 2D experiments

The development of homodecoupled versions of the most popular
2D COSY, TOCSY, NOESY or ROESY experiments has been a topic
of interest for many years. Homodecoupling in the indirect F1
dimension can be achieved by constant-time or BASHD methods,
a5 discussed in Section on Classical Homodecoupiing Techniques
(Fig. 168), In a complementary way, both pseudo-2D or real-time
25 homodecoupling methods can be incorporated along the
acquisition dimension, The pseudo-2D Z5 element can be included
between the mixing time and the acquisition period (Fig. 16C),
generating a psewdo-3D experiment that, in principle, would
require long acquisition times. The HOBB/HOBS methods can be

implemented changing continuous acquisition mode by the alter-
nated-homodecoupling acquisition mode (Fig. 160). Finally, real
pure shift 2D experiments with broadband homodecoupling in
both dimensions can be designed combining bath approaches,
as shown in the general schemes of Fig. 16E and F, respectively.
The 2D TOCSY experiment is 8 homonuclear NMR technique
widely used to identify H-H corelations within networks of
Jcoupled spins. It has been reported that the resolution in the
TOCSY spectrum can be improved by collapsing the in-phase
multiplets to singlets for all cross-peaks, obtaining spectra where
a single peak is seen for each connectivity. Homodecoupled
TOCSY experiments have been proposed to simplify cross-peak
appearance in the Indirect F1I' or the direct dimension using
the pseudo-20'""*"" or the real-time Z5 modules,"™ """ which
could be further enhanced by spectral aliasing in the indirect
dimension"** Recantly, an ultra high-resclved TOCSY experiment
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Figure 16. (B-E) General pulse schemes to obtain F1-h decoupled, F2-h decoupled or F1, F2-homodecoupied 2D spectra from the reference scheme
of Figure A. The selective inversion element can be any bullding block described in Fig. 2 whereas the mixing time can be a standard TOCSY, ROESY or NOESY
building block.

based on a PSYCHE scheme (Fig. 17A) affords broadband Similar approaches have been reported to extract helpful
homedecoupling in the F1 dimension (Fig. 17C), and the use of  distance restraints from simplified and well-resolved cross-peaks
covariance post-processing in the F2 dimension achieves pure  in broadband homodecoupled NOESY experiments based on the
shift cross-peaks in both dimensions (Fig. 170)/""*'" This  pseudo-2D 25" and HOBS schemes."'™ This has been shown

approach is an order of magnitude more sensitive than the to be critical in the process of 3D structure determination of
previously published experiments. peptides, intrinsically disordered proteins'''* and nucleic acids."'*"
A P CONE? S °, o . o 8 o
)
———
SE PR I
— A —
665 6 6 o G, o,

nim s |
(- ! a? e -We =
o % -*:'---:|= ,
-o-ouoE= - - ==l .
P30 o MR - L T =
o-ﬂ--i’ - e -_— .
oe e [l i o 2

Figure 17, (A) Pulse scheme of the 20 FI-PSYCHE-TOCSY experiment; (B) expanded arca of the conventional TOCSY spectrum of estradiol; (C)
Fl-homodecoupled PSYCHE-TOCSY spectrum acquired from sequence A and (D) as (C) after applying covariance in the F2 dimension. Reproduced with
permission of reference! '
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Additionally, an exhaustive study comparing the performance of
HOBB-ROESY versus HOBS-ROESY experiments has been reported
for the analysks of medium-sized organic molecules (Fig. 1801

