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THESIS OUTLINE 
 

 
This thesis is presented as a compendium of publications. The structure has been 

organized in five sections. 
 
 
I. Introduction 

 
This section contains a brief general explanation of some of the most 
fundamental NMR concepts that are needed to understand 2D NMR 
heteronuclear shift correlation NMR experiments. In turn, a general overview 
describing the main features of existing NMR methods for the measurement of 
heteronuclear coupling constants is also introduced. 
 

II. Objectives 

The main goals that led to the development of this thesis are detailed. 
 

III. Results and Discussion 
 
All new modern NMR methods developed during my PhD aimed to the 
measurement of coupling constants in small molecules are presented as Original 
Research Papers (Publications) in separate chapters.  
 

IV. Appendixes 
 
In this section, additional related works that have not been published yet and 
therefore they could not be included as Original Research Papers are reported. 
 

V. Conclusions 
 
A summary on the major conclusions extracted from this thesis are described. 
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1. Fundamental aspects of 2D heteronuclear shift correlation 
NMR experiments 

Proton–carbon coupling constants (J(CH)), as well as proton–proton coupling constants 
(J(HH)) and Nuclear Overhauser Effect (NOE),  play an important role in molecules containing 
basically proton and carbon atoms, such as any type of organic-based compounds, natural 
products and biomolecules1. They can provide information about structure, conformation and 
dynamics of rigid and flexible molecules in solution, as well as they can serve as structural 
validation methods, determine multiple-conformation states in cyclic and acyclic spin systems 
or to be useful for the measurement of Residual Dipolar Couplings (RDCs) in molecules 
dissolved in weakly aligned media. 

 
As this work is basically focused in the development of novel Nuclear Magnetic 

Resonance (NMR) methodologies for the measurement of several coupling constants, it is 
important to introduce two of the most fundamental NMR concepts that have been used in 
the design of novel pulse sequences: a) the inverse detection technique implemented in 
heteronuclear chemical–shift correlation experiments and b) the incorporation of Pulsed Field 
Gradients (PFGs) as a tool for coherence selection into such pulse sequences.  
 

1.1 Inverse detection in NMR experiments 

It is well known that sensitivity is one of the main problems in NMR. That fact is 
especially evident in heteronuclear correlation experiments, where the low natural abundance 
of the 13C nucleus (1.1%) introduces an additional sensitivity penalty. In such NMR experiments 
the relative signal-to-noise ratio (SNR) is proportional to 

 

 

Equation 1 

where γexc and γdet stands for the gyromagnetic ratio (γ) of the excited and detected 
nuclei, respectively2. 

 
Four general schemes can be devised to perform a heteronuclear correlation 

experiment, according to which spin is used as the initial magnetization source and which is 
detected (Fig. 1.01). 

                                                            
1
 a) J. L. Marshall, Carbon–Carbon and Carbon–Proton NMR Couplings: Applications to Organic Stereochemistry and 

Conformational Analysis (Methods in Stereochemical Analysis) Verlag Chemie International, 1982. b) W. A. Thomas, Prog. Nucl. 
Magn. Reson. Spectrosc. 1997, 30, 183. c) N. Matsumori, D. Kaneno, M. Murata, H. Nakamura, K. Tachibana. J. Org. Chem., 1999, 
64, 866. d) M. Tafazzoli, M. Ghiasi, Carbohydr. Res. 2007, 342, 2086. 
2 T. D.W. Claridge, High-resolution NMR techniques in organic chemistry, Elsevier, Orford, UK, 1982. 
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Figure 1.01. General approaches to record 2D heteronuclear correlation spectra as a function of the excited and detected nuclei. 
The relative sensitivities of each approach are compared for 1H correlation experiments with 31P, 13C or 15N. 

 

Fig. 1.01D uses the well-known inverse detection technique, initially proposed in 1979 
by Morris and Freeman3. Taking into account that γH/γC = 4, inverse detection enhances the 
relative SNR by a factor of 32 in 1H-13C correlation experiments when compared with those 
experiments that use direct detection of the heteronucleus (Fig. 1.01A vs. Fig. 1.01D). The 
enhancement arises from the transfer of nuclear spin polarization from spins with large 
Boltzmann population differences (usually protons) to spins with smaller Boltzmann 
population differences. The SNR increases as the γ of the heteronucleus has a lower value and 
the absolute sensitivity also depends of the natural abundance of the heteronucleus. Keeping 
in mind these important features, the proton-detected inverse-correlation method has 
become the universal adoption whenever possible in both chemical and biological NMR 
spectroscopy, being extensible to 3D and higher multidimensional experiments of proteins and 
nucleic acids. 

 
 

1.1.1 The INEPT sequence 
 

An important building block in modern NMR spectroscopy is the INEPT3 (Insensitive 
Nuclei Enhanced by Polarization Transfer) pulse train (Fig. 1.02).  
 

 

Figure 1.02. Basic INEPT pulse sequence. Narrow and wide bars indicate 90º and pulses 180º pulses, respectively. The inter-
pulse Δ delay is set to Δ=1/(2·JIS) 

                                                            
3
 G. A. Morris, R. Freeman. J. Am. Chem. Soc. 1979, 233, 760. 
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In what follows, an extensive analysis using the Product Operator Formalism4 is made 
to understand the way how INEPT works. Let us consider a IS spin system where I nucleus 
(usually 1H) is coupled to a heteronuclear S spin (usually 13C or 15N), with a J(IS) coupling value: 
 

• Initially, at point a, magnetization is at its equilibrium position along the z-axis (Iz) 
• The 90º(x) I pulse rotates the magnetization of the I spin from z-axis to the transverse 

xy-plane (point b) 

 

• Then, during the evolution Δ/2 delay (Δ=1/(2·JIS)) the magnetization components 
evolve simultaneously under both chemical shift and coupling constant effects. For 
clarity, these effects are shown separately. Thus, at point c we have 
 

 

 

• Then, the 180º(x) I pulse (point d) inverts the I magnetization along the x-axis 

 

 

whereas the 180º(x) S pulse inverts the α/β- labels of the doublet I component 

 

 

• At the end of the second Δ/2 delay (point e), the chemical shift of I has been refocused 
to its original position 

 

                                                            
4 O. W. Sorensen,  G. W. Eich, M. H. Levitt, G. Bodenhausen, R. R. Ernst. Prog. Nucl. Magn. Reson. Spectrosc. 1983, 16, 163. 
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whereas the components of the heteronuclear J(IS) coupling constant are in anti-phase 
(AP) mode along the x-axis, in the form of 2IxSz. 

 

 

 

• Finally, at point f, a 90º(y) I pulse generates zz-magnetization in the form of 2IzSz  

 

 

and a 90º(x) S pulse returns the magnetization to the xy-plane but now converted into 
S anti-phase magnetization with respect to the I spin, in the form of 2IzSy.  
 

 

 

Nowadays, the INEPT pulse train constitutes a key block in most of modern 
multidimensional NMR experiments. 
 

 

 



I. Introduction 

7 
 

1.2 Pulse Field Gradients in NMR experiments 
 

1.2.1 Fundamentals 

In the early 90s, another major step was made after the incorporation of Pulsed Field 
Gradients (PFGs) as a method for coherence selection in high-resolution NMR spectroscopic 
techniques5. During a PFG (applied for a short period of some milliseconds) a spatial 
inhomogeneity along a specific axis of the static B0 field is created in such a way that the 
magnetization is dephased. This spatially dependent phase created is given by  
 

 

Equation 2 

where s is a shape factor, Bg is the spatially dependent (r) magnetic field and p and γ 
are the coherence order and the gyromagnetic ratio, respectively, of the individual j nuclear 
spins involved. It is assumed that in modern NMR spectrometers gradients are applied 
preferably along z-axis, so that the magnetic field produced by the PFG varies linearly along z-
axis according to 

 

Equation 3 

where G is the gradient expressed in G·cm-1. As a result, all the magnetization that is 
not located along the z-axis is dephased during the gradient and apparently lost. However, this 
loss can be further recovered by properly applying another PFG, restoring thus part of the 
magnetization (Fig. 1.03).  
 

 

Figure 1.03. General strategy followed in gradient-based NMR experiments. First, a dephasing gradient is applied to generate a 
spatially-dependent phase. Then, in another part of the pulse sequence, a refocusing gradient is applied to recover the selected 

signal, as a function of the involved coherence orders. 

 
To describe the effects of PFGs, it is convenient to convert the Cartesian operators Ix 

and Iy in terms of raising and lowering operators I+ and I-, respectively 
 

                                                            
5
 T. Parella. Magn. Reson. Chem. 1998, 36, 467. 
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Equation 4 

The evolution of the magnetization during a pulse sequence can be followed using the 
Coherence Transfer Pathway (CTP) (Fig. 1.04), which shows how the coherence orders (p) 
change during a pulse sequence. The coherence orders can be classified as: 

 
• Single quantum coherences have p = ±1. 
• Double quantum coherences have p = ±2. 
• … 
• Zero quantum coherence, as well as z-magnetization and zz-terms, have p = 0.  

 

 

Figure 1.04. CTP diagram for a single pulse 1D experiment. The solid line represents the selected CTP of the detected 
magnetization. The dotted line represents the mirror-image pathway that is rejected. 

 
When building a CTP diagram there are some arbitrary rules that we have to take into 

account for a proper analysis and interpretation:  
 

• The starting point for any pulse sequence is always p = 0 (Iz). 
• By convention, the receiver detects single quantum (SQ) coherences p = -1. 
• The coherence order can only be changed by the application of pulses. p does not      

change during inter-pulse delays.  
• The evolution under chemical shift generates the corresponding sine/cosine 

modulations: 
 

 
 

whereas evolution under scalar J-coupling effects generates in-phase/anti-phase 
terms: 
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• The initial 90º pulse only creates SQ coherence with p = ±1 (Fig. 1.04). 
 

 
 

• A second 90º pulse applied on transverse magnetization can create any coherence 
order. 

• A pulse applied on the nucleus I only changes the coherence order of this specific 
nucleus, and not those of any other nucleus. 

• A 180º pulse changes the coherence order from +p to –p, or vice versa. 
• When PFGs are applied to select a specific CTP, only those CTPs in which the sum of 

the dephasing effects of each individual PFG applied throughout the entire sequence is 
zero just prior to acquisition will be detected. This is the so-called refocusing condition: 
 

 
Equation 5 

 

Assuming that all the gradients have the same shape and the same length, the 
refocusing condition can be simplified to: 
 

 
Equation 6 

 

1.2.2 Usage of PFGs 

PFGs are used with two basic objectives: 

a) For purging purposes: 

• Phase errors. To minimize the phase errors originated by chemical shift evolution 
during the application of a gradient, PFGs are usually inserted into spin echo 
blocks. 
 

 

• As a z-filter, by including a PFG into two 90º pulses so that any coherence p=0 is 
selected whereas any transverse magnetization will be efficiently dephased. 
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• For refocusing purposes. Inherent imperfections of 180º pulses will be removed 
when two equal gradients flanked it. Transverse magnetization that does not 
experience the 180º pulse will be also dephased. 
 

 

• For inversion purposes when a 180º pulse inverts magnetization from Iz to –Iz, or 
vice versa. Dephased undesired coherences will be refocused if the second 
gradient is applied in the opposite sense to the first gradient, so that any residual 
transverse magnetization created by imperfect 180º pulses will be efficiently 
removed. 
 

 

• During heteronuclear magnetization transfer, as an easy way to remove 
unwanted magnetization when a pair of simultaneous 90º pulses is applied to 
transfer magnetization between two J-coupled heternonuclei.  Such particular 
state is known as zz-filter. 
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b) For selection of a coherence transfer pathway 

• For coherence selection, as an alternative to use extensive phase cycling 
strategies. The goal is to select the magnetization that has followed a desired 
pathway and remove those that have followed any other pathway. 

 

1.2.3 Advantages and drawbacks of PFGs 

Regarding the use of PFGs for coherence selection it is worth it to highlight a complete 
set of different features:  

 
a) A reduction in the number of phase cycling steps needed for the suppression of 

unwanted artefacts.  
b) They can lead to a significant decrease in experiment acquisition times.  
c) Reduction of t1 noise in 2D NMR spectra. 
d) Achievement of clean spectra.  
e) Efficient suppression of undesired signals. The best example is the suppression of 

1H-12C magnetization in inverse NMR experiments of natural abundant molecules. 
f) Better solvent suppression. 
g) A reduction in the dynamic range. 
h) Higher versatility in pulse sequence design. 
i) New experiments, like the measurement of translational diffusion coefficients and 

DOSY application. 
j) As an inconvenient, the use of PFGs for coherence selection produces a theoretical 

decrease in terms of SNR with respect to the original phase-cycled experiment 
because only one pathway can be selected. In multidimensional experiments this 
factor can be of √2. 

 

1.3 The HSQC experiment 

1.3.1 Basic pulse scheme 

The heteronuclear Single Quantum Coherence (HSQC) experiment6 (Fig. 1.05) can be 
considered as one of the most emblematic pulse sequences because it is widely used to get 
chemical-shift correlation maps for both small chemical compounds and bio-molecules. The 
experiment yields a 2D spectrum presenting a cross-peak for each proton attached to the 
heteronucleus being considered (most often 13C or 15N).  

                                                            
6
 G. Bodenhauser, D.J. Ruben. Chem. Phys. Lett. 1980, 69, 185. 
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Figure 1.05. Basic 1H-13C-HSQC pulse sequence and its coherence level diagram below. Δ=1/(2·1J(CH)). Φ1= x,-x. Φrec= x,-x. 

 

From an academic point of view, the HSQC pulse scheme represents an ideal 
experiment to understand what is really happening during a pulse sequence7. Let’s consider a 
proton-carbon correlation where I nucleus stands for 1H and S nucleus stands for 13C. In the 
first part of the sequence the initial Iz magnetization (point a) is transferred to AP single 
quantum 2IzSy heteronuclear coherence (point d), thanks to the INEPT block:  

 

 
 

Then, the heteronuclear magnetization freely evolves during the t1 period being 
frequency-labelled according to the heteronuclear chemical shift that generates the second 
non-detected dimension. By applying a 180º 1H pulse at the middle of the t1 period, the 
evolution of the heteronuclear coupling constant is refocused. At the end of t1 there are two 
orthogonal components, 2IzSx and 2IzSy (point e): 
 

 

                                                            
7 P. K. Mandal, A. Majumdar. Concepts Magn. Reson. 2004, 20A, 1. 
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Finally, a refocused INEPT (R-INEPT) converts the AP 2IzSy term into IP proton 
magnetization (Ix) while the other AP 2IzSx term is converted into 2IySx MQ coherence that is 
not observed (point g): 

 

 
 

The experiment requires a basic two-step phase cycle to remove unwanted 
magnetization from protons attached to 12C. By inverting the phase of the Φ1 pulse in alternate 
acquisitions, the 1J(13C-H) satellite lines are inverted while the 1J(12C-H) line remains unaffected. 
If the phase of the receiver (Φrec) is simultaneously inverted, 1J(13C-H) lines are coherently 
added and therefore detected, while the 1J(12C-H) line is removed each two scans. However, a 
perfect removal of the unwanted signals is difficult to achieve by phase cycling alone, and 
undesired t1 noise is usually present in the final spectrum. The use of PFGs represents a nice 
approach to suppress unwanted signals in a single scan. 