Homodecoupled heteronuclear 2D experiments

The HSQC experiment is the most widely used NMR method for
comelating the chemical shifts of directly bonded ""C-'H pairs.
Conventional HSOC spectra show proton multiplet strectures in
the direct dimension, which can limit signal resolution when
analyzing complex datasets, The pure shift methodology has
been successfully implemented in HSQC experiments, as reported
using the pseudo-20 7577 real-time HOBB'''™ HOBS"™ and
BIRD-based ™" homodecoupling modules, & major breakthrough
to obtain pure shift HSQC spectra of erganic molecules at natural
abundance is the recent development of the real-time BIRD-based
HSOC expedment™ which does not present any additional
sensitivity loss in comparison with the conventional HSOC (Fig. 194)
experiment, The resulting homodecoupled HSOC spectra show
cross-peaks with collapsed multiplet 4y structures for CH
cross-peaks (Fig. 190 vs Fig. 19E). However, the method is not able
to remove the geminal Ay splittings, and it is not suitable for
fully "*Cabeled compounds, in both cases because of the use of
BIRD element. All of these advantages/inconveniences are also
applicable to other related versions of the HS0C experiments, such
as the reported pure shift versions of the sensitivity-improved
HSOC using Preservation od Equivalent pathways (FEP) (Fig. 198)%%!
or the multiplicity-edited (ME) HSQC (Fig. 1901 The perfarmance
of the pure shift HSOC and the ASAP-HMOC experiments has been
compared for the rapid screening of natural products.™ On the
other hand, the pure shift HSOC has been also tested to character-
ize microgram samples of drug metabolites, For Instance, using a
74-pg sample of the commercially available metabalite 3-hydnosxy
carbamazepine dissolved in 30l of deuterated solvent and a
600-MHz NMR equipped with a 1.7-mm cryogenic NMR probe, it
was possible 1o acquire high signal-to-noise pure shift HS0C data
in just over 30 min! In the same study, high-quality pure shift
H50C data were recorded in slightly aver 14h for a 3-pg sample
of a chromatographically isolated metabolite.

The implementation of 25 homodecoupling fails in heteronuclear
correlation experiments involving anti-phase HH magnetization

just prior 1o acquisition, like conventional HMBOHSQMBC
experiments, In addition, BIRD-based homodecoupling is not
effective in heteronuclear hybrd experiments where Jy s
in-phase, such as HSQC-TOCSY or HSOQC-NOESY, because the
detected relayed 'H-'’C magnetization is also coupled to
i 12 -

H-""C protons. In these cases, pure shift spectra should be
possible in refocused HMBC/HSOMBC, HSQC-TOCSY or HSOC-
MOESY experiments applying slice selection but at expense of
important sensitivity losses. On the other hand, it has been shown
that pure in-phase cross-peaks with respect to Jyy can be
obtained in refocused HSOMBC experiments using region-
selective 180° 'H pulses™” Based on this experiment, an
HOBS-HSOMBC!'#! axperiment has been proposed to obtain
band-selective pure shift long-range heteronuclear correlation
spectra with a considerable enhancement In both resolution
and sensitivity (Fig. 20). The major advantage of such an
approach is that the selective 180" "H pulse Is the same for the
INEPT refocusing and homodecoupling, facilitating set-up and
performance,

Measurement of heteronuclear coupling constants

It has been recognized since the early days of NMR that
heteronuclear coupling  constants Uy contain very useful
structural, conformational and configurational information. In the
case of high-abundance nuclides (% =""F, *'P), the direct determi-
nation of heteronuclear couplings is often carry ouwt through the
analysis of conventional or X-decoupled 'H multiplets, but the
accurate measure of the Jy, can be problematic because of the
simultaneous presence of large numbers of &y of because of
the multiplet complexity. Several 10 and 2D pure shift experiments
have been proposed to achieve simplified multiplet structures that
allow the extraction of coupling values. For instance, it has
been shown that Ay can be directly extracted from simplified
homodecoupled 10 multiplets obtalned from pseudo-2D 25
spectra (Fig. 2111 Examples have been reported for 4y and A
coupling constants, and similar results have been simultaneously
reported  using BIRD-based homodecoupling as a  selective
inversion element in the 25 experiment *" In Section on Efficient
Measurement of Heteronuclear Coupling Constants, a simple and
sensitive approach for the measurement of the sign and the
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Figure 18. Expansions showing the HIYHS to H4/H5/HS" cross-peak

jon of the G00-MHz (A) standard NOESY; (8] HOBS-NOESY spectra for d

{CGACGOGTACGOGTOGR)Z in Dy0, Reproduced with permission of reference" ="
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expanded area comparing CH and CH, cross-peaks in (D) conventional and (E) broadb

estradiol [4] in CDCly,

magnitude of multiple coupling constants from high-resolved
E.COSY cross-peaks in pure shift HSQC spectra is described.!"*
The measurement of one-bond scalar ('Jo,) and residual dipolar
('Dey) coupling constants in isotropic and anisotropic media,
respectively, can be easily carried out through F2-heteronuclear
coupled HSQC-type spectra, for instance, using Clean-IP/

led multiplicity-edited HSQC-PEP spectra of

Clean-AP (CLIP/CLAP) HSQC experiments.'"*” Recently, two analog
broadband homodecoupled CLIP/CLAP HSQC experiments have
been simultaneously proposed, based on the implementation of
the pseudo-2D ZS module (Fig. 22A)."7*" Both approaches use
the orginal RESET (Reducing nuclEar Spin multiplicitiEs to
sinquleTs)}-HSQC pulse scheme as a basis,*” where an optimum
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mnwm»mammm experiment. (B-E) Resolution enhancement effects after incorporation of homonuciear or/and
hemlwd«ouphglnngb&nl«md "Ha~""CO HSQMBC spectra of cydlosporine [3): (B) 600-MHz conventional HSQMBC, (C) broadband
HOBS-HSQMBC.