 
 
1.3.2 PFGs in the HSQC experiment. The Echo/Anti-echo method 
 
PFGs are able to select a specific coherence transfer pathway removing all the others. 

One of the most widely methodologies used to achieve coherence selection using PGFs is the 
Echo/Anti-echo method7,8. For a successful implementation of such methodology two different 
PFGs must be properly inserted in the pulse sequence: the encoding G1 gradient, and the 
decoding G2 gradient (Fig. 1.06).   
 

 

Figure 1.06. 1H-13C-HSQC pulse sequence using the Echo/Anti-echo method. Δ=1/(2·1J(CH)). Φ1= x,-x. Φrec= x,-x. G1:G2=80:20.1. 
Below it is shown the corresponding coherence level diagram: blue line stands for N-type magnetization (Echo), while black line 

stands for P-type magnetization (Anti-echo). 

                                                            
8
 J. Keeler, J. “Understanding NMR spectroscopy”, John Wiley and Sons, Ltd, England, 2007. 
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G1 will select coherence pathways in which the magnetization of the S spin is in the 
transverse plane during the free evolution t1 period, and G2 will select coherence pathways in 
which the magnetization of the I spin is in the transverse plane during the detection t2 period.  

 
An important aspect that we have to take into account when using PFGs during t1 is 

that the signal obtained is not sine/cosine amplitude-modulated9 but phase modulated, which 
means that is modulated according to the rotation sense of the magnetization (S+, echo; or S-, 
anti-echo). This results in P-type data selection (anti-echo), in which the sense of the frequency 
modulation is the same in t1 and t2: 

 

 

Equation 7 

and N-type data selection (echo), in which the sense is opposite: 

 

Equation 8 

That signal phase encoding makes the gradient only able to select one of the two 
desired CTP in each scan. Therefore, the spectrum will present cross peaks with undesirable 
phase-twisted lineshapes. To solve that problem the acquisition of the Echo/Anti-echo 
pathways has to be done in alternate acquisitions and then combine them in a proper way 
during the processing step. Both signals will be phase-modulated, but by addition and 
subtraction they will be amplitude-modulated as well, so that phase-sensitive spectra can be 
obtained. 

 
The gradient strength has to be adjusted so that 
 

 

Equation 9 

 

In the case of proton-carbon correlation experiments such ratio is γH/γC = 4. Therefore, 
gradients strength ratios are usually set up to G1:G2 = 4:1. 

 
To achieve a proper coherence selection in HSQC experiments the encoding G1 

gradient must label the transverse N-type (Echo) and P-type (Anti-echo) coherences in 
alternate scans, while the decoding G2 gradient must refocus the proton magnetization. To do 
that, the gradients ratio should satisfy the refocusing condition. In the case of proton-carbon 
correlation experiment, N-type coherence (blue line in Fig. 1.06) is selected using G1:G2 = 4 
(typical ratio of 80:20.1), while P-type coherence (black line in Fig. 1.06) is selected by G1:G2 = 
-4 (typical ratio of -80:20.1). In terms of sensitivity, the use of PFGs during t1 produces a SNR 
decrease by a factor of √2 with respect to the original experiment because only one pathway 
can be selected. This is the main drawback of the Echo/Anti-echo method. Nonetheless, the 

                                                            
9 It is important to make a point here: in a HSQC experiment without using PFGs for coherence selection the obtained signal is 
sine/cosine amplitude-modulated which means that a discrimination of the positive/negative frequencies with respect to the 
offset is not feasible. To solve it, an alternate acquisition where 90º the phase of the Φ1 pulse is dephased accordingly to the phase 
of the receiver must be done. In this way, the complementary sine amplitude-modulated signal is also obtained and a 
positive/negative frequency’s discrimination reached. 

 



I. Introduction 

15 
 

main advantages are that higher quality spectra are obtained, strong solvent signals (water) 
are efficiently suppressed, t1 noise is better cleaned, and a considerable decrease in the overall 
acquisition time is achieved if the use of an extended phase cycle is avoided. 

 

1.3.3 Improvements in HSQC experiments 

 Since its first appearance, the basic HSQC pulse sequence has been largely modified in 
order to improve its performance on a variety of conditions: 
 

i. HSQC with heteronuclear decoupling during acquisition: 
 

Broadband decoupling, or composite pulse decoupling (CPD), achieves an excitation of 
a large frequency range using a train of short pulses (which are able to excite a large 
bandwidth) applied in rapid succession so that fast α → β and β → α transitions takes 
place, making the lifetime of any particular spin in any given state shorter. In this way, 
broadband excitation of all frequencies corresponding to a particular nucleus type (13C 
in this case) leads to multiplet collapse and simplification of the spin-spin splitting 
patterns of the signals. 
 

ii. HSQC using adiabatic pulses: 
 

Typically, the carrier frequency of a pulse remains constant and is applied at the center 
of the spectral region of interest. Adiabatic pulses are frequency-swept pulses in which 
the carrier frequency varies with time during the pulse. They invert spins by a slow 
passage of a chirped pulse through resonance so that spins having different resonance 
frequencies will be inverted at different times. Adiabatic pulses result to be very 
tolerant against field inhomogeneities and they are very effective within a large 
spectral bandwidth, being capable of invert/refocus heteronuclear spins having a large 
chemical shift range and, therefore, offering better excitation/inversion profiles than 
hard pulses10. This is especially convenient when working with 13C nucleus in high-field 
spectrometers.   
 

iii. HSQC with a trim pulse: 
 

These kinds of pulses (also known as spin-lock pulses) are rather used for purging 
purposes11. They are placed at the end of a heteronuclear spin-echo (just before 
magnetization transfer from proton to carbon nucleus takes place) due to its ability to 
dephase undesired magnetization. They are commonly used in HSQC pulse sequences 
to suppress the strong water signal when working with proteins in aqueous solutions12 
or to reduce t1 noise.  
 
 
 
 
 
 

                                                            
10 E. Kupce, R. Freeman. J. Magn. Reson. A. 1996, 118, 299. 
11 W. R. Croasmun, R. M. K. Carlson, “Two-dimensional NMR spectroscopy. Applications for chemist and biochemist”, VCH 
publishers, Inc. New York, USA. 1994. 
12 B. A. Messerle, G. Wider, G. Otting, C. Weber, K. Wütrich. J. Magn. Reson.  1989, 85, 608. 
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iv. Preservation of Equivalent Pathways methodology (PEP) in HSQC : 
 

This methodology is based on the implementation of a second R-INEPT (shifted 90º) in 
the regular HSQC pulse sequence13, which allows to obtain a sensitivity enhancement 
by a factor of C for IS groups (Fig. 1.07). 

 

 

Figure 1.07. 1H-13C-HSQC-PEP pulse sequence using the Echo/Anti-echo method. Δ=1/(2·1J(CH)), Δ1= Δ for CH 
multiplicities, Δ1=1/(4·1J(CH)) for all multiplicities. Φ1= x,-x. Φrec= x,-x. G1:G2=80:20.1. 

 
Let’s consider a proton-carbon correlation where I nucleus stands for 1H and S nucleus 
stands for 13C. In the original HSQC experiment the conventional refocused INEPT 
converts the anti-phase term 2IzSy into detectable in-phase proton magnetization Ix, 
while the other 2IzSx anti-phase term is converted into 2IySx multiple quantum 
coherence being consequently lost (see section 1.3.1) (g point): 
 

 
 
At this point, a second R-INEPT is added to recover the MQ coherence. The strategy is 
based on keeping momentarily away the detected magnetization Ix, which is 
transferred to the z-axis as Iz magnetization, while the 2IySx MQ term is converted into 
anti-phase 2IySz magnetization (h point): 
 

 
 

After the second R-INEPT (i point), the 2IySz term is converted into in-phase 
magnetization in the form of Ix, while Iz term is still kept along z-axis: 
 

 
 

                                                            
13 a) L. E. Kay, P. Keifer, T. Saarinen. J. Am. Chem. Soc. 1992, 114, 10663. b) J. Schleucher, M. Schwendinger, M. Satller, P. Schmidt, 

O. Schedletzky, S. J. Glaser, O. W. Sorensen, C. Griesinger. J. Biomol. NMR, 1994, 4, 301.  
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Finally, a 90º 1H pulse applied from x-axis put the Iz term along the transverse plane as 
Iy magnetization (j point): 
 

 
 

Because two orthogonal magnetization terms with sine and cosine modulation are 
retained in each acquisition, the obtained signal is sine/cosine phase-modulated and 
therefore, a sensitivity enhancement of √2 is obtained when compared with the most 
conventional HSQC pulse sequence9. Very importantly, such gain is retained even by 
the use the Echo/Anti-echo method because the experiment is fully compatible with 
the phase-modulated nature of the signals.  
 
Nevertheless, it is not possible to completely refocus both magnetization terms for all 
spin systems14 so that the Δ1 delay must be adjusted accordingly to the maximum 
sensitivity enhancement that can be reached for a given spin system. When only IS 
pairs are to be observed, the INEPT delays should be optimized to Δ= Δ1=1/2(JIS), 
whereas for the detection of all multiplicities (IS, I2S and I3S) the Δ1 period should be 
reduced to 1/4(JIS). 
 

v. HSQC using the CLIP technique: 
 

A simple way to measure 1J(CH) is from a F2-coupled HSQC experiment. The range of 
1J(CH) coupling constants generally falls between 120-210 Hz. This fact might cause the 
appearance of signal distortions when the Δ delay is not perfectly optimized to the real 
1J(CH) value. In order to solve this drawback the CLIP (CLean In-Phase) technique offers 
the possibility to obtain better quality spectra in HSQC pulse sequences by 
incorporating an additional 90º 13C pulse inserted after the refocusing INEPT transfer, 
just prior to the acquisition, so that AP components are converted into multiple 
quantum coherences and IP multiplets are expected to be obtained. 
 
Let’s consider a proton-carbon correlation where I nucleus stands for 1H and S nucleus 
stands for 13C. The magnetization just prior to the beginning of a R-INEPT block is found 
in the form of: 
 

 
 

If there is a significant mismatch between the Δ delay used and the real 1J(CH) value, 
and inefficiency occurs during the INEPT transfer so that not the whole AP component 
is transferred to IP component making possible that a part of that AP component still 
remain at the end of the refocusing period: 
 

 
 

By inserting at this point a 90º 13C pulse applied from x-axis, the AP 2IySz component is 
converted into MQ 2IySy magnetization: 
 

 
 

                                                            
14 J. Schleucher, M. Schwendinger, M. Satller, P. Schmidt, O. Schedletzky, S.J. Glaser, O.W. Sorensen, C. Griesinger. J. Biomol. 
NMR. 1994, 4, 301. 
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In this way, only the in-phase Ix component will be detected. A comparison between 
the conventional HSQC and the related CLIP-HSQC experiment15 on the strychnine 
molecule is shown in Fig. 1.08. 

 

 
 

Figure 1.08. A) 1H NMR spectra, B-C) 1D slices from the conventional HSQC and CLIP-HSQC spectra, respectively. 

 
 

vi. HSQC with PFGs for purging purposes: 
 

PFGs can be used as purging filters without modifying too much the sensitivity of a 
particular NMR experiment16. In HSQC-like sequences the most important ones are 
PFGs for refocusing purposes and as zz-filters (see section 1.2.2).  

 

1.4 The HMQC experiment 

The Heteronuclear Multiple Quantum Coherence (HMQC) experiment17 is the most 
ancient experiment using inverse detection technique. It achieves similar results as HSQC 
experiment. The basic pulse scheme only contains four pulses, making it a more robust 
experiment in terms of radiofrequency pulse homogeneities (Fig. 1.09). 
 

                                                            
15 A. Enthart, J. C. Freudenberger, J. Furrer, H. Kessler, B. Luy. J. Magn. Reson. 2008, 192, 314. 
16 A. Bax and S. Pochapsky. J. Magn. Reson. 1992, 99, 638. 
17

 L. Muller. J. Am. Chem. 1979, 101, 4481. 
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Figure 1.09. Basic 1H-13C-HMQC pulse sequence. Δ=1/(2·1J(CH)). Φ1= x,-x. Φrec= x,-x. Below it is shown the 
corresponding coherence level diagram. 

 
 Let’s consider a proton-carbon correlation where I nucleus stands for 1H and S nucleus 
stands for 13C. The sequence starts with a proton magnetization transfer from z-axis to the xy-
plane thanks to a 90º 1H pulse. Then, transverse magnetization evolve under coupling 
constants effects during the Δ delay, which is adjusted to Δ=1/(2·1J(CH)). After such delay, 
proton AP magnetization with respect to the 1J(CH) is obtained.  
 

 
 
 By a 90º 13C pulse the AP magnetization is converted into MQ magnetization that freely 
evolve during the t1 period under the effects of carbon chemical shift. Because of the 180º 1H 
pulse placed at the middle of the sequence, proton chemical shift and heteronuclear J(CH) 
evolutions are refocused.  
 

 
 
 After that, the last 90º 13C pulse returns one of the MQ terms to AP proton 
magnetization, which is detected as IP magnetization after the second Δ delay.  
 

 
 
 
 Analogously to the HSQC experiment, a basic two-step phase cycle to remove 
unwanted magnetization from protons attached to 12C is required. PFGs can also be used to 
achieve a better suppression of undesired signals. Although there are several ways to 
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implement such PFGs, here it is only illustrated the Echo/Anti-echo version of the HMQC with 
PFGs during the t1 period (Fig. 1.10). 
 
  

 

Figure 1.10. 1H-13C-HMQC pulse sequence using the Echo/Anti-echo method. Δ=1/(2·1J(CH)), Φ1= x,-x. Φrec= x,-x. G1:G2=80:40.2. 
Below it is shown the corresponding coherence level diagram: blue line stands for N-type magnetization (Echo), while black line 

stands for P-type magnetization (Anti-echo). 

 
 In this case the gradient strength has to be adjusted so that  
 

 

Equation 10 

For proton-carbon correlation experiments the gradient ratio is set to G1:G2=2:1. 
   
 Main downside of the HMQC experiment is that J(HH) evolution takes place during t1 
that generates tilting cross-peaks along the indirect F1 dimension. Finally, it is worth it to 
mention that a sensitivity-enhanced HMQC experiment18 using the PEP methodology can be 
also used in order to recover one of the unobservable MQ terms that otherwise is lost.  
 

 

 

                                                            
18 A. Plamer I, J. Cavanagh, P. Wright, M. Rance. J. Magn. Reson. 1991, 93, 151. 
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2. NMR Methods for the measurement of long-range 
heteronuclear coupling constants 

 

2.1 The cross-peak nature vs. NMR experiment 

The nature of a cross-peak coupling pattern obtained from a particular NMR 
experiment is a very important factor that must be taken into account when measuring 
quantitatively long-range heteronuclear coupling constants (nJ(CH)). This is directly related to 
both the simplicity and the accuracy of the measurement19. Different methodologies to extract 
nJ(CH) values according to their coupling pattern can be devised, as illustrated in Fig. 1.11. 
 

 

Figure 1.11. Schematic coupling patterns obtained for a CH cross-peak in 2D NMR experiments. 

 
a) From an additional splitting along the indirect F1 dimension  

 
This kind of cross-peak coupling pattern can be reached by allowing both the X 
chemical shift and the heteronuclear coupling constant evolve independently using the 
J-resolved technique20. The main drawback of this time-consuming methodology is the 
need of acquiring a large number of t1 increments to get a high resolution along the 
indirect F1 dimension. To partially solve this problem the use of scaling k factors in the 
indirect dimension can be advisable. Other possibilities are spectra-folding, non-linear 
sampling or zero-filling and linear prediction in the processing step. J-HMBC21 and 
EXSIDE22 pulse schemes are the most important experiments using this technique. 

                                                            
19

  T. Parella, J.F. Espinosa. Prog. Nucl. Magn. Reson. Spectrosc. 2007, 50, 179. 
20 

G. A. Morris, J. W. Emsley (Eds.), Multidimensional NMR Methods for the Solution State, Two-Dimensional J-Resolved 
Spectroscopy, John Wiley & Sons Ltd., Chichester, 2010. (pp. 145–159). 
21 a) C. H. Gotfredsen, A. Meissner, J. Ø. Duus, O. W. Sørensen. Magn. Reson. Chem. 2000, 38, 692. b) A. Meissner, O. W. 
Sørensen. Magn. Reson. Chem. 2001, 39, 49.  
22 V. V. Krishnamurthy. J. Magn. Reson. A. 1996, 121, 33. 
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b) From an additional splitting along the direct F2 dimension  
 

Such cross-peak coupling pattern is achieved by omitting heteronuclear decoupling 
during proton acquisition. In this way, an additional splitting along the direct F2 
dimension is reached. Depending on the pulse scheme used the splitted multiplets can 
present pure IP properties with respect to both J(HH) and J(CH) couplings, or, on the 
contrary, they can present AP properties. In the first case, J couplings can be measured 
by the direct analysis of outer peaks frequency separation, or from fitting procedures 
with a reference cross-peak. Anyway, obtaining pure IP cross-peaks is not an easy task. 
In the second case, a direct measurement of the coupling constant is almost 
impossible to achieve in terms of peak separation and a individualized fitting 
procedure for each cross-peak is required in most of the cases so that the process may 
become a time-consuming task. Several solutions have been proposed for an accurate 
measurement of nJ(CH) from AP multiplets23. The analysis of AP cross-peaks may suffer 
from partial/full signal cancellation, peak distortion, or shifted peak maxima. 
Conventional HMBC24 and HSQMBC25 pulse schemes are the most typical experiments 
using this approach.    

 
c) From spin-state selective (S3) techniques 

 
This approach is based on the manipulation of the magnetization in such a way that 
the α- and β- 13C multiplet components are separated in two different spectra. The 
nJ(CH) value can be extracted by analyzing the relative displacement of the α/β cross-
peaks components. There are several spin-state selective (S3) techniques to take into 
account: 

   
c1)  E.COSY pattern 
 
The E.COSY26 technique allows the measurement of non-resolved couplings 
between spins I and Y, as long as spin Y is also coupled with a third spin S. This 
coupling constant, J(YS), allows the resolution of the unresolved desired 
coupling constant J(IY). As a requirement, during the magnetization 
transference between I spin and S spin, the spin-state of the spin Y cannot be 
disturbed. Main advantages of the E.COSY pattern are: i) very easy 
interpretation, ii) they are equally well suited for the measurement of small 
and large coupling values, iii) they provide information about the sign by 
analyzing the relative positive/negative tilting of cross peak components, iv) 
the method allows the measurement of coupling values smaller than the line 
width, and v) J values are extracted from the F2 dimension, where good 
resolution requirements are more easily reached. HETLOC27 and HECADE28 

experiments provide E.COSY-like multiplets.  
 
 

                                                            
23 a) J.J. Titman, D. Neuhaus, J. Keeler. J. Magn. Reson. 1989, 85, 111., b) J.M. Richardson, J.J. Titman, J. Keeler, D. Neuhaus. J. 
Magn. Reson. 1991, 93, 533. 
24 A. Bax, M. Summers. J. Am. Chem. Soc. 1986, 108, 2093. 
25 a) R. Marek, L. Kralik, V. Sklenar. Tetrahedron Lett. 1997, 38, 665. b) R.T. Williamson, B.L. Marquez, W.H. Gerwick, K.E. Kover. 
Magn. Reson. Chem. 2000, 38, 265. 
26 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. 
27 M. Kurz, P. Schmieder, H. Kessler. Angew. Chem. Int. Ed. 1991, 30, 1329. 
28 W. Kozminski, D. Nanz. J. Magn. Reson. 2000, 142, 294. 
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c2) TROSY pattern 
 
TROSY/Anti-TROSY29 spectra can separate the two α/β- E.COSY components in 
two separate spectra, minimizing overlapping problems since the number of 
cross-peaks is reduced from two to one. This technique is widely used for the 
structural elucidation of large biomolecules where is very common to have 
overlapped signals.  
 
c3) IPAP Principle applied along the F2 dimension 
 
IPAP methodology30 allows us to obtain the α/β components from two 
separate, but complementary, spectra along the same F2 or F1 dimension. The 
first spectrum is acquired such that we get pure IP multiplets, while the second 
one is acquired such that we get complementary AP multiplets. After addition 
and subtraction of these two spectra, two new sub-spectra are obtained 
corresponding to the high- and low frequency multiplet, α- and β-, 
respectively. The coupling constant value can be easily extracted by analyzing 
their relative displacements (Fig.1.12).  
 

 

Figure 1.12. Schematic representation of the IPAP methodology. 

 
Very importantly, IP and AP pulse sequences cannot show large differences 
between them and must be kept as equivalent as possible in order to avoid an 
extensive cross-talk in the resulting multiplets that may introduce errors in the 
measurement. Cross-talk is defined as the percentage of the undesired 
components remaining due to a non-perfect subtraction procedure. Main 
sources that cause these unwanted effects are J-mismatch, off-resonance 
effects, and the different relaxation between IP and AP data. Because no 
passive spins are involved and splittings are measured along the detected 
dimension, there is no need for large numbers of t1 increments or high 
resolution in the indirect dimension. HSQC-TOCSY IPAP31 is one of the most 
common experiments using this technique. 

                                                            
29 K. Pervushin, R. Riek, G. Wider, K. Wuthrich. Proc. Natl. Acad. Sci. USA. 1997, 94, 12366. b) D. Yang, L. E. Kay. J. Biomol. NMR. 
1999, 13, 3. c) K. Ding, A. M. Gronenborn. J. Magn. Reson. 2003, 163, 208.  
30 M. Ottiger, F. Delaglio, A. Bax. J. Magn. Reson. 1998, 131, 373. 
31 P. Nolis, J. F. Espinosa, T. Parella, J. Magn. Reson. 2006, 180, 39. 
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2.2 NMR experiments vs. transfer mechanisms 

 
 Two general approaches can be described for the measurement of nJ(CH) as a function 
of the transfer mechanism used in a 2D heteronuclear shift correlation NMR experiment 
 

• NMR experiments based on the 1J(CH) + J(HH) transfer mechanism. Some examples 
are: HETLOC, HECADE, HSQC-TOCSY IPAP 

 
• NMR experiments based on a direct long-range 1H-13C transfer mechanism. Some 

examples are: HMBC, HSQMBC, EXSIDE 
 

There is no intention here to explain in detail some of these widely used NMR pulse 
schemes, which have been analyzed by former members of our NMR research group32. In 
order to situate the reader for the different pulse schemes that will be introduced in further 
sections of this thesis work, it was considered appropriate to merely describe the HSQC-TOCSY 
experiment as well as the HMBC and HSQMBC experiments because they contain enough 
information to understand the experiments that will be described later. 
 

2.2.1 The HSQC-TOCSY experiment 
 

2.2.1.1 The basic scheme 
 
The HSQC-TOCSY pulse sequence is derived from the basic HSQC experiment by 

inserting a TOCSY block at the end of the sequence. Phase-sensitive HSQC-TOCSY data can be 
acquired using the same principles discussed for the HSQC experiment, as, for instance, using 
the Echo/Anti-echo approach (Fig. 1.13).  
 

 

Figure 1.13. 1H-13C-HSQC-TOCSY pulse sequence using the Echo/Anti-echo method. Δ=1/(2·1J(CH)). Φ1= x,-x. Φrec= x,-x. 
G1:G2=80:20.1. 

The experiment can be described in two stages: in the first stage each proton directly 
attached to 13C is labelled according to 13C chemical shift in an “out and back” process (Fig. 
1.14) thanks to the 1H-13C HSQC block (green and red arrows). Then, in the second stage, a 

                                                            
32 a) P. Nolis. Disseny i aplicació de nous mètodes de RMN: Avenços en polarització creuada heteronuclear, mètodes d’estat de spin 

selectius i adquisició simultània de diferents espectres. PhD thesis. Director: T. Parella. Barcelona: Autonomus University of 
Barcelona. Chemistry Department. 2007. b) S. Gil. Diseño de nuevas metodologías en RMN basadas en la secuencia de pulsos 
HSQC. PhD thesis. Director: T. Parella. Barcelona: Autonomus University of Barcelona. Chemistry Department. 2011. 
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photonuclear transfer block extends the labeled component to the others protons belonging 
to the same spin system via J(HH) (black arrows).  
 
 

 

Figure 1.14. Magnetization transfer scheme for the HSQC-TOCSY experiment. 

 
2.2.1.2 The HSQC-TOCSY-PEP experiment 
 
As well as in HSQC experiment, a sensitivity enhancement can be reached by using the 

PEP methodology13 (Fig. 1.15). Such methodology allows us to obtain a sensitivity 
enhancement by a factor of √2 in IS spin systems with respect to the conventional HSQC-
TOCSY experiment. 

 

 

Figure 1.15. 1H-13C-HSQC-TOCSY-PEP pulse sequence using the Echo/Anti-echo method. Δ=1/(2·1J(CH)), Δ1= Δ for CH 
multiplicities, Δ1=1/(4·1J(CH)) for all multiplicities. Φ1= x,-x. Φrec= x,-x. G1:G2=80:20.1. 

 
Both HSQC-TOCSY and HSQC-TOCSY PEP experiments can be used to measure 

heteronuclear coupling constants33. The method involves the acquisition of separate coupled 
and decoupled HSQC-TOCSY experiments. The coupling constants are measured by taking two 
slices from the direct dimension through the correlation of interest and horizontally shifting 
one of the two spectra by a trial amount. By adding the two spectra together a new spectrum 
is obtained which is directly compared with an F2-slice taken from the 13C decoupled HSQC-
TOCSY. When an appropriate match is observed, one can extract the coupling constant by 
simply noting the horizontal displacement used in the trial fit.  

 
 
 

                                                            
33 K.E. Kover, V.J. Hruby, D. Uhrin. J. Magn. Reson. 1997, 129, 125. 
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2.2.1.3 Implementing IPAP into the HSQC-TOCSY-PEP experiment 
 

By using the IPAP principle a more accurate measurement of nJ(CH) coupling constants 
is achieved since the potential overlapping of the satellite α- and β- signals can be avoided. 
Two spectra are acquired, one of them showing pure IP multiplets, and the other one showing 
AP multiplets. After addition and subtraction of these two complementary spectra, two new 
sub-spectra are obtained, one of them showing the α- component of the satellite and the 
other one the β- component. It is important to highlight that the measurement is performed 
along the proton dimension where good resolution requirements are easily achieved, so that 
an accurate measurement of nJ(CH) is reached. In addition, because the TOCSY block preserves 
the α/β-13C spin state information, the relative sign of nJ(CH) can be measured by analyzing the 
relative displacement between α- and β- spectra. The pulse sequence for the acquisition of the 
IP data is of the same length as for the AP data, having the same pulses and therefore 
minimizing possible J cross-talk effects. The only difference is the phase of the last 90º 1H 
pulses: for IP data φ2=x and φ3=y, while for AP data φ2=y and φ3=x (Fig. 1.16). An example of 
the HSQC-TOCSY IPAP experiment on the strychnine molecule is shown in Fig. 1.17.  
 
 

 

Figure 1.16. 1H-13C-HSQC-TOCSY IPAP pulse sequence using PEP methodology. Δ=1/(2nJ(CH)). Φ1= x,-x. Φrec= x,-x. IP: Φ2=x, Φ3=y. 
AP: Φ2=y, Φ3=x. G1:G2 = 80:20.1 
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Figure 1.17. A) IP HSQC-TOCSY, B) AP HSQC-TOCSY, and C) Overlapped α- (IP+AP) and β- (IP-AP) spectra showing an expanded 
area corresponding to C8 and C16 carbon frequencies in strychnine. An accurate measurement of the magnitude and the sign of 

nJ(CH) is made by analyzing the relative displacement between α- and β- multiplets. 

 
 

In the case that J(HH) is close to zero (which means that no TOCSY transfer is reached), 
the experiment fails due to the fact that the double magnetization transfer mechanism, in the 
form of 1J(CH)+J(HH), is not fulfilled. Another inconvenient is that the experiment does not 
provide signal for non-protonated carbons. Other versions of the HSQC-TOCSY using the CLIP 
technique (See section 1.3.3, paragraph v., of this thesis work) or zero-quantum filters have 
been reported to measure nJ(CH). 
 

The use of Zero-Quantum filters:  
 

Zero-quantum (ZQ) coherences are a form of transverse magnetization and, although 
they are not detected, they can be transferred into observables signals producing AP 
dispersive components in the final spectrum. For instance, ZQ contributions lead to 
lineshape distortions in TOCSY spectra. Some years ago, Keeler and co-workers34 
proposed the use of an adiabatic 180º 1H pulse and a soft PFG simultaneously applied 
in order to remove ZQ contributions (Fig. 1.18).  

 

                                                            
34 M. Thrippleton, J. Keeler. Angew. Chem. Int. Ed. 2003, 42, 3938. 
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Figure 1.18. ZQ-filter scheme that consists of a simultaneous CHIRP 180º 1H pulse and a purging gradient followed by 
a single short gradient, all they placed between two 90º 1H pulses. 

The frequency-swept pulse flips the spins in different positions of the sample 
producing different evolutions for the ZQ terms. If the new phases created are enough, 
an efficient cancelation of ZQ terms is achieved. In Fig. 1.19 it is shown the better 
performance of a 1D selective TOCSY experiment using the ZQ filter. The results can be 
extrapolated into the HSQC-TOCSY experiment where the application of ZQ filters is 
highly advisable to obtain better quality spectra. 

 

 

Figure 1.19. A) 1H NMR spectrum of strychnine, B-C) conventional and ZQ filter version of the 1D-selective TOCSY experiment 
after selective inversion of the H15a proton, respectively. Notice that pure in-phase lineshapes are obtained in C) after a 

successful removal of ZQ contributions. 

 

2.2.2 The HMBC experiment 
 

The Heteronuclear Multiple Bond Correlation (HMBC) experiment24 can be considered 
as the long-range correlation version of the HMQC experiment. It usually provides two- and 
three-bond correlations with non-protonated nuclei. Fig. 1.20 shows the most basic HMBC 
pulse scheme that uses PFGs, so that the undesired signals from protons attached to 12C are 
efficiently removed. The rules to optimize the gradient ratios are similar as discussed for 
HMQC. 
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Figure 1.20. Basic 1H-13C-HMBC pulse sequence. Δ=1/(2nJ(CH)). G1:G2:G3=50:30:20. 