I¢.decoupled HSQMBC, (D) 'H-decoupled and (£) 'H and " C-decoupled

The intemal projection along the detected dimension Is shown

on top of each 2D plot, and all are plotted with the same absolute scale to compare the relative sensitivity and resolution. The experimental SNR for a
selected 1D slice in each different HSQMBC spectra is shown taking the fully coupled peak (normalized value set to 1) as a reference. Reproduced with

permission of reference.'

BIRD element allows the homonuclear decoupling while
preserving heteronuclear coupling evolution. In these experi-
ments, each homodecoupled CH cross-peak only exhibits a
large doublet along the direct dimension because of 'Joy
+'Dey, allowing coupling constants to be extracted by

measuring frequency differences between both singlets, in-
stead of between the centers of complex multiplets (compare
Fig. 22B vs Fig. 22C). These experiments lead to pure shift
correlation spectra with enhanced resolution and offering in-
teresting advantages for semi-automated peak picking or

wileyonlinelibrary.com/journal/mrc Copyright © 2015 John Wiley & Sons, Ltd, Magn. Reson, Chern. 2015, 53, 399-426
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Figure 21, (A1 'H NMR spectrum of the monﬂhoﬂﬁmedleaﬂurohmmm CDCl: (B) pseudo-2D 25 spectrum of the same molecule, depicting only

"k couplings. Reproduced with permission of reference.’

automated intensity measurement. Again, the need for a 30
acquisition can limit its routine use,

Twa novel but sophisticated modifications of the BIRD inver-
sion element have been proposed to suppress the *f 4+ “Di
splitting in psevdo-30 £5 HSOC experiments: using a constant-
time BIRD module”” or a perfect-BIRD element (Fig. 23)"'"
The constant-time approach necessarily limits the range of
couplings accessible, while the perfect-BIRD method can accom-
modate a wide range of “Jy+ Dy making perfect-BIRD
particularly attractive for measurements on aligned samples.
These new sequence elements provide full homonuclear
broadband decoupling even in the case of diastereotopic
methylene protons, but signal intensity losses can be more
pronounced for aligned samples because overall sequence
length becomes longer,

A 'C-F2-coupled version of the sensitive HOBS-HSOMBC
experiment depicted in Fig. 204 has been reported for the direct
and simple measurement of small "le, couplings!™ The method
retains the sensitivity of the original selHSOMBC experiment,
and the resulting spectrum affords simplified pure in-phase
doublets for all observed cross-peaks (Fig. 20C), A related
multiplicity-edited approach has been reported to afford additicnal
carbon multiplicity information by simple visual inspection of
the resulting positive/negative cross-peak phases (Fig. 244)/"Y
The IP pattern of the conventional selHSOMBC cross-peaks can
be converted to doublets when using HOBS homodecoupiing
(Fig. 24C) and to singlets if additional broadband heteronuclear
decoupling is applied (Fig. 240}, depending if the quantitative
measurement of coupling constants or only the chemical shift
assignment is of interest, respectively.

By analogy, a broadband homodecoupled version of the
nonrefocused CPMG-HSOMBC experiment  incorporating  the

pseudo-2D 25 madule has been proposed to precisely measure
long-range heteronuclear coupling constants from  simplified
anti-phase doublets, The 10 and 2D examples have been reported
for the measurement of "y, “kay and "l coupling constant in a
series of compounds"™ Long acquisition times and concentrated
samples are required to achieve optimum SNR, but as mentioned
in this study, sensitivity could be improved, for instance, using
PSYCHE, and the determination of small J values from AP multiplets
could be perdformed wsing multiplet fitting or by spin-state selective
methods.