 
Because long-range proton-carbon coupling constants (nJ(CH); n>1) values cover a 

range from 0 to 15 Hz, the experiment is usually acquired with a Δ period optimized to 5-8 Hz, 
which means that the inter-pulse delay lasts about 60-70 ms, whereas in HSQC/HMQC pulse 
sequences such delay lasts about 3.5 ms (usually optimized to 1J(CH)=140 Hz). For that reason, 
the normal refocusing period is avoided, otherwise the pulse sequence becomes too large and 
relaxation losses are more severe. As a result, the proton signal is acquired as AP 2IxSz 
magnetization; therefore, the experiment must be recorded without carbon decoupling.  
 
  nJ(CH) and J(HH) coupling constants evolve simultaneously and similarly during the 
inter-pulse delay because their typical values are covered by the same range, so that the 
signals appear highly phase-twisted and therefore the determination of nJ(CH)  values is not an 
easy task. For clarity purposes, a processing step in magnitude mode is usually advisable for a 
qualitative analysis of HMBC spectra. Another important factor to take into account is that 
signal intensities in HMBC experiments depend on nJ(CH) values and on the inter-pulse delay as 
 

 
 

Thus, some expected cross-peaks having a small nJ(CH) value could be missing or they 
could present very low intensity. Over the years, different improvements have been 
implemented in HMBC experiment in order to obtain better results35, like for instance low-pass 
J-filters to remove one-bond correlation, or constant-time periods to achieve better peak 
appearance along the indirect dimension.  
 
 

2.2.3 The HSQMBC experiment 
 

2.2.3.1 The basic pulse scheme 
 
The HSQMBC experiment25 is a long-range optimized version of the HSQC experiment. 

It is based on the heteronuclear polarization transfer through nJ(CH), via SQ coherences during 
the Δ delay as well as during t1. Similarly to the HMBC experiment, its transfer mechanism 

                                                            
35 a) J. Furrer. Concepts Magn. Reson. 2012, 40A, 101. b) J. Furrer. Concepts Magn. Reson. 2012, 40A, 146. 
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allows to obtain correlations between protons and both protonated and non-protonated 
carbon atoms separated by more than one bond (Fig. 1.21). The signal intensity will also 
depend on the nJ(CH) value and the Δ delay, as a function of sin(πnJ(CH)Δ). 

 

 

Figure 1.21. Magnetization transfer scheme for the HSQMBC experiment. 

 
HSQMBC has a great advantage with respect to the HMBC experiment because J(HH) 

evolution is not present during the t1 period. In addition, data can be presented in a phase-
sensitive mode with pure absorption lineshapes which means that is perfectly suitable for the 
measurement of nJ(CH). However, since J(HH) and nJ(CH) values have similar sizes, 
simultaneous evolution of J(HH) and nJ(CH) during the inter-pulse delay can cause the 
appearance of phase distorted cross-peaks and/or producing an important decrease of signal 
intensities. Since no refocused INEPT is applied for the same reasons as in HMBC experiments, 
the final magnetization is recorded in AP mode with respect to the active nJ(CH) (Fig. 1.22). 

 

 

Figure 1.22. Basic pulse scheme of the 1H-13C-HSQMBC experiment. Δ=1/(2nJ(CH)). Φ1= x,-x. Φrec= x,-x. G1:G2 = 80:20.1 

 
This fact might cause partial cancelation of long-range correlation cross-peaks or a 

maxima peak shifted. When the correlation cross-peaks appear as a singlets or doublets, a 
direct analysis from the AP signals can be done in a rather simple way. Nonetheless, in cases 
where the correlation cross-peaks appear as a more complex multiplet or when the nJ(CH) 
value is small, a tedious and time-consuming fitting procedure is mandatory36. Such procedure 
requires an individualized fitting analysis for each cross-peak in which a reference peak is 
needed. To extract the heteronuclear coupling constant two signals from the 1H NMR 
spectrum must be added in the following way: the first one in its conventional shape, and the 

                                                            
36 R. A. E. Edden, J. Keeler. J. Magn. Reson. 2004, 166, 53. 
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second one inverted and shifted until a similar pattern to the heteronuclear correlation is 
reached. The performed relative shift until a perfect fitting is achieved will indicate the 
magnitude of the nJ(CH) (Fig. 1.23). If the original 1H NMR signal appears overlapped it is also 
possible to use the 1D projection of a 2D HSQC cross-peak as a reference.  
 

 

Figure 1.23. Fitting procedure to extract nJ(CH) from HSQMBC multiplet patterns: A) expanded area showing the two-bond 
H11b-C12 cross-peak. B) 1D trace. C) two identical shifted multiplets (one of them inverted) obtained from the conventional 1H 

NMR spectrum. D) 2J(C12H11b) adjusted signal. 

 
Due to the problems associated to the simultaneous evolution of J(HH) and nJ(CH) 

coupling constants, several improvements have been proposed in the original HSQMBC pulse 
sequence. The most important are a) the implementation of BIRD block and b) the use of a 
180º pulse train known as Carr-Purcell-Meiboom-Gil (CPMG) block.   
 
 

2.2.3.2 The BIRD block: HSQMBC-BIRD experiment 
 
The BIRD block37 is generally used for two main purposes: a) to selectively observe the 

protons bound to 13C and suppress those bound to 12C after an inversion recovery period, and 
b) to differentiate direct (1J(CH)) from long-range heteronuclear correlations (nJ(CH)) thanks to 
the large difference in their values (120-210 Hz vs. 0-12 Hz, respectively). Two different BIRD 
blocks are available: the BIRDx block, which is able to invert 1J(CH) correlations while nJ(CH) are 
unaffected; and the BIRDy block, which has the opposite effect (Fig 1.24).  

 
 

 

Figure 1.24. The BIRDx (right) and BIRDy (left) blocks. Δ is adjusted according to the 1J(CH) value. 

                                                            
37 D. Uhrín, T. Liptaj, K. E. Kövér. J. Magn. Reson. A. 1993, 101, 41. 

 



2. Measurement of nJ(CH) 

32 
 

The BIRDy block is able to refocus the magnetization of the spin system into spin-echo 
periods, so that both chemical shift and homonuclear scalar coupling constants between I 
spins do not evolve during the Δ delay (Fig. 1.25).  

 

 

Figure 1.25. Magnetization transfer for the BIRDy block. I nucleus stands for 1H and S nucleus stands for 13C. 

 
In addition, the BIRDy block is able to differentiate protons attached to 13C nucleus 

from those attached to 12C. Since 12C-bound protons have no one-bond heteronuclear 
coupling, only their chemical shifts evolve during the Δ delay. These are subsequently 
refocused by the 180º 1H pulse so that at the end of the second Δ period, the second 90º 1H 
pulse places magnetization along the –z-axis producing the desired inversion of the 1H–12C 
resonances. For those spins that possess a heteronuclear coupling, chemical shifts will be 
refocused as well, so only the effect of the coupling has to be taken into account. After the 
second Δ delay, the magnetization lies along y-axis and is finally returned to +z-axis by the 
action of the final proton pulse, in such a way that it is as if the BIRD has never appeared for 
them. 
 

As an application of the BIRDy module, Fig. 1.26 shows the pulse scheme for the 
HSQMBC-BIRD experiment38 which is an HSQMBC experiment where the direct 1J(CH) 
responses are minimized and J(HH) are partially refocused (except for 2J(HH)).  
 

 

Figure 1.26. 1H-13C HSQMBC-BIRD experiment. Δ=1/(2nJ(CH)). Φ1= x,-x. Φrec= x,-x. G1:G2:G3 = 80:20.1:17. 

                                                            
38 B.L. Marquez, W.H. Gerwick, R.T. Williamson. Magn. Reson. Chem. 2001, 39,  499. 
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2.2.3.3 The CPMG pulse train: HSQMBC-CPMG experiment 
 

It has been also reported that by applying a CPMG pulse train using composite π pulses 
and optimized inter-pulse delays (τ) within the CPMG cycle39, the effect of undesired 
homonuclear J(HH) modulation from HSQMBC-like sequences could be minimized (Fig. 1.27). 
In theory, IP multiplets with respect to J(HH) should be obtained so that nJ(CH) could be 
efficiently extracted from the resulting cross-peaks because no phase distortions should be 
expected. In this way the accuracy of the nJ(CH) value would be mainly limited by the SNR of 
the corresponding cross-peak.  
  

 

Figure 1.27. 1H-13C-CPMG-HSQMBC pulse sequence. The inter-pulse delay τ is usually adjusted around 200-400 μs, and the 
overall evolution period (2n*τ) is adjusted for long-range correlations (typically about 60-70 ms). Φ1  and Φ2 are incremented 

according to XY-16 cycles within the CPMG sequence. Φ3= x,-x. Φ4= x,x,-x,-x. Φ5= x,x,x,x,-x,-x,-x,-x. Φrec= x,-x,x,-x,-x,x,-x,x. 
G1:G2:G3:G4 = 80:20.1:15:10. 

 
 It has been accepted that J(HH) coupling constants cannot be completely removed for 
all spin systems using CPMG and the use of very short inter-pulse delays (τ ≤ 400 μs) can put in 
serious troubles the limits of the probehead due to sample heating effects. In addition, 
homonuclear TOCSY transfer can be also effective during the CPMG period. 
 
 

2.2.3.4 The combined GBIRD-CPMG-HSQMBC experiment 
 
Williamson and co-workers published the GBIRD-CPMG-HSQMBC experiment40 where 

the concepts of BIRD and CPMG were implemented into the same pulse sequence (Fig. 1.28). 
In theory, HSQMBC spectra with minimum distortions should be obtained (Fig. 1.29).  
 

                                                            
39 K. E. Kövér, G. Batta, K. Fehér. J. Magn. Reson. 2006, 181, 89.  
40 L. Valdemar Jr, V. Gil, M. G. Constantino, C. F. Tormena, R. T. Williamson, B. Marquez. Magn. Reson. Chem. 2006, 44, 95. 
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Figure 1.28. 1H-13C-GBIRD-CPMG-HSQMBC pulse sequence. Δ’=1/(2nJ(CH)), τ=200 μs. Φ1= x,-x. Φrec= x,-x. G1:G2:G3:G4 = 
8:2:2.5:2.5:1 

 

 

Figure 1.29. A) GBIRD-CPMG HSQMBC spectrum of strychnine, B) expanded area of the H11a-C12 and H11b-C12 cross-peaks, C) 
expanded area of the H11a-C10 and H11b-C10 cross-peaks. 

 
Nevertheless, the experiment still has certain problems that prevent its general 

implementation in routine protocols: 
 
• Strong dependence with the heteronuclear offset. 
• Sample heating effects due to the short delays used in the CPMG pulse train. 
• TOCSY signals coming from the CPMG pulse train. 
• Lower sensitivity than other approaches due to t1(rho) relaxation. 
• Non perfect J(HH) refocusing. 
• A fitting procedure is still required for the measurement of heteronuclear coupling 

constants from AP coupling patterns. An external reference is also required. 
 



I. Introduction 

35 
 

2.2.3.5 Implementing the IPAP methodology in HSQMBC-like sequence 
 

The implementation of the IPAP methodology into the HSQMBC experiment was 
carried out by our research group41 in order to avoid what very often tends to be a tedious and 
time-consuming analysis of AP multiplets for the extraction of nJ(CH) coupling constants . The 
first idea was to use the HSQMBC-IPAP as it is done in the HSQC-TOCSY IPAP experiment. For a 
successful implementation of such methodology it is very important to keep IP signals with 
similar intensities as for the AP signals to avoid the use of scaling k factors and to minimize J 
cross-talk effects.  
  

The HSQMBC IPAP experiment 
 
When a refocused INEPT is inserted after the free evolution period t1 of a HSQMBC 
experiment, the AP 2IzSx component is converted into IP Iy magnetization. An easy way 
to obtain AP multiplets without changing too much the pulse sequence can be reached 
by using a proton spin echo period instead of a R-INEPT transfer (Fig. 1.30). This is 
achieved by omitting the 180º heteronuclear pulse (marked with ε) and by changing 
the phase of the last 90º 1H pulse (marked with Ψ) so that heteronuclear coupling 
constant refocusing does not take place.  
 

 

Figure 1.30. 1H-13C-HSQMBC IPAP pulse sequence. Δ=1/(2nJ(CH)). Φ1= x,-x. Φ2= x,x,-x,-x. Φrec= x,-x,-x,x. IP: Ψ= y, ε= on. 
AP: Ψ= x, ε= off. G1:G2:G3:G4:G5:G6= 80:20.1:33:50:17:11 

 
In what follows, an extensive analysis using the product operator formalism is made in 
order to completely understand what is happening with the magnetization 
components during the entire pulse sequence, and how IP and AP data are obtained. 
Such analysis is performed here because most of the sequences that will be introduced 
in further sections are based in the refocused version of the HSQMBC pulse scheme 
containing the IPAP methodology.  
 
Let us consider a I nucleus (1H) long-range coupled with a heteronuclear S spin (13C), 
with a small nJ(IS) coupling value. It is clear that simultaneous J(HH) evolution will take 
place during the inter-pulse Δ delays but, for clarity purposes, all the magnetization 
components due to such simultaneous evolution will be neglected.  From the 
beginning of the pulse sequence (a point in Fig. 1.30) until the G1 encoding gradient is 

                                                            
41 S. Gil, J. F. Espinosa, T. Parella. J. Magn. Reson. 2010, 207, 312. 
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applied after the t1 period (e point in Fig. 1.30), the evolution of the magnetization has 
already been analyzed42 (see previous sections 1.1.1 and 1.3.1 of this thesis work). 
Until that point, and even after applying the subsequent 90º 13C pulse, the pulse 
sequence, and thus, the evolution of the magnetization is exactly the same for both IP 
and AP data.  

 

 
 

Henceforth, IP and AP data will follow different pathways and they are analyzed 
separately: 
 
 

 

                                                            
42 Although such analysis was performed for the HSQC pulse sequence, same rules are applicable here since the only difference is 
related to the optimized Δ delay (one-bond optimized vs. long-range optimized). 
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After addition and subtraction of the IP and AP data, two new α- and β- sub-spectra, 
are obtained, where the magnetization components are parallel with respect to the I 
spin magnetization: 

 

 
 

When considering not only a I nucleus long-range coupled with a S spin, but also 
coupled with other nucleus I by means of J(II), the final expressions change to:  

 

 
 

Very importantly, the percentage of cross-talk generated in such addition/subtraction 
(IP ± AP) procedures due to the non equivalence between IP and AP data is an 
important issue to evaluate. Ignoring important relaxation differences in small 
molecules, the amount the cross-talk in a given multiplet will be proportional to the 
sin2(2πJISΔ) - sin(2πJISΔ) factor and the percentage of cross-talk with respect to the 
overall multiplet sensitivity is defined by: 

 

 

Equation 11 

 
As an example, if the Δ delay is optimized to 6 Hz with a JIS  = 4.0 Hz, the percentage of 
cross talk would be 7,2%. 
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2.2.3.6 The GBIRD-HSQMBC IPAP experiment 
 
In order to minimize the effects of J(HH) evolution, as well as 1J(CH) responses, a GBIRD 

filter can be inserted into the INEPT block giving as a result the GBIRD-HSQMBC IPAP 
experiment41 (Fig. 1.31).  

 

 

Figure 1.31. 1H-13C-GBIRD-HSQMBC IPAP pulse sequence. Δ=1/(2nJ(CH))=2Δ1+2Δ2+2Δ3; where Δ1=1/(8nJ(CH)), Δ2=Δ1-Δ3 and 
Δ3=1/(21J(CH)). Φ1= x,-x. Φ2= x,x,-x,-x. Φrec= x,-x,-x,x. IP: Ψ= y, ε= on. AP: Ψ= x, ε= off. G1:G2:G3:G4:G5:G6= 80:20.1:33:50:17:11.  

Any J(HH) evolution that modifies the shape of the IP and AP cross-peak patterns is 
produced in a complementary way in both experiments. That modulation is equally preserved 
in the α- and β- spectra and therefore they would present the same phase distortions, allowing 
the measurement of nJ(CH) in a simple manner by analyzing the relative α/β- displacement 
along the detected dimension (Fig. 1.32).  
 

 

Figure 1.32. A) GBIRD-HSQMBC IP data, B) GBIRD-HSQMBC AP data, and C) expanded area at the C21 carbon frequency showing 
some of the α-/β- cross-peaks. Note that the extraction of the magnitude of the coupling constant is performed from the 1D 

slices. 
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2.3 Implementing frequency-selective 180º 1H pulses: the selHSQMBC 
IPAP experiment 

 
Despite the fact that GBIRD-HSQMBC IPAP experiment has proved efficient for the 

measurement of nJ(CH) in both protonated and non-protonated carbon atoms, the modulation 
of the intensity by the homonuclear J(HH) couplings still remain as the most important 
drawback to overcome. A very simple solution to avoid such J(HH) interferences in HSQMBC 
pulse schemes was proposed by our research group43. It is based on the implementation of 
frequency-selective 180º 1H pulses during the INEPT blocks. Although that idea can be 
implemented in the original non-refocused HSQMBC experiment where the resulting cross-
peaks would present AP coupling pattern with respect to the active nJ(CH) and pure IP pattern 
with respect to all passive J(HH), accidental line cancelation and/or complex analysis of AP 
multiplets could still remain, meaning that tedious and time-consuming fitting procedures 
would be required. To solve that problem a powerful approach for the simple, direct and 
accurate determination of nJ(CH) has been described, denoted as selHSQMBC IPAP 
experiment43. It is based on the incorporation of the IPAP principle into the selHSQMBC pulse 
scheme (Fig. 1.33), and combines the features of the selHSQMBC-IP and selHSQMBC-AP 
experiments.  The IP data, generated using Ψ= y and ε = on, present a sin2(πnJ(CH)Δ) intensity 
dependence, whereas the AP data, obtained using Ψ= x and omitting the last 180º 13C pulse to 
avoid J(CH) refocusing (ε = off), present a simple sin(πnJ(CH)Δ) intensity dependence. These 
time-domain data are added/subtracted to afford pure-phase α/β-selHSQMBC spectra.  
 

 

Figure 1.33. 1H-13C-selHSQMBC IPAP pulse sequence. Δ=1/(2nJ(CH)). Φ1= x,-x. Φ2= x,x,-x,-x. Φrec= x,-x,-x,x. IP: Ψ= y, ε= on. AP: Ψ= 
x, ε= off. G3 and G4 gradients act as zz-purge gradient filters, G5 and G6 are used for refocused heteronuclear gradient echo and 

G1 and G2 are used for coherence selection. G1:G2:G3:G4:G5:G6= 80:20.1:33:50:17:11. 

 
The nJ(CH) coupling constant value can be extracted by direct analysis of the relative 

frequency displacement between α/β- cross peaks (Fig. 1.34). As a very important point to 
highlight, the measurement is performed along the detected dimension, which is not a 
practical problem because the frequency-selective nature of the experiment allows the use of 
reduced spectral widths and the relatively long acquisition time needed to reach high levels of 

                                                            
43 S. Gil, J.F. Espinosa, T. Parella. J. Magn. Reson. 2011, 213, 145. 
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digitalization can be compensated by the use of short pre-scan delays for an optimal 
relaxation. Therefore, the number of t1 increments is only dependent on the degree of signal 
congestion in the 13C dimension. 
 

 

Figure 1.34. selHSQMBC IPAP after selective inversion of H15a in strychnine. A) IP data, B) AP data, C) α-spectrum (IP+AP) and 
D) β-spectrum (IP-AP). Note that the magnitude of nJ(CH) can be extracted with high accuracy by analyzing the relative 

displacements of α- and β- spectra from their 1D projections. 

 
 

 

 

 

 

 



 

 

 

 

 

 

 

 

II. OBJECTIVES 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



II. Objectives 
 

43 
 

Evaluation of existing experiments 

The first objective of this thesis was to evaluate and to compare the existing NMR 
methods developed to measure long-range heteronuclear coupling constants, in order to 
better understand the advantages/drawbacks of each methodology.  

 

Design of new NMR methods 

A second general objective was to design new NMR methods to overcome the different 
drawbacks found when measuring such coupling constants. They can be resumed as: 

• How to obtain an accurate measurement of small long-range proton-carbon 
coupling constants (nJ(CH)), with special emphasis to magnitudes smaller than 2-3 
Hz. 

• How to perform such measurements for both protonated and non-protonated 
carbon atoms. 

• How to determine the relative sign information of nJ(CH). 

• How to measure nJ(CH) for any type of multiplet pattern, independent of its 
complexity and degree of signal overlapping. 

 

Pursuing the ideal situation 

Another main objective was the development of NMR techniques that yield the 
maximum spectroscopic information with the minimum experimental time, and if possible, in a 
single-shot NMR experiment. Such experiment should be easy to implement and should be as 
robust and accurate as possible. In addition, the extraction of the relevant NMR parameters 
(mainly focused on coupling constants) should be done in a straightforward way, without 
extensive and sophisticated post-processing tasks. 

 

Experimental aspects to take into account 

Some key features that would define a specific NMR method as an ideal tool to measure 
coupling constants can be explained in terms of experimental aspects (resolution, sensitivity 
and general applicability of the method) and further data manipulation (simplicity and 
accuracy of the measurement). We wanted to concentrate our efforts to develop new 
methods that should meet a number of basic conditions: 

• Good sensitivity to obtain NMR data in a reasonable experimental time. 

• Optimal spectral resolution in both detected and indirect dimensions. 

• General applicability covering a wide range of conditions and situations (spectral 
complexity of the molecule and its degree of accidental signal overlap, the 
number and nature of cross-peaks to be analyzed from a single NMR spectrum, 
etc.). 
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• The method should be simple in terms of data acquisition, data analysis, 
processing, and spectral interpretation. 

• The method should provide an accurate and precise measurement, if possible, 
through a simple and direct analysis of cross-peaks, and without complex post-
processing data manipulation. 

 

Most of the times the ideas came to us as the new NMR methods were being developed. 
The starting point was the prior knowledge and experience of our research group and some of 
our previous developed NMR techniques, with special emphasis to the selHSQMBC experiment 
and the IPAP methodology.  
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This section contains the results obtained during my PhD that have been published in 
different scientific journals as eight individual original research papers. In each publication a 
different experiment is described either for the measurement of long-range heteronuclear 
coupling constants or for the simultaneous measurement of both heteronuclear and 
homonuclear coupling constants. 

Since every published paper has gone through a review process by NMR experts, not 
much attention is devoted to the discussion of the results beyond what is discussed in each 
publication. Nevertheless, a little introduction is presented for each one of the published 
papers, as well as an expansion of the results in some cases. 

It has been considered appropriate to introduce the publications in such a way that a 
logical thread is followed, instead of presenting them in a chronological order. Therefore, the 
publications have been divided as follows: 
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1. Introduction 

 A very simple experiment for the measurement of the magnitude of nJ(CH) coupling 
constants, denoted as CLIP-selHSQMBC (where CLIP stands for CLean In-Phase) is presented.  

 The pulse sequence is closely related to the selHSQMBC IPAP experiment to obtain IP 
data1 but with a slight modification: a 90º carbon purge pulse is inserted at the end of the 
pulse sequence, just prior to the acquisition, in order to remove unwanted AP components 
that would difficult the extraction of nJ(CH)2.  The paper evaluates how the presence/absence 
of such purge pulse can affect the accuracy of the measurement of heteronuclear coupling 
constants in HSQMBC-like sequences. In the resulting CLIP-HSQMBC spectra, nJ(CH) values are 
directly measured from pure in-phase multiplets patterns. The extraction is performed by 
analyzing the additional splitting due to the heteronuclear coupling constant with respect to 
those multiplets from the conventional 1H NMR spectrum. In cases of resolved signals the 
measurement can be made in terms of peak separation or from the difference of the outer 
peaks with respect to those of the multiplets from the conventional 1H NMR spectrum. For 
non-resolved multiplets a fitting procedure taking the internal satellite line obtained from a 
1J(CH) cross-peak as a reference, is required.  

In HSQMBC-like experiments the signal intensity is directly correlated to the magnitude 
of the heteronuclear coupling constant. In order to measure small nJ(CH) values, a TOCSY block 
can be inserted at the end of the pulse sequence to extend the information along the 
complete spin system. Thanks to the application of ZQ-filters, non-distorted pure IP TOCSY 
multiplets are reached and the measurement can efficiently be performed3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                            
1 See section 2.3 of this thesis work. 
2 See section 1.3.3, paragraph v., of this thesis work. 
3 See section 2.2.1.3 of this thesis work. 
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the magnitude and the sign of small heteronuclear coupling 
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1. Introduction 
 

In this publication, a powerful NMR experiment for the measurement of the magnitude 
and the sign of small nJ(CH) coupling constants on protonated and non-protonated carbon 
atoms is introduced, denoted as selHSQMBC-TOCSY IPAP, solving thus one of the most 
important challenges that still remained. As it has been mentioned in the Introduction section, 
two transfer mechanisms can be feasible when measuring the magnitude of nJ(CH): 

 
a) HSQC-TOCSY-like experiments based on 1J(CH) + J(HH)  
b) HMBC or HSQMBC-like experiments based on the direct n(JCH) transfer.  
 
A new experiment based on the additive nJ(CH) + J(HH) coupling transfer mechanism is 

introduced (Fig. 3.01). This concept came to us with the idea to design an NMR experiment 
able to extend the nJ(CH) information obtained in HSQMBC-like sequences to a given spin 
system via J(HH) transfer mechanism. In addition, a preservation of the α/β 13C spin state 
information is expected, obtaining thus the relative sign information of the nJ(CH), as occurs in 
conventional HSQC-TOCSY-like experiment. 

 
 

 

Figure 3.01. Basic magnetization transfer scheme for the selHSQMBC-TOCSY experiment. 

 
 
In HSQC and HSQC-TOCSY experiments there is an important difference between the 

magnitudes of 1J(CH) and J(HH) values, and therefore the undesired effects on J(HH) 
modulation can be neglected during the INEPT transfers. However, both nJ(CH) and J(HH) have 
similar values and they simultaneously evolve during INEPT transfers found in HSQMBC-like 
sequences. The result is phase-distorted cross-peaks, making difficult the analysis of the 
multiplets and preventing an easy and accurate extraction of the nJ(CH) value.  

 
To overcome such drawback, selective 180º 1H pulses in HSQMBC-like sequences are 

used in order to avoid any J(HH) evolution1,2. At the same time, it will be shown how the 
addition of a J(HH) transfer block is perfectly suitable to extend the information through a 
given spin system, as well as how the use of the IPAP methodology leads to an accurate 
measurement of the magnitude and the sign of small nJ(CH) coupling constants. 

 
The method uses a ZQ-filter element, consisting of an adiabatic chirp pulse applied 

simultaneously with a weak PFG, which converts undesired ZQ contributions into non-

                                                            
1 S. Gil, J. F. Espinosa, T. Parella. J. Magn. Reson. 2011, 213, 145. 
2 See section 2.3 of this thesis work. 
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observable MQ coherences,3 so that cleaner spectra showing pure phase multiplet patterns 
are obtained (Fig. 3.02). 

 
 

 

Figure 3.02. Basic description of the IP and AP data in selHSQMBC-TOCSY experiment. 

 
Very importantly, the signal intensity of the relayed nJ(C-H2) cross peak (displayed in Fig. 

3.01) not depends on its own value but on the initial nJ(C-H1)+J(H1-H2) transfer.  
 

  

 

 

 

 

 

                                                            
3 See section 2.2.1.3 of this thesis work 
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1. Introduction  
 
In this publication, an hybrid selHSQMBC-COSY experiment is presented, in where the 

information obtained in a standard selHSQMBC experiments is extended to neighbouring 1H 
nuclei by a COSY transfer (Fig. 3.03). The experiment is related to the selHSQMBC-TOCSY IPAP 
experiment described in the previous Publication 2.  

 
 

 

Figure 3.03. Basic magnetization transfer scheme for the selHSQMBC-COSY experiment. 

 
 

 
Taking into account that the intensity of a relayed 3J(C-H2) cross-peak only depends on 

the initial 2J(C-H1) value and the efficiency of the proton-proton transfer, one can conclude 
that: 

 
• If the initial transfer step is a 2-bonded correlation (2J(C-H1)), the COSY transfer to 

the most adjacent proton (from H1 to H2) would give us a 3J(C-H2) cross-peak. 
• If the initial transfer step is a 3-bonded correlation (3J(C-H2)), the COSY transfer 

would give us information of a 4J(C-H3) or 2J(C-H1) connectivity. 
 

The paper presents an alternative way to measure the magnitude and the sign of small 
proton-carbon coupling constants for protonated and non-protonated carbon atoms, being its 
main advantage that a more simple and shorter pulse sequence than the selHSQMBC-TOCSY 
experiment is used and a sensitivity penalty due to additional relaxation losses is highly 
reduced.  

 
With a slightly modification in the original selHSQMBC pulse sequence, which consists to 

change the selective 180º 1H by a hard pulse in the R-INEPT period, a COSY transfer is 
successfully achieved. In this way, simultaneously evolution of J(HH) and nJ(CH) takes place 
causing the appearance of AP contributions in the resulting multiplets. However, it is 
demonstrated that the IPAP methodology equally preserves such distortions for the α- and β- 
cross-peaks making possible an easy extraction of the magnitude of the coupling constant by 
analysing their relative displacements. Besides that, the experiment preserves all the benefits 
of the selHSQMBC-TOCSY experiment.  
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2. Extension of the results 

 Strychnine molecule has been largely used as a standard compound to test our 
experiments because it displays a very interesting 1H NMR spectrum in terms of peak 
dispersion and complexity. Nonetheless, an example of a more complex system is also 
presented as an extension of our results, and to show how the proposed experiments properly 
works even for molecules presenting high overlapped regions in their 1H NMR spectrum, like, 
for instance, the steroid progesterone.  

 Fig. 3.04 compares the analogues α/β- selHSQMBC-COSY and the selHSQMBC-TOCSY 
spectra after selective inversion of all the non-mutually coupled protons resonating at 1.7-2.1 
ppm in progesterone. For a better visualization, an expanded area containing the quaternary 
C3 and C5 carbons is presented. Despite distorted cross-peaks are obtained in selHSQMBC-
COSY spectrum, the measurement of both the magnitude and the sign of nJ(CH) can be made 
with high accuracy and simplicity, and with a strong agreement with the results obtained from 
the equivalent selHSQMBC-TOCSY experiment. 