Ultra high-resolution NMR spectroscopy

Broadband "H homodecoupling in the acquisition F2 dimen-
sion is fully compatible with other resolution-enhanced tech-
miques, such as spectral aliasing along the indirect F1
dimension™"""" " or nonuniform sampling,"*""*® opening
the door to the design of ultra high-resolved 2D NMR exper-
iments in reasonable acquisition times, A common feature of
spectral aliasing is its general and very easy implementation
in many routine experiments, improving the attainable resolu-
tion along the F1 dimension up to two orders of magnitude
by a simple change of the "¢ spectral width in HSQC exper-
iments. This approach has been recently reported in the
development and application of ultra high-resolved H50C
experiments to analyze highly complex mixtures of similar iso-
mers exhibiting near-identical "H and "'C NMR spectra, ™"
the determination of small chemical shift differences in
enantiodifferentiation studies”™ and for measuring the sign
and the magnitude of multiple heteronuclear coupling con-

stants from highly resolved 2D cross-peaks.'*®
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Flgure 22. (A} Pulse schemse for the psewdo-30 homodecoupled CLIPACLAP-HSOC experiment; expanded areas comesponding 1o the F2-coupled (B)

conventional and (C) homodecoupled CLIP-HSOC spectra of tetra-sodium-{1-methyl-2.34-tri-O-sulfonato-&-deowy-6-C-sulfonat

omethylw-o-glucopyranoside

dissolved in D0, Spectrum () was acquined with the pulse sequence of (A) using the same parameters as (B) and 16 FID data chunks. Reproduced

with permission of reference,*"

Analysis of near-identical "H and "€ NMR spectra

Figure 25 outlines a schematic illustration showing how ex-
tremely high levels of signal dispersion can be achieved in a
short range of frequencies by the simultaneous application of
complementary resolution-enhanced NMR technigues, The
whole ensemble of enhancements applied enables the in situ
distinction and assignment of similar organic compounds
exhibiting near-dentical 'H and "*C NMR spectra in the same
minture"** Very small AH"H) and Ad('*C) have been distin-
guished and precisely determined, even in the presence of
highly overlapped signals or severe chemical shift degeneracy
in conventional 1D 'H and "'C{"H] NMR spectra. Whereas
AH'H) and AK'C) up to 3 and 17 ppb. respectively, can be
established from the singlets obtained in 1D HOBS and 'C
NMR spectra, the high-signal dispersion achieved in spectral-
aliased 2D HOBS-HSOQC spectra allows an improvement in the

level of detection to 1 and 5 ppb. respectively. This strategy com-
bined with the use of HOBS versions of the HSOC-TOCSY
and HSOMBC experiments has been used to unambiguously
assign 'H and '*C chemical shifts for all peaks of different
components of a complicated mixture, The proposed strategy
proved to be very useful to facilitate the analysis of highly
complex spectra, as found in many daily situations that exhibit
high degeneracy of chemical shifts or severe signal overlap, such
as the analysis of crude reactions, detection and characterization
of intermediates, reaction manitoring or the analysis of complex
mixtures.

Enantiodifferentiation studlies

NMR has proved to be a valuable technique to determine
enantiomenc purity using a great varety of auxiliary chiral sources,
as, eq. chiral sahvating agents (C5As). In the case of using CSAs,
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Figure 23. (A) Pulse scheme of the pseudo-3D homodecoupled CLIP-HSQC experiment incorporating @ perfect BIRD inversion element, (B)
F2-heterocoupled CLIP HSQC spectra without homonuclear decoupling (black) and with BIRD (blue) and with perfect BIRD (red) homonuciear
decoupling during acquisition, collected for (+)-isopinocampheol in isotropic CD,Cl; solution at 600-MHz proton frequency. Reproduced with

permission of reference.”'™

theinitial indistinguishable mixture of enantiomers is converted
into a chemical shift (3)-resolved mixture of complementary diaste-
reomeric complexes. As soon as there is enough chemical shift
difference to achieve resolution between the signals of analogous
nuclei in these diastereomeric complexes, the measure of enantio-
meric purity can be carried out by direct signal integration.
However, 4y broadens 'H NMR resonances, and accurate
enantiomeric excess quantification is often hampered because of
partial signal overlapping and low chemical shift. The features of
homodecoupled experiments provide a great tool to avoid these
overlapping problems.