 

 

Figure 3.04. A) Expanded area of the α/β- selHSQMBC-COSY and B) α/β- selHSQMBC-TOCSY spectra in 
progesterone. 
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1. Introduction  

In this publication, different versions of the selHSQMBC-TOCSY experiment are proposed 
for the fast an easy determination of the relative sign of heteronuclear coupling constants in 
other heteronuclei than 13C and examples are provided for 19F, 29Si, 31P, 77Se and 119Sn. A TOCSY 
block properly inserted at the end of selHSQMBC pulse sequence is able to extend nJ(CH) 
information through a complete spin system via J(HH) transfer, preserving the α/β- spin state 
information of the heteronucleus in such a way that the relative sign can be easily extracted. 

A 1D mode version of the experiment is proposed for those compounds having only one 
single heteronucleus of interest. Additionally, another version without PFGs for coherence 
selection is introduced for those compounds containing high natural abundance nuclei.  

A non-refocused version of the selHSQMBC experiment leads to AP multiplets with 
respect to the active J(XH). Thanks to the application of the selective 180º 1H pulses any J(HH) 
modulation is efficiently removed , and therefore pure-phase signals without undesired J(HH)  
contributions are obtained. We denoted this method as Up&Down (U&D) technique since the 
extraction of the relative sign information is achieved by analysing the relative up/down or 
down/up of the AP multiplet pattern.  

For an accurate measurement of the nJ(XH) value, two different 1D versions of the 
refocused selHSQMBC-TOCSY IPAP experiment are also proposed. One of them uses PFGs for 
coherence gradient selection, whereas the second omits them. We termed this method as 
Left&Right (L&R) technique since the measurement of the magnitude and the sign is achieved 
by analysing the relative left/right or right/left displacement of the pure IP α/β- multiplets.  
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1. Introduction 

 In this publication, the effects of J(HH) modulation into the phase multiplet pattern of 
cross-peaks obtained in HSQMBC-like and HMBC-like pulse sequences are evaluated. It is 
shown how the IPAP methodology is able to equally preserves the undesired effects of J(HH) 
evolution in α- and β- selHSQMBC spectra, because the distorted cross-peaks obtained in both 
IP and AP data are equivalent1. J(HH) modulation effects are first tested by simultaneously 
inversion of two mutually coupled protons, and then the IPAP methodology is implemented 
into broadband versions of the regular HSQMBC and HMBC experiments in order to 
extrapolate the obtained results for the entire proton signals.  

It is also shown how, with a slightly modification in the pulse schemes, an hybrid HMBC-
COSY experiment can be easily designed, becoming a good complementary tool to the 
analogue HMBC counterpart, with the aim to obtain new cross-peaks that might be missing in 
the regular HMBC experiment due to the intensity dependence with respect to the magnitude 
of nJ(CH) value. Such strategy is also performed for a broadband version of the HSQMBC pulse 
sequence. One the other hand, an assessment on the J cross-talk effects using the IPAP 
methodology is also presented. 

The main goal of this publication was to design NMR methodologies for the 
measurement of heteronuclear coupling constants that could work in a broadband manner, 
avoiding thus the use of selective pulses and reducing spectrometer time. In addition, the 
proposed methods can be recorded with minimum set-up calibration under full automation 
conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                            
1 See Publication 3 in this thesis work 
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2. Extension of the results 

 To demonstrate the reliability we show the results obtained in a more complex molecule 
like progesterone.  

 In Fig. 3.05 it is shown the magnitude of nJ(CH) coupling constants belonging to 
quaternary carbons C3 and C5 from the selHSQMBC-TOCSY IPAP experiment after selective 
inversion of all the protons resonating at 1.7-2.1 ppm. Below (Fig. 3.06B) it is shown the same 
expanded area using the HMBC IPAP experiment. Despite the fact that some small values are 
missing in the HMBC IPAP due to the direct signal intensity dependence with the nJ(CH) value, 
it is clearly visible an excellent agreement between both experiments.  

   

 

 

Figure 3.05. Expanded areas and 1D traces corresponding to C3 and C5 carbons of progesterone showing the A) 
α/β- selHSQMBC-TOCSY  and B) α/β- HMBC IPAP spectra after selective inversion of all the protons resonating at 

1.7-2.1 ppm. For clarity, cross-peaks in B) appear in magnitude mode and their twisted-phase lineshapes are 
clearly distinguished in the corresponding 1D projections.   
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 The complementarity between HMBC and HMBC-COSY IPAP experiment is also 
evaluated. While HMBC IPAP experiment only shows correlations with high nJ(CH) values,  
three new cross-peaks appeared in the HMBC-COSY IPAP experiment (highlighted with a grey 
box) at the C5 carbon frequency, corresponding to very small nJ(CH) values (<1.5 Hz) (Fig. 3.06). 

 

 

Figure 3.06. Expanded areas and 1D traces corresponding to C3 and C5 carbon frequencies showing the A) α/β- 
HMBC IPAP and B) α/β- HMBC-COSY IPAP spectra. 1D slices from C5 are shown on the right. Grey boxes stands to 

highlight the new COSY cross-peaks. 

 

Another example to demonstrate the excellent complementarity between the HSQMBC-IPAP 
and the HSQMBC-COSY-IPAP experiments is given in Fig. 3.07 but this time using a silvered 
compound to measure long-range 1H-109Ag coupling constants. 
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Figure 3.07. A) HSQMBC IP data, B) HSQMBC-COSY IP data, C) α/β- 1D slices from HSQMBC IPAP, and D) α/β- 1D 
slices from HSQMBC-COSY IPAP. At the bottom of the figure it is shown the conventional 1H NMR spectrum. Grey 

boxes stands to highlight the new appeared cross-peaks
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1. Introduction 

In this publication, a new proton-selective NMR experiment, denoted as Pure Exclusive 
or P.E.HSQMBC, is presented to measure simultaneously J(HH), 1J(CH) and nJ(CH) coupling 
constants in a three 1Ha-1Hb-C spin-system. In addition, the experiment is also able to extract 
the relative sign of the J(HH) 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 J(HH) modulation during the evolution periods. 
It is shown how the concepts of J-resolved spectroscopy as well as the E.COSY principle can be 
fully complementary to the IPAP technique. 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 1JC(H) value, 
which is used as a passive coupling constant, to generate an additional splitting in the indirect 
dimension of a 2D cross-peaks. The E.COSY pattern, which is generated by a 36º 1H pulse, 
allows extract the magnitude and the relative sign of J(HH). The method also uses the IPAP 
technique along the detected dimension to get an accurate measurement of nJ(CH), as 
described originally in the selHSQMBC experiment. 
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1. Introduction 

After the successful implementation of P.E.HSQMBC experiment, we thought that the 
same idea could be implemented using nJ(CH) instead 1J(CH) as a passive spin. To achieve this, 
a selective 180º 1H pulse has to be inserted during the evolution of the transverse 13C 
magnetization. The idea is to select a different proton (H2) from which is initially selected 
during the INEPT transfer period (H1). In this way, cross peak will appear as a doublet in the 
indirect dimension due to the passive nJ(C-H2) coupling. In addition, by using a selective 90º 1H 
pulse over the passive H2 instead of a 90º pulse in the last INEPT, an E.COSY pattern cross-peak 
is obtained allowing us to measure the magnitude and the relative sign of the resolved J(H1H2) 
coupling constant. 

It is shown show how three different editing methodologies can be combined in a single 
NMR experiment: the IPAP principle, J-resolved spectroscopy and the E.COSY pattern. This can 
be understood as a successful combination of two different concepts, one coming from the 
selHSQMBC IPAP experiment, and the other one from the EXSIDE experiment. EXSIDE and 
selHSQMBC experiments are based on a very similar concept but in the first one the active 
nJ(CH) is measured along the indirect dimension as a doublet, while in the second one is 
measured along the direct dimension using IPAP. We denoted such experiment as J-
selHSQMBC IPAP.  
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2. Extension of the results 

 The experiment has been also tested in the peptide Cyclosporin A (Fig. 3.08). Such 
compounds are very interesting because they usually contain areas in their 1H NMR spectra 
that are easily recognizable. For instance, all the Hα protons appear in a clearly distinguished 
region and well differentiated from all the other protons. Furthermore, and very interestingly, 
such protons are not-mutually coupled. In this way, one can selectively invert all the Hα 
protons by using a band selective proton pulse, and then selectively invert a specific N-Hβ 
proton of interest that will evolve along the indirect dimension during the t1 period.  

 

 

Figure 3.08. On the left it is shown the J-selHSQMBC IP data after selective inversion of all the Ha protons as Hα, 
and selective inversion of NH-5 as Hb. On the right it is shown and expanded area showing the α/β- spectra 

corresponding to the Hα5-CO4 cross-peak. 
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1. Introduction 

  

This publication, unlike the other ones, is based on the HSQC-pulse scheme. Here, a new 
scheme is proposed for the measurement of individual 1J(CH) as well as the magnitude and the 
sign of geminal proton-proton coupling constants (2J(HH)) in diastereotopic methylene groups. 
The method is based on a F1-coupled HSQC spectra that uses the initial 13C Boltzmann 
polarization instead of the conventional INEPT transfer. The experiment presented here is able 
to resolve some of the most important downsides regarding the measurement of coupling 
constants in such spin systems. 

 During the last years there has been a significant increase for the measurement of RDCs. 
In high-resolution NMR spectroscopy under solution conditions (isotropic media) only the 
information about the chemical shift and the scalar coupling constant is obtained. On the 
contrary, dipolar and quadrupolar couplings are cancelled over the entire volume of the 
isotropic sample due to its high translational and vibrational mobility. However, in an ideal 
anisotropic media (solid), where the sample is slightly aligned with respect to B0, dipolar 
couplings can be detected and more structural information obtained. Typically, structural 
information is obtained from chemical shift, coupling constants and from NOE parameters. 
However, RDCs can serve as additional tool and, in some cases, they can be a key factor for 
structural elucidation purposes in bio-molecules1 and organic compounds2. RDCs give 
information about molecular geometry, like for instance inter-atomic distances, obtaining 
conformational structure information as well as information about the relative configuration of 
its diastereotopic centers3. 

 Experimentally, RDC’s appear as an additional contribution to the conventional signal 
splitting due to the scalar coupling constant (J) so that, in order to extract them, two different 
experiments must be acquired: one in an isotropic media (extraction of J), and the other one in 
an anisotropic media (extraction of J+D). The magnitude of the RDC (D) is measured using the 
following expression: 

T = J + D 

where T is the total coupling constant measured in the anisotropic sample, J is the scalar 
coupling constant measured in the isotropic sample, and D is the dipolar coupling constant 
determined from the above equation. It will be shown that, when the sample is aligned in an 
anisotropic media, the resulting pulse scheme works very nicely for the measurement of RDCs, 
such as 1D(CH) and 2D(HH), in diastereotopic CH2 groups. 

 

 

 

 

                                                            
1 N. Tjandra, A. Bax. Science. 1997, 278, 1111. 
2 C.M. Thiele, S. Berger. Org. Lett. 2003, 5, 705.  
3 V.M. Marathias, G.J. Tawa, I. Goljer, A.C. Bach. Chirality. 2007, 19, 741.  
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Figure S1: Effect of the β angle in ω1-iINEPT-J experiments. 

Figure S2: Spectral Folding in ω1-iINEPT-J experiment. 

Figure S3: ω1-iINEPT  and ω1-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 ω1-iINEPT 
and ω1-HSQC experiments 

Table S1: 1J(CH) and 2J(HH) coupling constants of strychnine measured from ω1-

iINEPT-J spectra and other published methods. 

Table S2: 1J(CH)/1T(CH) and 2J(HH)/2T(HH) coupling constants of 5-methylene-2-

norbornene measured from ω1-iINEPT-J spectra. 

Table S3: 1J(CH) and 2J(HH) coupling constants of progesterone measured from ω1-

iINEPT and ω1-HSQC spectra. 
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Figure S1: Effect of the β angle in ω1-iINEPT-J experiments of 1: A) β=90º, B) β=36º, 

and C) β=126º. 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 ω1-iINEPT-J spectrum of 1. 2 scans were collected for 

each one of the 256 t1 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. 1J(CH) coupling values are 

extracted from the relationship SW(F1)-Δν(ω1), where Δν(ω1) 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 1J(CHA)+ 1J(CHB)=2*SW(F1)-Δν(F1). 
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Figure S3: A) ω1-iINEPT and Β) ω1-iINEPT-J spectra of 2 in isotropic CDCl3 solution; 

C) ω1-iINEPT spectra of 2 in anisotropic conditions (PMMA gel swollen in CDCl3). ω1-

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: ω1-iINEPT experiments A) without and B) with 1H-
saturation during the pre-scan delay, and c) ω1-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: 1J(CH) and 2J(HH) coupling constants (in Hz) of strychnine (1) extracted 

from the ω1-iINEPT-J spectrum. 

    

ω1-iINEPT-J ref.  ref.  ref.    ref. ref.  ref.  

(This work) [37] [36] [38]  [5] [37] [39] 
1J(CH) 2J(HH) 1J(CH) 2J(HH) 

C1 H1 158.9 - 158.0 158.8 159.0 159.0 - - 
C2 H2 161.7 - 162.0 160.7 161,3 161.56 - - 
C3 H3 160.3 - 159.0 - 159,4 159.85 - - 
C4 H4 169.1 - 168.2 168.7 168,6 168.4 - - 
C8 H8 144.9 - 145.1 144.7 144,9 144.89 - - 

C11  H11a 135.6 
-18,1 133.8 134.9 135,3 135.06 

-17,4 -17.38 
(from H11a) H11b 125.9 

C11  H11a 135.7 
-18.3 125.2 125.8 125,5 126.08 

(from H11b) H11b 126.1 
C12 H12 149.2 - 147.6 148.3 149,3 149.17 - - 
C13 H13 124.8 - 123.6 123.7 125,2 124.38 - - 
C14 H14 131.4 - 131.4 130.3 131,9 130.36 - - 
C15 H15a 131.3 

-15.3 132.1 130.0 131,5 130.36 
-14,5 -14.31 

 (from 
H15a) H15b 129.6 

C15  H15a 130.7 
-15.4 132.2 129.4 130,4 129.93  

(from H15b) H15b 129.6 
C16 H16 146.8 - 146.9 145.9 146,3 146.6 - - 
C17 H17 133.1 - 134.0 134.2 133,1 132.93 - - 
C18  H18a 146.0 

-10.3 139.7 147.1 147,6 146.17  

-10,1 - 
(from H18a) H18b 131.6 

C18 H18a 146.1 
-10.3 131.5 131.0 133,5 131.2  (from 

H18b) H18b 131.3 

C20  H20a 139.0 
-15.6 137.7 138.4 139,7 138.91  

-14,3 -14.74 
(from H20a) H20b 138.5 

C20 H20a 138.9 
-15.5 137.7 138.7 139,9 138.91   (from 

H20b) H20b 138.9 

C22 H22 158.7 - 158.1 159.1 159,3 159.43 -  - 
C23  H23a 145.1 

-13.7 144.7 145.5 145,9 145.74 
-13,7 -13.44 

(from H23a) H23b 137.3 
C23  H23a 145.6 

-13.8 136.8 136.0 137,2 137.2  
(from H23b) H23b 137.2 

Digital 
Resolution 

(Hz) 
  0.5 1.1 1.0 - 0.4 0.2 1.0 - 
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Table S2: 1J(CH)/ 1T(CH) and 2J(HH)/2T(HH) coupling constants (in Hz) of 5–

methylene-2-norbornene (2) measured from ω1-iINEPT-J experiments in isotropic and 

anisotropic weakly aligned media. 