Enantiodifferentiation studies involving chiral discrimination
and the measurement of enantiomeric excess using some
modern NMR methods, including pure shift NMR experiments,
have been recently reviewed,”* Two old classical experi-
ments such as the conventional 1D "’C{'H} spectrum'™*"! or

the use of the F2 projection in a 2D J-resolved experiments'®’
offer simple set-up. An alternative method has been the dis-
tinction of different singlet lines along the indirect dimension
of an F1-homodecoupled 2D spectra®'*¥ or from the z-
COSY experiment.!'*

Recently, two pure shift NMR approaches have been re-
ported to carry out enantiodifferentiation studies using CSAs:
(i) a fast determination from quickly acquired 1D HOBS
spectra'®! and (i) a 20 spectral aliased pure shift (SAPS)
HSQC experiment.”! In both cases, the relative sensitivity of
standard 1D 'H and HSQC experiments are retained and even
improved because of the collapse of the signals to singlets
(Fig. 26). In HOBS experiments, only the selected 'H signals
are studied but with full sensitivity. In practice, the experi-
ment can be collected in a single scan, affording a powerful
way to differentiate small chemical shift values into the same

Magn, Reson. Chem. 2018, 53, 399-426
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experimental time and using the same data processing as re-
quired for a conventional 'H spectrum. It has been shown
that the performance of the method can be improved by
using multiple-frequency excitation simultaneously at different
positions or appending a TOCSY transfer (1D HOBS-selTOCSY
experiment) that can facilitate the analysis of signals in over-
crowded areas, where conventional selective excitation could
not be successfully applied. In Section on Comparison of ZS
Methods, there is a comparative discussion on the results ob-
tained from a pseudo-2D ZS, HOBB and HOBS spectra for a ra-
cemic mixture of (RS)-1-aminoindan complexed with Pirkle

alcohol (Fig. 11). On the other hand, the combination of spec-
tral aliasing and pure shift HSQC experiments represents an
excellent routine tool for NMR enantiodifferentiation studies,
yielding simultaneous 'H and "’C enantiodifferentiated data
{AAJ'H) and AAM(C)] in short times and with high digital
resolution and signal dispersion for both 'H and "’C nuclel.
Signals that are not differentiated in conventional 'H multi-
plets (Fig. 26A), pure shift 10 'H multiplets obtained from
the pseudo-2D ZS experiment (Fig. 26B) or conventional '*C
peaks (Fig. 26C) can be distinguished in the SAPS-HSQC spec-
trum (Fig. 26D).%*! For instance, the excellent 2D dispersion of
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the H9 protons (22.8 ppb) allows the separation of the two C9
carbons (4.6ppb) In the SAPS-HSOC spectrum, which are
indistinguishable in the 10 "’C["H] spectrum.

Efficient measurement of heteronuclear coupling constants

It has been shown that the superb digital resolution achieved in
SAPS-HSOC experiments allows the easy and simultaneous
determination of the magnitude and the sign of fo and b
coupling constants (X ="7F, *'P ar 'H) from highly resolved ECOSY
coupling pattems (Fig. 271" ™" The resulting 20 cross-peaks exhibit
ultra-simplified multiplet pattems from which the measurement of
the active J values is determined in a straightforward manner. As
pointed out already, this general approach introduced in this study
can be applicable in many experiments aimed at determining
precise coupling constants along the indirect dimensions of 2D

LpEctra

Summary and outlook

In summary, a novel set of NMR experiments are now available
for helping chemists to solve commaon problems encountered
in their daily NMR activities. Modern pure shift NMR experiments
afford simplified multiplet patterns that allow a much better
analysis and interpretation of '"H NMR spectra. Obtaining fully
homodecoupled singlets for each proton resonance  greatly

minimizes the etemal problem of signal overlap. Several basic
hoemodecoupling schemes have been evaluated, discussed and
compared, and their implementation into the most standard
2D experiments has also been described. In addition, the
combination with other complementary resolution-enhanced
technigues tools excites the idea of ultra high-resolved NMR
spectroscopy, The usefulness of these technigues have been
demonstrated for a number of challenging practical applications,
such as the determination of very small chemical shift differ-
ences, the analysis of highly crowded spectral regions, and the
simplified and precise determination of relevant NMR parameters
such as coupling constants, relaxation times or diffusion
coefficients. Some challenges to improve even further the perfar-
mance of these types of experiments will be of interest in the next
future, such as the design of improved slice-selective methods that
enhance absolute sensitivity, thelr robustness for a general and rou-
tine use, and the pedormance of perfect homodecoupling under
strong coupling conditions, with a particular emphasis in the full
coflapse of diasterectopic CH, protons.
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