 

  Isotropic Anisotropic 

 1JCH 2JHH 1TCH 2THH 1DCH
a 2DHH

b 

C1 H1 147.2 - 147.9 -  0.7 - 

C2 H2 168.9 - 168.2 -  -0.7 - 

C3 H3 170.8 - 170.2 -  -0.6 - 

C4 H4 148.3 - 148.8 -  0.5 - 

C6 (from H6a) H6a 136.0 
-15.1 

134.4 
-18.9 

 -1.6 
-3.8 

 H6b 130.7 130.1  -0.6 

C6(from H6b) H6a 136.0 
-15.3 

134.1 
-19.4 

 -1.9 
-4.1 

 H6b 130.4 130.1  -0.3 
C7 (from 

H7a) 
H7a 136.8 

-8.1 
137.8 

-5.0 
 1.0 

3.1 
 H7b 131.4 130.8  -0.6 

C7 (from 
H7b) 

H7a 136.8 
-8.1 

137.9 
-5.1 

 1.1 
3.0 

 H7b 131.5 130.9  -0.6 
C8 (from 

H8a) 
H8a 157.0 

1.1 
157.5 

0.9 
 0.5 

-0.2 
 H8b 155.1 155.3  0.2 

C8 (from 
H8b) 

H8a 157.1 
1.0 

157.6 
0.8 

 0.5 
-0.2 

 H8b 155.1 155.4  0.3 

Digital Resolution (Hz) 0.5 0.9 0.5 0.9  
 

a RDCs (1DCH) values calculated from the different between the 1TCH values and the 
corresponding isotropic 1JCH values. 
b RDCs (2DHH) values calculated from the different between the 2THH values and the 
corresponding isotropic 2JHH values. 
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Table S3: 1J(CH) and 2J(HH) coupling constants of progesterone (3) measured from ω1-

iINEPT and ω1-HSQC experiments.  

 

    

ω1-iINEPT ω1-HSQC 

1J(CH) 2J(HH) 1J(CH) a 2J(HH) 

C1 (from H1ax) 

H1ax 126.8 
-13.5 256.7 -13.8 H1eq 129.9 

C1 (from H1eq) 

H1ax 126.5 
-13.6 256.2 -13.3 H1eq 127.7 

C2 (from H2ax) 

H2ax 123.9 
-16.7 255.7 -16.6 H2eq 132.1 

C2 (from H2eq) 

H2ax 124.3 
-16.9 255.9 -16.9 H2eq 132.3 

C4 H4 158.8 - 158.7 - 

C6 (from H6ax) 
H6ax 124.8 

-14.3 255.3 -14.5 H6eq 130.6 

C6(from H6eq) 

H6ax 125.1 
-14.4 255.1 -14.2 H6eq 130.7 

C7 (from H7ax) 
H7ax 124.7 

-13.2 254.5 -13.4 H7eq 130.4 

C7 (from H7eq) 

H7ax 124.6 
-13.3 254.5 -13.0 H7eq 130.2 

C8 H8 124.4 - 123.7 - 
C9 H9 122.9 - 123.6 - 

C11 (from H11ax) 
H11ax 125.3 

-9.5 253.7 -9.7 H11eq 127.8 

C11 (from H11eq) 

H11ax 126.2 
-10.8 253.8 -10.6 H11eq 128.3 

C12 (from H12ax) 
H12ax 127.3 

-13.7 256.2 -13.7 H12eq 126.4 

C12 (from H12eq) 

H12ax 127.2 
-13.5 256.1 -13.7 H12eq 126.9 

C14 H14 124.0 - 124.1   

C15 (from H15ax) 
H15ax 130.7 

-12.6 262.2 -12.9 H15eq 132.4 

C15 (from H15eq) 

H15ax ov 
-13.7 262.1 

 
-12.9 H15eq 132.9 

C16 (from H16ax) 
H16ax 128.2 

* 260.5 * H16eq 133.6 



174 
 

C16 (from H16eq) 

H16ax 127.1 
* 261.1 * H16eq 133.5 

C17 H17 127.5 - 127.9 - 
C18 H18 125.6 - 125.5 - 
C19 H18 127.4 - 127.0 - 
C21 H19 126.8 - 127.2 - 

Digital Resolution 
(Hz) 

  
1.5 0.5 1.5 0.5 

 
a For diastereotopic CH2 protons, only the sum of 1J(CHA) and 1J(CHB) is obtained. 
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APPENDIX ONE 
Simultaneous determination of multiple heteronuclear coupling constants  

 

This section contains some of the work that, because of the timing problems, it has not been 
included as Publications. It is basically focused on the simultaneous measurement of several 
coupling constants in a single 2D NMR experiment by using some of the pulse sequences 
developed and introduced in Results and Discussion section. It will be shown how such 
simultaneous measurement can be achieved by using two different concepts: 

• The presence of a high-abundant passive spin 

• The use of Time-Shared (TS) 2D NMR experiments 

Additionally, these two concepts can be combined allowing us to obtain even more 
information: 

• TS Experiments in compounds having a high-abundant passive spin 
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The presence of passive spin effects in selHSQMBC-like experiments 
 
When the original selHSQMBC pulse scheme is applied on molecules containing a 

passive high-abundant spin Z, such as 19F or 31P, the additional measurement of J(ZH) and J(XZ) 
is feasible from the complementary E.COSY 1  coupling pattern, independently to the 
measurement of J(CH) from the IPAP pattern. The selHSQMBC method is a frequency-selective 
experiment and, in principle, they provide J values for a single resonance, although it can be 
also collected for an increase number of signals by using regions-selective pulses on non-J-
coupled protons. Otherwise, selHSQMBC experiments2 involve pure in-phase magnetization, 
and therefore the incorporation of a TOCSY transfer allows to extend the determination of all 
J(ZH), J(XZ) and J(CH) coupling constants for an entire 1H spin system3 in a very easy way thanks 
to the pure IP nature of the cross-peaks obtained due to the use of selective proton pulses in 
the INEPT transfer that completely remove any J(HH) modulation.                                                                                      

A schematic representation showing the IPAP methodology in selHSQMBC when a high-
abundant Z nucleus acts as a passive spin is shown in Fig. 4.01. Two complementary IP and AP 

data are acquired and then combined (IP±AP) to obtain α/β sub-spectra. Coupling constant 

values are extracted as shown in the panels. The relative tilting of the E.COSY pattern provide 
information about the relative signs of the involved couplings. 

 

 

Figure 4.01. Schematic representation showing the IPAP methodology in selHSQMBC when a high-abundant 
nucleus acts as a passive spin 

 

 

                                                            
1 C. Griesinger, O. W. Sørensen, R. R. Ernst.  J. Am. Chem. Soc. 1986, 107, 6394. 
2 S. Gil, J.F. Espinosa, T. Parella. J. Magn. Reson. 2011, 213, 145. 
3 J. Saurí, J.F. Espinosa, T. Parella. Angew. Chem. Intl. Ed. 2012, 51, 3919. 
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a) Passive spin in selHSQMBC IPAP experiment 

A real example is shown in Fig. 4.02 corresponding to the 2D 1H-13C selHSQMBC-IPAP 
experiment after selective excitation of the H1 proton of allyltriphenylphosphonium bromide. 
IP data yield nJ(PH) in the detected dimension as well as J(CP) in the indirect dimension thanks 
to the E.COSY pattern generated by the presence of the passive 31P spin. The arrows indicate 
the relative sign of J(CP) and the relative displacement between α/β cross-peaks allows the 
accurate measurement of nJ(CH). 

 

 

Figure 4.02. Expanded area corresponding to 2D 1H-13C selHSQMBC-IPAP after selective excitation of the H1 
proton of allyltriphenylphosphonium bromide.  

 

b) Passive spin in selHSQMBC-TOCSY IPAP experiment 

The related selHSQMBC-TOCSY experiment allows extend all the features from 
selHSQMBC IPAP experiment to other protons belonging to the same spin system (Fig. 4.03). 
Positive tilt means the same sign, while negative sign means opposite sign. Assuming that 
3J(PH) are positive, we can stay that 1J(CP) are positive, 2J(CP) negative and 3J(CP) positive 
again. 
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Figure 4.03.  Relative E.COSY multiplet tilting in the relayed cross-peaks obtained in a pure in-phase 2D 1H-13C 
selHSQMBC-TOCSY spectrum of cinnamyltriphenylphosphonium bromide after selective excitation of the H1 
proton. The passive 31P nucleus allows the determination of the sign and the magnitude of from the relative 

E.COSY pattern generated along the indirect F1 dimension. Note that the relative sign between J(CP) and J(HP) 
can be easily determined taken from the relative tilt of the E.COSY pattern. 

 

The selHSQMBC experiment can be successfully applied to other nuclei than X= 13C 
and, for instance, the application of equivalent 1H-15N selHSQMBC and 1H-15N selHSQMBC-
TOCSY counterparts on molecules containing nitrogen at natural abundance and fluorine 
nuclei allows the simultaneous measurement of a complete set of J(NH), J(NF), J(HF) coupling 
constants. For instance, the selHSQMBC-TOCSY IPAP spectrum of 2-fluoropyridine after 
selective excitation of the H4 proton is illustrated in Fig. 4.04. It is shown that under good 
digital resolution conditions, long-range J(NH) coupling values smaller than 2-3 Hz can be 
measured along the detected dimension using the IPAP technique, mainly because the 
intensity of the corresponding relayed cross-peaks depends of the efficiency of the starting N-
H coupling.  
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Figure 4.04. Expanded area showing α/β- spectra corresponding to 2D 1H-15N selHSQMBC-TOCSY IPAP experiment 
(pulse scheme of Fig. 1D) after selective excitation of H4 proton of 2-fluoropyridine. The passive 19F nucleus 
allows the determination of the sign and the magnitude of J(NF) and J(HF) from the relative E.COSY pattern 

generated along the indirect F1 dimension, while the sign and the magnitude of nJ(NH) are measured from the 
relative displacement of the α/β spectra as it is shown from the 1D slices. 
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Time-sharing selHSQMBC-like experiments 
 
The most conventional strategies in NMR spectroscopy are based on the sequential 

acquisition of individual n experiments. However, the successful implementation of PFGs in 2D 
heteronuclear shift correlation pulse sequences allow an elegant way to select specific 
coherence pathways as well as purging undesired magnetization4. Taking profit of these 
advantages it is possible to simultaneously acquire information from different nuclei in a single 
correlation experiment. HSQC-like pulse sequences have the same coherence pathway 
irrespective to the nucleus (for instance 13C or 15N), being the optimization of the Δ delay the 
only real difference.  

Time-shared (TS) NMR experiments5 propose a new way to obtain information saving 
time by a simultaneous acquisition of n experiments that are further properly processed to 
separate the different information obtained (Fig. 4.05).  

 
 
 

 

Figure 4.05. Comparison of sequential vs. simultaneous acquisition. Note that the same information is obtained 
in the processing step. 

 

 The concept used in TS experiments can be described as the simultaneous evolution of 
two different heteronuclear frequencies into the same t1 period. For instance, an example of 
TS concept introduced into the selHSQMBC IPAP pulse sequence is shown in Fig. 4.06. 

 

 

                                                            
4 a) T. Parella. Magn. Reson. Chem. 1998, 36, 467, b) M. Sattler, J. Schleucher, C. Griesinger. Prog. Nucl. Magn. Reson. Spectrosc. 
1999, 34, 93. 
5 a) P. Nolis, T. Parella. J. Biomol. NMR. 2007, 37, 65. b) M. Pérez-Trujillo, P. Nolis, T. Parella. Org. Lett. 2007, 9, 29, c) P. Nolis, M. 
Pérez-Trujillo, T. Parella. Angew. Chem. Int. Ed. 2007, 46, 7495, d) P. Nolis, M. Pérez, T. Parella. Magn. Reson. Chem. 2006, 44, 

1031. 
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Figure 4.06. Pulse schemes of the time-shared version of the 1H-13C-15N selHSQMBC experiment. The interpulse 
delays are optimized to ∆=1/(2·nJXH). IP: Ψ= y, ε= on. AP: Ψ= x, ε= off. A minimum two-step phase cycle is 

needed: φ1=x,-x, φ2=-x,x and φrec=x,-x. Gradients G1, G2 and G3 are used for coherence pathway selection using 
echo-antiecho, G5 acts as a zz-filter, G4 and G6 flank the inversion proton pulses to generate pure refocusing 

elements. The ratios between gradients G1:G2:G3:G4:G5:G6 were set to 80:20.1:8.1:50:17:11. 

 

Two independent IP and AP datasets are separately collected as a function of the pulses 
marked with φ: IP (Ψ=y and ε=on) and AP (Ψ=x and ε=off). α- and β- data are obtained after 
time-domain data addition/subtraction (AP±IP). 
 

Several aspects should be taken into account when implementing TS in a given pulse 
scheme. On the one hand, spectral windows must be optimized for the independent evolution 
of 13C and 15N chemical shift during t1 and t’1 periods. Such periods are implemented according 
to Δt1 = 1/(SW(13C)) and Δt’1 = 1/(SW(15N)) – 1/(SW(13C)) in order to allow 15N heteronuclear 
evolution and to incorporate 13C evolution within the period of 15N evolution (Fig. 4.07).  

 

 

Figure 4.07.  
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Because 13C evolution period is inserted into the 15N evolution period, ζ and ζ’ delays 
need to be reorganized for a proper setting up of the pulse sequence, so that  

ζ = t1 + δ + 180º H pulse 

ζ’ = t’1 + 2(180º H pulse) + 90º C pulse + t1 + δ + 180º C pulse + ζ 

 

On the other hand, it is also important to consider the different values of nJ(CH) and 
nJ(NH) when optimizing the inter-pulse Δ delays. However, as these values cover the same 
ranges (from 0 to 12Hz) for both nucleus, concatenated 13C and 15N periods are not really 
needed. 

To identify cross-peaks belonging to 13C or 15N, data collection must include a differential 
setting on the relative phase between the 90º 15N and 13C pulses just before t1 (marked φ1 and 
φ2, respectively in Fig. 4.06). If the phases of the first 90º pulse are the same for both nuclei 
(φ1=x, φ2=x) the signals are acquired with the same amplitude modulation. On the contrary, if 
one of these phases is 180º inverted with respect to the other phase (φ1=x, φ2=-x) the signals 
of both nuclei will show inverse amplitude modulation. In order to separate the signals for 
each nucleus, the acquisition of two complementary spectrums in where the first one is 
recorded using φ1=φ2= x, and the second one using φ1=x, φ2=-x, is required.  Then, by addition 
and subtraction of these two spectra, two new spectra providing independent 1H-13C and 1H-
15N shift correlations are obtained. Additionally, IP and AP data might be also acquired in order 
to achieve α/β spin-selected editing. Thus, a four-step acquisition procedure is recommended 
to achieve this double nucleus-editing and α/β-editing procedure. Data addition/subtraction in 
the time-domain followed by conventional processing yield separate 13C/15N doubly-edited 
spectra, retaining the maximum sensitivity levels thanks to the Hadamard-type data 
combination (Fig. 4.08).  

 

Figure 4.08. Acquisition and processing protocols followed in time-sharing experiments. Four different data are 
collected by setting two different variables: φ1 for nuclei editing purposes and Ψ/ε for IPAP editing. These data 

are further combined to provide four separate data that are processed in the usual way to yield the 
corresponding spin-state selective α/β- spectra. 

 

a) TS-selHSQMBC IPAP 

Fig. 4.09 shows a practical example of the TS-selHSQMBC-IPAP experiment using 1,7-
phenantroline as a nitrogen containing compound, for the simultaneous measurement of 
nJ(CH) and nJ(NH) of the selected H2 and H8 non-mutually coupled protons. 
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Figure 4.09. TS-selHSQMBC-IPAP spectra of 1,7-phenantroline compound after selective inversion of non-
mutually coupled protons H8 and H2. A) IP data where 13C and 15N nuclei present opposite phase, B) IP data 

where both 13C and 15N nuclei show the same phase, C) AP data where 13C and 15N nuclei have opposite phase, D) 
AP data where both 13C and 15N nuclei show the same phase, E) IP data showing only 13C nucleus, F) IP data 

showing only 15N nucleus, G) AP data showing only 13C nucleus, H) AP data showing only 15N nucleus. At the top-
right corner it is shown the α/β- spectra corresponding to 13C nucleus from which the extraction on nJ(CH) is 

performed. At the bottom-right corner it is shown the α/β- spectra corresponding to 15N nucleus from which the 
extraction on nJ(NH) is performed. 

 

b) TS-selHSQMBC-TOCSY IPAP 

The TS concept can also be implemented in selHSQMBC-TOCSY pulse sequence in where 
more additional information is obtained due to the efficient J(HH) transfer (Fig. 4.10). 
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Figure 4.10. Pulse scheme of the time-shared version of the 1H-13C-15N selHSQMBC-TOCSY experiment. The 
interpulse delays are optimized to ∆=1/(2·nJXH). IP: Ψ= y, ε= on. AP: Ψ= x, ε= off. A minimum two-step phase 

cycle is needed: φ1=x,-x, φ2=-x,x and φrec=x,-x. Gradients G1, G2 and G3 are used for coherence pathway selection 
using echo-antiecho, G5 acts as a zz-filter, G4 and G6 flank the inversion proton pulses to generate pure 

refocusing elements, and G7 for ZQ suppression. The ratios between gradients G1:G2:G3:G4:G5:G6:G7 were set 
to 80:20.1:8.1:50:17:11:3. 

 

Fig. 4.11 shows the resulting doubly-edited TS-selHSQMBC-TOCSY spectra that allow 
extend the measurement to all other protons belonging to the same 1H spin system as well as 
to the sign information. The same procedure as described for the TS-selHSQMBC IPAP 
experiment has been used.  

 

Figure 4.11. TS-selHSQMBC-TOCSY IPAP experiment in 1,7-phenantroline after selective inversion of non-
mutually coupled protons H8 and H2. Left: α/β- spectra corresponding to the 13C nucleus; Right: α/β- spectra 

corresponding to the 15N nucleus. 
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Combining time-sharing & passive spin effects in selHSQMBC-like experiments  
 
TS-selHSQMBC-like experiments show interest when applied to molecules containing high-
abundant passive spins. For instance, the equivalent TS-selHSQMBC-TOCSY  IPAP spectrum on 
2-fluoropyridine compound afford an increased number of cross-peaks from which a complete 
set of magnitudes and signs of heteronuclear nJ(CH), nJ(NH), nJ(CF), nJ(NF) and nJ(FH) coupling 
constants can be extracted  from a single NMR experiment (Fig. 4.12).  

 

 

Figure 4.12. TS-selHSQMBC-TOCSY IPAP experiment in 2-fluoropyridineafter selective inversion of H4 proton. A) 
IP data where 13C and 15N nuclei have opposite phase. B) IP data where 13C and 15N nuclei present the same 

relative phase. Expanded areas corresponding to the α/β- C) 13C  and D) 15N sub-spectra. The extraction of the 
magnitude and the sign of all the coupling constants measured along the detected dimension are shown from the 

1D slices at the right of the figure. 
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APPENDIX TWO 
Towards Pure-Shift NMR 

 

This appendix contains part of the work developed during my PhD that cannot be included in 
Results and Discussion section because it will be used for another doctoral thesis from our 
research group. Nevertheless, it is presented here as a collaborative work. 

It is based on a new homodecoupling technique developed by our research group, denoted as 
HOmonuclear Band Selective (HOBS). 
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Implementation of the HOmodecoupled Band Selective (HOBS) technique into 
the selHSQMBC experiment 
 

Over recent years, a significant interest has emerged to develop homodecoupled 1H 
NMR spectroscopy techniques that offer increased resolution by simplifying the homonuclear 
splitting pattern, and therefore reducing signal overlapping. They are known as pure-shift NMR 
techniques1. 

There are several methodologies to achieve homodecoupling. Most of these 
experiments rely in spatial encoding selection and their reliable applicability strongly depends 
on the experimental sensitivity. For this reason, pure-shift experiments have been mainly 
reported for homonuclear applications because its implementation into heteronuclear inverse-
detected experiments suffers of important sensitivity success. Using a different concept, a 
tilted pseudo-3D HMBC experiment has been proposed to achieve a pure-shift HMBC 
experiment with homodecoupling along the detected dimension by incorporating a J-resolved 
dimension into the HMBC pulse scheme. 

Based on a real-time homodecoupling scheme propose by Zangger et al., our research 
group has recently developed a new pure-shift technique denoted as HOmodecoupled Band 
Selective (HOBS)2 in where homodecoupling is achieved during detection by applying a pair of 
hard/semiselective 180º 1H pulses (represented as solid and shaded shapes) at the middle of 
2Δ=AQ/n periods, in which AQ is the acquisition time and n the number of concatenated loops, 
Δ is the duration of gradients and δ the recovery delay (Fig. 4.13). 

 

 

Figure 4.13. Schematic representation of the 1D homodecoupling band-selective (HOBS). 

 

The HOBS method incorporates a number of advantages, such as: a) a good spectral 
quality related to the use of selective gradient echoes, b) real-time data collection without 
need of additional reconstruction methods that also allows conventional FID data processing 
and c) an easy implementation in multidimensional band-selective NMR experiments. On the 
                                                            
1 a) A.J. Pell, J. Keeler. J. Magn. Reson. 2007, 189, 293, b) Luy. J. Magn. Reson. 2009, 201,18, c) K. Zangger, H. Sterk. J. Magn. 
Reson. 1997, 124, 486, d) N.H. Meyer, K. Zangger. Angew. Chem. Intl. Ed. 2013, 52, 7143, e) M. Nilsson, G.A. Morris, Chem. Comm. 
2007, 9, 933, f) J.A. Aguilar, S. Faulkner, M. Nilsson, G.A. Morris. Angew. Chem. Intl. Ed. 2010, 49, 3901, g) G.A. Morris, J.A. Aguilar, 
R. Evans, S. Haiber, M. Nilsson. J. Am. Chem. Soc. 2010, 132, 12770, h)  J.A. Aguilar, A.A. Colbourne, J. Cassani, M. Nilsson, G.A. 
Morris. Angew. Chem. Intl. Ed. 2012, 51, 6460, i) A. Lupulescu, G.L. Olson, L. Frydman. J. Magn. Reson. 2012, 218 , 141, j) J.A. 
Aguilar, M. Nilsson, G.A. Morris. Angew. Chem. Intl. Ed. 2011, 50,  9716. 
2 L. Castañar, P. Nolis, A. Virgili, T. Parella. Chem. Eur. J. 2013, 19, 17283. 
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contrary important requirements are that i) proton-proton magnetization must be acquired as 
in-phase magnetization for a successful homodecoupling and ii) the selective pulse must be 
applied on non-mutually J-coupled protons. 

For that reasons we thought that the HOBS methodology could be implemented into 
pure IP selHSQMBC experiments to obtain pure-shift band-selective heteronuclear correlation 
spectra, offering a considerable enhancement in terms of resolution and sensitivity3 (Fig. 4.14). 

 

 

Figure 4.14. Experimental pulse schemes for the HOBS-selHSQMBC experiment. Thin and thick bars represent 
broadband 90º and 180º pulses, respectively, whereas shaped pulses are region-selective 180º pulses. The 

selective 180º 1H 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 3–10 ms provides the best result as a function of the 
required selectivity. The INEPT delays are set to 8 Hz. The basic phase cycling is φ1 = x, -x and φ(receiver) = x, -x; 
all other unlabeled pulses are from the x-axis. Optional heteronuclear decoupling (CPD) during data collection 

can also be applied as shown in the scheme. For the measurement of proton-carbon coupling constants, the IPAP 
methodology can be applied: two different IP and AP data are recorded without heteronuclear decoupling as a 

function of the last 90º and 180º 13C pulses (IP: Ψ= y, ε = on; AP: Ψ = x, ε = off) and then they are 
added/subtracted to afford two separate α/β- subspectra. 

 

We propose a completely new way to measure coupling constants in where all cross-
peaks would appear homodecoupled from other protons resonating outside of the selected 
area, only displaying the active nJ(CH) splitting. As the acquisition is made in the detected 
dimension high levels of spectral resolution can be easily reached and if the multiplet is 
resolved enough the extraction can be made by direct analysis of the cross-peak. In cases of 
poor resolved cross-peaks the technique is fully compatible with the IPAP methodology. 

As the HOBS technique uses band selective pulses to reach an homodecoupled 
spectrum, peptides and proteins are good targets for evaluating the efficiency of band-
selective NMR spectroscopy experiments because a set of equivalent spins (amide NH, Hα or 

                                                            
3 L. Castañar, J. Saurí, P. Nolis, A. Virgili, T. Parella.  J. Magn. Reson.  2014, 238, 63. 
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aliphatic side-chain protons) appear in well-separated areas, and very importantly, they are 
not mutually coupled. An example of the HOBS-selHSQMBC experiment using the cyclic 
peptide cyclosporine A is presented in Fig. 4.15 in where all the Hα protons have been 
selectively inverted.  

 

 

 

 

 

 

 

 

Figure 4.15. In-phase HOBS-selHSQMBC spectra of cyclosporine after applying a 5 ms ReBURP 180º pulse as a 
band-selective 180º H pulse on its Hα proton region. The value of J(CH) for all direct and long-range cross-peaks 
can be extracted directly from the analysis of the clean doublet along the detected dimension (see the extracted 
value in each individual 1D inset). Note that only the AB spin system (protons resonating at 5.62 and 5.73 ppm) 

appears as a double of doublets due to their mutual J(HH). 
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A. It has been demonstrated that the use of the CLIP technique in selHSQMBC-like 
experiments… 

 
i. … offers the possibility to obtain pure IP multiplets exhibiting an extra splitting, so 

that the relevant nJ(CH) value can be measured directly along the detected 
dimension as the difference in frequency between two peaks in resolved 
multiplets.  

ii. … allows the easy extraction of nJ(CH) even in complex and non-resolved cross-
peaks by a fitting analysis. 

iii. … avoids the tedious analysis of twisted-phase multiplets and also the uncertainty 
on the percentage of unwanted cross-talk related to IPAP experiments 

 
 

B. It has been demonstrated that the IPAP methodology… 
 

i. … Is a powerful technique for the accurate measurement of small heteronuclear 
coupling constants. 

ii. … can be successfully applied in both selective and broadband HSQMBC and 
HMBC- based experiments, providing two equally distorted spin-state selective 
multiplets from which nJ(CH) can be measured along the F2 dimension, irrespective 
of multiplet complexity and phase distortion.  

iii. … represents a good alternative tool to extract coupling constants, avoiding 
fitting/matching procedures of AP or IP data. 

iv. … can be simultaneously implemented together with other editing blocks, such as 
J-resolved spectroscopy and/or E.COSY pattern in a single NMR experiment, 
facilitating cross-peak analysis and expanding the possibility to obtain additional 
information about the magnitude and relative signs of J(HH) and nJ(CH) 

 
 

C. It has been demonstrated that a TOCSY/COSY block inserted at the end of the pulse 
sequence in HSQMBC-like and HMBC-like experiments… 

 
i. …extends the information into a given spin system via J(HH) transfer, offering thus 

an increased number of cross-peaks to be analysed and a complete set of J(CH) to 
be measured. 

ii. … offers an excellent versatility to clean overlapped regions and make reliable 
measurements in congested areas. 

iii. … offers the possibility to extract coupling values smaller than the line width 
because the intensity of a relayed cross-peaks only depends of the initial large 
long-range correlation and the efficiency of the TOCSY/COSY transfer. 

iv. … preserves the α/β spin-state information of the heteronucleus, allowing the 
extraction of the relative sign of the coupling constant by applying the IPAP 
technique. 

v. … proves to be a very powerful tool to show up some low-intensity and/or missing 
cross-peaks 
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D. It has been shown that the presence of a high-abundant passive spin in selHSQMBC-
like experiments… 

 
i. … offers the possibility to simultaneously measure both the magnitude and the 

relative sign of different coupling constants thanks to the E.COSY patter generated 
along the indirect dimension. 

 
 

E. It has been shown that the concept of Time-Shared NMR experiments… 
 

i. … can be successfully implemented in selHSQMBC-like experiments, allowing the 
simultaneously measurement of different coupling constants  

ii. … can be applied on compounds having high-abundant passive spins, extending 
even more the possibility to simultaneously measure both the magnitude and the 
sign of a complete set of homo- and heteronuclear coupling constants. 

 
 

F. It has been shown that the homodecoupling HOBS technique… 
 

i. … can be successfully implemented into selHSQMBC experiment, offering a 
completely new way to measure heteronuclear coupling constants from simplified 
pure-shift multiplet patterns 

ii. … is able to retain the maximum sensitivity and offers enhanced resolution.  
 
 

G. It has been demonstrated that the use of 13C Boltzmann polarization as initial 
polarization transfer instead of the conventional INEPT transfer in F1-coupled HSQC 
related experiments… 

 
i. … allows observe the central lines of a diastereotopic CH2 multiplet, which appear 

now resolved along the indirect dimension of a 2D spectrum, faciliting the 
measurement of the sign and the magnitude of 1J(CH) and 2J(HH) coupling 
constants. In addition, 1J(CH) values for CH and CH3 multiplets are also measured.  
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PULSE PROGRAMS  

AND DATA SET EXAMPLES 
 

In the following link you can find Data Set Examples of each Publication presented in the Thesis 
Work, as well as the corresponding Pulse Program Code for Bruker. 

A png file with 1H NMR and 13C NMR assignments for Strychnine and 2-Fluoropyridine 
compounds is also available. 

http://sermn.uab.cat/2014/04/josepsauri-phdthesis 

. 
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